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 In July 2013, Louise Brown, the fi rst IVF baby, celebrated her 35th birthday. During her 
lifetime more than fi ve million IVF babies have been born worldwide. In the past three-
and- a-half decades we have witnessed a virtual explosion in the clinical application of assisted 
reproductive technologies, or ART, to help couples experiencing fertility barriers achieve 
pregnancy. It is estimated that one in six couples worldwide will experience some sort of 
fertility barrier during their reproductive lifetime. Today more than one percent of all babies 
born in the United States are conceived by ART practised in more than fi ve hundred fertil-
ity clinics around the country. 

 Optimization of ART, perhaps more than any other clinical discipline, has relied enor-
mously on scientifi c breakthroughs and methodological innovations in both the embryol-
ogy laboratory and the clinical arena. Robert Edwards’ steadfast adherence to stringent 
scientifi c principles, principles that made the clinical application of IVF a reality, continues 
to propel the fi eld. 

 This volume is intended for all practitioners of reproductive medicine and ART, as well 
as for reproductive biologists and embryologists, cell and molecular biologists, and others 
in the biomedical sciences. Its goal is to present in a straightforward manner best practice 
approaches for overcoming a host of fertility challenges. 

  Methods in Human Fertility  is grounded in the belief that good medical practice of 
ART relies on a thorough understanding of the physiologic and genetic basis of male and 
female reproduction. Accordingly, chapters on the scientifi c fundamentals of human repro-
duction (Chaps.   1     and   8    ), genetics of male and female infertility (Chaps.   2    –  4    ), spermato-
zoal function (Chap.   5    ), markers of male infertility (Chap.   9    ), and menstrual cycle physiology 
(Chap.   7    ) are followed by detailed presentations of clinical aspects of ART (Chaps.   10    , 
  12    –  15    ). Descriptions of oocyte and sperm retrieval techniques (Chaps.   16     and   17    ) are 
complemented by a thorough presentation of contemporary approaches for diagnosing and 
treating male infertility (Chap.   18    ). Ovarian tissue cryopreservation (Chap.   21    ) along with 
traditional and novel approaches to oocyte and embryo cryopreservation (Chaps.   11    ,   19    , 
and   20    ) and markers of embryo quality (Chaps.   23     and   24    ) are described. The dynamic 
technology known as preimplantation genetic diagnosis or PGD is reviewed (Chap.   22    ), as 
is the long-term well-being of children conceived following intracytoplasmic sperm injec-
tion, or ICSI (Chap.   26    ). Finally, embryo transfer techniques and technology involved 
in human embryonic stem cell derivation are also described in some detail (Chaps.   6    ,   25    , 
and   27    ).  

 We wish to express our gratitude to the many authors included in the volume for their 
diligence and patience and for generously sharing their knowledge and expertise. We are 
also very grateful to Daniel Pepper who provided considerable editorial expertise and kept 
the project pretty much on track.  

    New York, NY, USA Zev     Rosenwaks   
       Paul     M.     Wassarman    
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Zev Rosenwaks and Paul M. Wassarman (eds.), Human Fertility: Methods and Protocols, Methods in Molecular Biology, 
vol. 1154, DOI 10.1007/978-1-4939-0659-8_1, © Springer Science+Business Media New York 2014

    Chapter 1   

 General Aspects of Fertility and Infertility 

           Mark     A.     Damario     

    Abstract 

   Fertility rates have been declining in most Western nations over the past several decades, although it is 
not entirely clear if an increased rate of infertility substantially contributes to this. As compared to other 
species, the reproductive effi ciency of humans is relatively low. Factors related to fertility include age, 
exposure to sexually transmitted diseases, frequency of intercourse, coital timing, as well as diet and life-
style habits. Infertility is considered a disease due to its major disruption of major organ systems and life 
functions. An infertility evaluation is recommended after 12 months or more of regular, unprotected 
intercourse and may be considered after 6 months for those female patients over the age of 35 or with 
other known abnormalities. A proper infertility evaluation is a comprehensive examination of possibly 
identifi able infertility factors of both female and male partners, lending itself to the most appropriate and 
potentially effective treatment.  

  Key words     Reproductive age  ,   Infertility  ,   Causes of infertility  ,   Ovulatory function  ,   Ovarian reserve  , 
  Cervical factor  ,   Peritoneal factor  ,   Uterine factor  ,   Male factor  ,   Tubal factor  

1      Introduction 

 Fertility is the ability to produce a child. In most Westernized societ-
ies, the general fertility rate (births per 1,000 women aged 15–44) 
has declined over the past several decades [ 1 ]. Some of this decline 
is attributable to intentional factors (purposeful desire for smaller 
family size), although some of this decline is due to unintentional 
factors (inability to conceive). Sociodemographic trends in most 
Westernized nations occurring over this time period include a 
greater interest in advanced education and career development 
among women, later age of marriage, more frequent divorce, 
delayed childbearing, and improved contraceptive methods as well 
as greater access to family planning. In the United States, the general 
fertility rate (births per 1,000 women aged 15–44) in 2010 was 
64.1, which represented a rate that was approximately 27 and 37 % 
lower than in 1970 and 1950, respectively [ 2 ]. 

 As typical in most Westernized societies, attitudes in the United 
States among women and towards women have signifi cantly 
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changed over the past several decades. Census data shows that 
more women have completed 4 or more years of college (from 
8.2 % in 1970 to 30.5 % in 2012) [ 3 ]. Women now represent the 
majority of college students. Many professional schools (graduate 
schools, law schools, medical schools) have high proportions of 
women students. 

 The greater focus on education and careers among women has 
contributed to a number of other trends. These include less fre-
quent and later marriage. First marriage rates in the United States 
peaked just after World War II, between 1945 and 1947 (143 per 
1,000 single women), and have declined approximately 50 % in the 
more than six decades since [ 4 ]. The median age of fi rst marriage 
has also increased over this same time period (to a high of 25.8 years 
in 2006–2010) [ 5 ]. In addition, divorce rates among women of 
reproductive age more than doubled between 1960 and 1980 
(to about 40 per 1,000 married women aged 15–44) and have 
remained relatively stable since then [ 4 ]. Today, approximately 
50 % of marriages still end in divorce in the United States. The 
probability of remarriage is also proportionately related to the age 
of the woman. Remarriage rates have also been noted to have 
declined in the United States over the past several decades in paral-
lel with fi rst marriage rates [ 6 ]. 

 The availability of expanding and more effective contraceptive 
methods as well as access to family planning services and legalized 
abortion have improved the means for women to safely and effec-
tively control their fertility. These options have signifi cantly con-
tributed to the decline in the general fertility rate in the United 
States over the past several decades. Their effect on the general 
fertility rate has been both direct (by reducing the number of 
unplanned pregnancies and births) as well as indirect (allowing for 
the postponement of pregnancies and births). 

 The net result of all of these sociodemographic trends has been 
a trend towards delayed childbearing in the United States and in 
many Westernized nations. The mean age of fi rst live birth has 
risen steadily in the United States, from 21.4 years in 1970 to 
25.4 years in 2010 [ 1 ]. Mean age for all subsequent live births has 
also increased. Increasing age at fi rst birth and declining fertility 
rates have contributed to signifi cantly fewer births per woman and 
the aforementioned decline in general fertility rates.  

2    Normal Reproductive Effi ciency 

 When compared to other species, including nonhuman primates, 
human reproductive effi ciency is relatively ineffi cient. Utilizing 
clinically recognized pregnancies as the reference, reproductive 
effi ciency in normally fertile couples averages about 20 % per men-
strual cycle. Given the approximate 20 % cycle fecundability rate, 

Mark A. Damario
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early studies estimated the time required to conceive in couples 
who achieved pregnancy and found that approximately 85 % of 
couples conceived within 1 year of exposure [ 7 ]. Zinaman et al. 
noted that 82 % of 200 couples who desired pregnancy conceived 
over a 12-menstrual-cycle observation period [ 8 ]. 

 Normal sperm can survive for up to 3–5 days in the female 
reproductive tract and fertilize an egg. An oocyte has the potential 
to be fertilized for only 12–24 h post-ovulation [ 9 ]. As a result, in 
all conception cycles intercourse occurs within 5 days prior to or 
on the day of ovulation [ 10 ]. The probability of pregnancy after 
the day of ovulation falls close to zero. As a result, additional focus 
on coital timing through the use of basal body temperature (BBT) 
charting, cervical mucus assessment, or urinary LH surge detec-
tion methods may result in modest improvements in cycle fecund-
ability. Even with well-timed coitus, however, cycle fecundability 
still does not appear to exceed 35 % [ 11 ]. 

 Gnoth and associates reported on a long-term prospective 
cohort study regarding the use of natural family planning on the 
time to conception [ 12 ]. In this report, women received teaching 
of natural family planning methodologies, focusing on BBT and 
cervical mucus patterns as well as calculation rules. Cumulative 
probabilities of conception for all couples were 38, 68, 81, and 
92 % following their fi rst, third, sixth, and twelfth cycles.  

3    Factors Impacting Fertility 

  Age alone has a signifi cant impact on female fertility. The biology 
of female fertility is such that the process of gametogenesis does 
not occur after birth. Women, therefore, have a discrete reproduc-
tive life-span in which reasonable rates of fecundity occur. In gen-
eral, women have maximal fecundity potential in their late teens, 
twenties, and early thirties. 

 Unlike their male partners, women are endowed with a fi nite 
and non-replenishable complement of germ cells. The maximum 
number of germ cells occurs at fetal mid-gestation when a total of 
6–7 million are present. Thereafter, the number of germ cells irre-
trievably declines and no further de novo gametogenesis occurs. At 
birth, the number of germ cells is estimated to be approximately 
1–2 million. At the onset of puberty, the germ cell number is typi-
cally reduced to approximately 300,000. Thereafter, during the 
reproductive years, a number of oocytes begin to develop with 
only one or a few becoming dominant while the others undergoing 
a process of atresia [ 13 ]. The absolute number of oocytes  continues 
to decline with age irrespective of whether the woman has ovula-
tory cycles. At approximately the age of 37–38, there is often an 
accelerated rate of follicular loss which occurs when the number of 
follicles reaches about 25,000 [ 14 ]. This accelerated loss is 
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correlated with a subtle increase in serum follicle-stimulating 
 hormone (FSH) and a decrease in inhibin production. The func-
tional capacity of the remaining germ cells and follicles has been 
termed “ovarian reserve” or ovarian age. The subtle changes which 
indicate diminished ovarian reserve are associated with a signifi -
cantly lowered fertility potential, often without apparent changes 
in clinically identifi able characteristics or menstrual cyclicity. At the 
time of menopause, fewer than 1,000 follicles remain. 

 Historical data shows that populations who do not practice 
contraception have declining fertility rates with increasing age of 
the woman. Tietze performed a comprehensive analysis of the fer-
tility rates of the Hutterite sect of the Western United States and 
Canada during the 1950s [ 15 ]. This sect originated in Switzerland 
and settled in the upper Great Plains in the 1870s. Because of the 
communal nature of the sect and lack of contraceptive methods, 
there were no incentives to limit family size. As a result, the birth 
rate of Hutterite women is one of the highest recorded with an 
average of 11 children per married woman. Only 5 out of 209 
women studied failed to have children (infertility rate of 2.4 %). As 
the women aged, however, their fertility rates fell. After the age 
of 34 years, 11 % of women bore no further children, 33 % of 
women bore no more children after the age of 40, and 87 % 
of women bore no more children after the age of 45. 

 Although there is an apparent decrease in sexual activity as 
women age, this does not entirely explain the observed decrease in 
fertility. A French study of couples treated with donor insemina-
tion also revealed a proportionate decline in pregnancy rates asso-
ciated with advancing female age [ 16 ]. In this study, the pregnancy 
rate (after up to 12 inseminations) for women <30 years was 73 %, 
for women aged 31–35 years was 62 %, and for women aged 
36–40 years was 54 %. 

 As demonstrated by numerous reports and registries, success 
rates achieved with the assisted reproductive technologies (ART) 
also decline as female age increases. The number of oocytes 
retrieved, and embryos available are lower. However, since many 
older patients still have comparable number of embryos trans-
ferred, it is not the embryo number per se that is the determinant 
of the reduced pregnancy rate seen with advancing age. Older 
patients undergoing ART with their own oocytes experience sig-
nifi cant declines in the implantation rate (as assessed by the pres-
ence of a fetal heartbeat per embryo transferred) proportionately 
associated with advancing age [ 17 ]. 

 As female age increases, the risks of other disorders that may 
adversely affect fertility, such as fi broids and endometriosis, also 
increase. In addition, the age-related decline in female fertility is 
accompanied by a signifi cant increase in the rate of embryonic 
aneuploidy and spontaneous abortion. Autosomal trisomies are the 
most frequent fi ndings and are related to changes in the oocyte 
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meiotic spindle, predisposing to nondisjunction. Even embryos 
selected for transfer in in vitro fertilization (IVF) based on favor-
able morphologic features have a high rate of aneuploidy [ 18 ]. The 
fetal loss rate remains signifi cantly higher even after the detection 
of a fetal heartbeat by transvaginal ultrasonography after IVF [ 19 ]. 
For women <33 years who conceive after fresh IVF, 9.9 % experi-
ence a pregnancy loss after a fetal heartbeat is detected. This rate of 
pregnancy loss after a fetal heartbeat progressively increases with 
advancing female age, such that it was seen in 11.4 % of women 
aged 33–34 years, 13.7 % of women aged 35–37 years, 19.8 % of 
women aged 38–40 years, 29.9 % of women aged 41–42 years, and 
36.6 % of women aged >42 years. An additional clear relationship 
between advancing female age and chromosomal abnormalities in 
live-born offspring is also observed. 

 In contrast, the relationship between advancing male age and 
declining fertility is more diffi cult to defi ne. This is partly due to 
the fundamental differences in gametogenesis among men and 
women. As opposed to women, who functionally exhaust the sup-
ply of available oocytes as age advances, mitotic divisions in sper-
matogonia occur throughout the life-span of men. This results in 
the continual replenishment of germ cells and allows men to 
reproduce even very late in life. Fertility in men, however, does 
appear to subtly decline as age increases, and the issue may be 
growing in importance as a signifi cantly higher number of men 
are choosing to father children at older ages. In the United States, 
birth rates for men between the ages of 35 and 54 increased 
46.7 % between 1980 and (68.2 per 1,000 men) and 2010 (100.1 
per 1,000 men) [ 2 ]. 

 Changes in semen characteristics observed as male age increases 
include gradual decreases in semen volume, sperm motility, and 
proportion of morphologically normal sperm but not sperm con-
centration [ 20 ]. One study examined the relationship between 
male age and semen quality among couples pursuing donor oocyte 
IVF and observed a decline in total motile sperm count of approxi-
mately 2.5 million per year [ 21 ]. As semen characteristics do not 
entirely predict fertilization capacity, the signifi cance of semen 
quality changes with advancing male age is not entirely certain. On 
the other hand, however, there is some available evidence that the 
time to conception and pregnancy rates are subtly decreased with 
advancing male age, even factoring in the confounders of advanc-
ing female age and decreased coital frequency. Results from one 
British study indicate that the time to pregnancy is fi ve times lon-
ger for men older than age 45 than for men younger than age 25, 
even when the analysis was restricted to men with relatively younger 
partners [ 22 ]. On the other hand, results from oocyte donor IVF 
(in which all oocytes are derived from young and healthy individu-
als) fail to demonstrate a clear relationship between advancing male 
age and diminished live birth rates [ 21 ]. 
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 It has recently been reported that de novo mutation 
 single   - nucleotide polymorphism (SNP) rates in offspring are cor-
related with the age of the father at the time of conception [ 23 ]. 
The effect shown refl ects an increase of about two mutations per 
year, from which an exponential model predicts a doubling of 
paternal mutations in 16.5 years. Men appear to transmit a higher 
number of mutations to their children than women, suggesting a 
relationship between increasing male age and diseases known to be 
linked to  de novo  mutations, such as schizophrenia and autism.  

  Tubal infertility affects 18 % of couples trying to overcome infer-
tility by using ART in the United States [ 24 ]. Tubal scarring and 
occlusions are typically the consequence of chronic pelvic infl am-
matory disease (PID), the latter of which is associated with sexu-
ally transmitted diseases such as chlamydia and gonorrhea. More 
than one million chlamydia cases are reported to the Centers for 
Disease Control and Prevention (CDC) annually; although since 
most chlamydia cases are undiagnosed this fails to refl ect the true 
incidence, which is estimated to be approximately 2.8 million 
cases per year [ 25 ]. 

 Up to 40 % of females with inadequately treated chlamydial 
infections develop PID, and 20 % of those are estimated to become 
infertile [ 26 ]. Untreated chlamydial infections can result in sterility 
for men as well, although this is relatively rare. The chlamydia case 
rate for females is approximately three times that of males (likely 
refl ecting increased screening). In 2006, young females aged 15–19 
(2,863 cases per 100,000 population) and aged 20–24 (2,797 per 
100,000 population) had the highest incidence [ 25 ]. Reported 
chlamydia rates were more than seven times higher in African 
Americans than among whites, highlighting a large racial disparity. 

 The CDC currently recommends annual chlamydia screening 
for all sexually active women under age 26 as well as older women 
with particular risk factors. The implementation of global screen-
ing has been noted to reduce the incidence of PID by over 50 % in 
a managed care setting [ 27 ]. Although there have been identifi ed 
barriers to global screening, such a preventive care initiative may 
have the potential to limit the serious health consequences of chla-
mydia, including infertility.  

  Information is emerging that may better defi ne an optimal fre-
quency of intercourse. Based on early studies and current World 
Health Organization (WHO) guidelines suggesting a 2–7-day 
abstinence interval before semen evaluation [ 28 ], there is a widely 
held misconception that frequent ejaculation decreases male fertil-
ity. An analysis of almost 10,000 semen specimens observed that in 
normozoospermic men, sperm concentration and motility remain 
normal even with daily ejaculation [ 29 ]. In oligozoospermic    men, 
there was actually an inverse relationship between the mean 
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percentage of motile sperm and increasing abstinence length with 
both no abstinence and abstinence of just 1 day related to peak 
sperm quality. Abstinence intervals also generally did not appear to 
affect sperm morphology, as judged by “strict” criteria. Semen 
parameters did appear to deteriorate, however, after longer absti-
nence intervals (of 10 days or more). 

 Evidence currently suggests that daily intercourse may offer a 
slight fertility advantage, although clinicians should be mindful 
about the potential of coital recommendations causing unneces-
sary stress. In a study involving 221 presumably fertile couples 
attempting to conceive, statistical modeling demonstrated that the 
highest cycle fecundability (37 % per cycle) was associated with 
daily intercourse [ 10 ]. Comparable fecundability (33 % per cycle) 
was seen with every other day intercourse, but the likelihood for 
success decreased to 15 % per cycle when intercourse occurred only 
once weekly. The stress of infertility can potentially negatively 
impact sexual function, particularly when the timing of intercourse 
is linked to ovulation predictor methods or follows a strict schedule 
[ 30 ]. Couples should be informed, therefore, that reproductive 
effi ciency increases with the frequency of intercourse and is per-
haps highest when intercourse occurs every 1–2 days but that they 
should determine the coital frequency that works best for them.  

  The generally accepted “fertile window” comprises the 6 days of the 
menstrual cycle consisting of the day of ovulation and the 5 preced-
ing days. Couples should be counseled that their highest chance for 
conception occurs when coitus occurs during this time period. In a 
study of 221 healthy women trying to conceive, Wilcox et al. found 
conceptions occurring only during a 6-day period that ended on the 
day of ovulation [ 10 ]. The probability of conception ranged from 
0.10 fi ve days prior to ovulation to 0.33 on the day of ovulation 
(Fig.  1 ). From a further analysis of cycles in which only one inter-
course event occurs over the span of the “fertile period,” it was 
found that most pregnancies occur within 3 days of ovulation, with 
only 6 % of pregnancies occurring with sperm that was three or more 
days old. Irrespective of ovulation timing, it was demonstrated that 
the probability of pregnancy from a single act of coitus in women 
with regular cycles was 0.069 on cycle day 10, 0.094 on cycle day 
12, 0.085 on cycle day 14, and 0.059 on cycle day 16 [ 31 ]. Whereas 
aging does not impact the overall timing of the “fertile window,” 
the relative probability of pregnancy diminishes with increasing age 
[ 32 ]. Increased coital frequency during the “fertile window” also 
increases the overall cycle fecundability [ 33 ]. Methods to determine 
ovulation timing and the resultant “fertile window” include analysis 
of menstrual cycle calendars, BBT recordings, urinary luteinizing 
hormone determinations, and cervical mucus scores. Subjective per-
ception of ovulation timing based on symptoms alone reveals a low 
rate of concordance with actual ovulation [ 34 ].

3.4  Coital Timing
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   The volume of cervical mucus increases over the 5–6 days 
 preceding ovulation in proportion to serum estradiol concentra-
tions and reaches its peak 2–3 days prior to ovulation. The viscosity 
of cervical mucus also lessens during this time period such that it is 
classically described as “slippery, clear” just prior to ovulation. 
Assessing cervical mucus involves ascertaining secretions present at 
the vaginal introitus. Studies show that perceived cervical mucus 
changes correlate well with BBT charting in predicting the time of 
peak fertility [ 35 ]. In a prospective cohort study, Scarpa and associ-
ates reported the probability of conception to range from 0.003 
for days with no noticeable secretions to 0.29 for days with the 
most optimal mucus [ 36 ]. 

 Ovulation predictor kits and monitors provide patients an abil-
ity to screen for urinary luteinizing hormone (LH) excretion and 
may also assist in determining peak fertility. Numerous studies 
have verifi ed the accuracy of these methods in detecting the mid- 
cycle LH surge, although the precise timing of subsequent ovula-
tion is still somewhat variable (up to 2 days) [ 37 ]. False-positive 
home urine luteinizing hormone tests may also occur, with a study 
by the National Institute of Child Health and Human Development 
(NICHD) National Cooperative Reproductive Medicine Network 
showing that more than 7 % of endometrial biopsies performed 
7–13 days after a positive home urine LH test failed to  demonstrate 
secretory endometrium [ 38 ]. On the other hand, other studies 
have shown a reduced time to conception with the use of home 
urinary LH testing. Robinson and coauthors reported a cumula-
tive pregnancy rate of 22.7 % over two cycles as compared to 
14.4 % for control patients in a cohort study [ 39 ].  
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  Fertility rates are reduced in women who are both underweight 
and overweight. Whereas diet and lifestyle modifi cation-associated 
weight loss have improved fertility potential for women with ovu-
lation dysfunction [ 40 ], there is little evidence for dietary modifi -
cations (including low-fat, vegetarian, vitamin-enriched, gluten-free 
diets) impacting fertility in normal-weight women. Elevated blood 
mercury concentrations from frequent seafood consumption have 
been associated with lowered fertility [ 41 ]. Women who are plan-
ning to conceive should take at least 0.4 mg of folic acid daily as 
this has been shown to lower the incidence of neural tube defects 
in offspring if taken at the time of conception [ 42 ]. 

 Smoking has multiple adverse effects on fertility, including 
gamete production and function, ovulatory cyclicity, fertilization, 
early embryonic cleavage, embryo transport, and implantation 
[ 43 ]. Numerous studies also demonstrate that smoking is associ-
ated with increased risks of spontaneous abortions as well as pre-
term birth [ 44 ,  45 ]. Smoking has also been shown to cause a mean 
birth weight decrease of 150–300 g in offspring [ 44 ]. A systematic 
review and meta-analysis of 12 studies revealed an overall odds 
ratio for risk of infertility in female smokers of 1.60 (1.34–1.91, 
95 % confi dence intervals) as compared to nonsmokers [ 46 ]. In 
this report, female smokers receiving IVF treatment also had a 
lower odds ratio of 0.66 (0.49–0.88, 95 % confi dence intervals) for 
pregnancies per cycle as compared to nonsmokers. Female smokers 
transition to menopause, on average, 1–4 years earlier than non-
smokers suggesting that smoking also accelerates follicular deple-
tion [ 47 ]. Although semen abnormalities have been found in men 
who smoke, a similar relationship with lowered fertility in men has 
not yet been conclusively demonstrated. 

 The effects of alcohol on female fertility have produced contra-
dictory results with some studies purporting a relationship with 
infertility whereas others actually reporting a shortened time to 
conception [ 48 ,  49 ]. On the other hand, in a prospective cohort 
study, Rossi et al. found that women drinking at least four drinks 
per week had a lower odds ratio for live birth following IVF of 0.84 
(0.71–0.99, 95 % confi dence intervals) than women who drank 
fewer than four drinks per week [ 50 ]. It appears prudent to advise 
avoidance of high levels of alcohol consumption while attempting 
to conceive as well as no alcohol at all during pregnancy due to its 
well-documented detrimental effects on fetal development. 

 In a large European multicenter study, patients who consumed 
high levels of daily caffeine (>500 mg) intake had an increased 
odds ratio of 1.45 (1.03–2.04, 95 % confi dence intervals) for sub-
fecundity in the fi rst pregnancy [ 51 ]. Reports vary on the relation-
ship between caffeine consumption and the risk of miscarriage, 
although a few studies have suggested that daily caffeine con-
sumption greater than 200–300 mg during pregnancy is 
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associated with an increased risk of spontaneous abortion [ 52 ]. 
Overall, caffeine consumption in moderation (one to two cups of 
coffee per day or equivalent) does not appear to be associated with 
lowered fecundity.   

4    Infertility 

 The American Society for Reproductive Medicine defi nes infertility 
as “a disease defi ned by the failure to achieve a successful preg-
nancy after 12 months or more of appropriate, timed unprotected 
intercourse or therapeutic donor insemination” [ 53 ]. On this 
basis, most advise the start of an infertility evaluation if a patient 
has met this threshold. Based on medical history and physical fi nd-
ings, an earlier evaluation may be warranted in certain circum-
stances and is advised for women >35 years of age who have been 
attempting pregnancy for at least 6 months. 

  Infertility is estimated to affect 10–15 % of couples. Hull and 
 co- workers reported that out of 708 couples in an English health 
district, at least 1 in 6 needed specialist care at some point in their 
lives because of an inability to conceive or to conceive the number 
of children they desired [ 54 ]. Snick and co-workers noted that 
9.9 % of women aged 15–44 years in the Walcheren area of the 
Netherlands needed specialist fertility care at some point in their 
lives [ 55 ]. According to the National Survey of Family Growth, 
7.3 million American women aged 15–44 years (approximately 
12 % of all women aged 15–44 years) reported having ever used 
infertility services [ 56 ]. 

 Many infertility couples are subfertile, not truly sterile. A pro-
portion of subfertile couples will eventually conceive even without 
treatment [ 57 ]. The likelihood of achieving a live birth without 
treatment decreases with increasing age of the female as well as 
duration of infertility [ 58 ]. The vast majority of spontaneous preg-
nancies occur within the fi rst 3 years of attempting pregnancy, with 
a relatively rare spontaneous pregnancy occurrence occurring 
beyond this time. 

 The use of ART has continued to increase since its inception in 
1978 [ 59 ]. In 2009, 146,244 ART procedures were performed 
in the United States resulting in 45,780 live-birth deliveries and 
60,190 infants [ 60 ]. Overall, ART contributed to 1.4 % of the US 
births.  

  The major causes of infertility include ovulatory dysfunction, tubal 
and peritoneal factors (including endometriosis), uterine factor, 
male factor, diminished ovarian reserve, and unexplained. The pro-
portion of patients with a particular factor depends on the patient 
age as well as the duration of infertility. The composition of 

4.1  Incidence 
of Infertility

4.2  Causes 
of Infertility

Mark A. Damario



13

infertility factors also depends on the level of care (primary, 
 secondary, tertiary). The mean duration of infertility is longer in 
groups that provide tertiary care (42 months) [ 55 ] than those that 
provide primary care (21 months) [ 58 ], resulting in somewhat dif-
fering proportions of patients with particular factors. In general, 
approximately 35 % of infertility is attributable to a female factor 
alone, 30 % to a male factor alone, and 20 % to both, and in 15 % 
of cases it is essentially unexplained (Fig.  2 ) [ 61 ].

5        Evaluation of Infertility 

 The evaluation of infertility starts with a comprehensive history 
and physical examination of the female, which may uncover clues 
of a possible etiology for reproductive failure. Based on the history 
or subfertile semen profi le, men may also be referred for a compre-
hensive evaluation. Following the initial fi ndings, more specifi c 
testing may be indicated, although it remains important for both 
partners to undergo general testing to determine whether there are 
indicators for the common etiologies of infertility. 

  Menstrual cycle history and characteristics are typically suffi cient in 
determining whether there is normal ovulatory function. Patients 
with normal ovulatory cycles generally have regular menstrual 
cyclicity with intervals of 25–35 days, consistent fl ow characteris-
tics, and accompanying moliminal symptoms associated with vary-
ing ovarian hormones. Many patients, however, do have some 
degree of intermenstrual interval variability. A study of more than 
1,000 cycles demonstrated at least one intermenstrual interval 

5.1  Ovulatory 
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  Fig. 2    Distribution of causes of infertility. Data from Forti and Krausz [ 61 ]       
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variation >5 days in 75 % of patients followed for 1 year [ 62 ]. 
Although history is a strong predictor of ovulatory cyclicity, it 
remains prudent to further confi rm ovulatory function by addi-
tional corroborative objective information. 

 Serial BBT charting provides a simple means for patients to 
monitor their menstrual cycles. In order to obtain reliable results, 
temperatures need to be obtained daily at similar times and under 
similar conditions with an accurate thermometer. In response to 
the thermogenic properties of progesterone during the luteal 
phase, there is typically an increase in temperature of 0.4–0.8 °F. 
Most ovulatory cycles therefore show a biphasic pattern (Fig.  3 ), 
although some women with ovulatory cycles have diffi culty identi-
fying clear temperature shifts.

   Over the counter urinary ovulation predictor kits and monitors 
may be used to identify the mid-cycle surge of luteinizing hormone 
occurring 1–2 days preceding ovulation. Urinary LH detection 
provides presumptive evidence of ovulation and may also assist 
couples in appropriately timing coitus. Urine LH assessment gen-
erally correlates with serum concentrations with reasonable accu-
racy, particularly when performed during the midday or evening 
[ 63 ]. On the other hand, some patients with ovulatory cycles still 
have diffi culty recording positive LH surges whereas others may 
experience false positives [ 38 ]. 

 Mid-luteal phase serum progesterone determinations provide 
an objective assessment of luteal function. Due to menstrual 
 variability, serum progesterone determinations should be sched-
uled approximately 1 week prior to the expected ensuing menses. 
For patients with 28-day cycles, the test would ordinarily be 
obtained on cycle day 21. A progesterone concentration >3 ng/ml 
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  Fig. 3    Basal body temperature chart with a biphasic pattern       
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provides presumptive evidence of ovulation [ 64 ]. Importantly, 
serum progesterone determinations are best used as a qualitative 
rather than a quantitative test (demonstrating evidence that 
 ovulation has occurred). Although levels >10 ng/ml are typically 
seen in the mid-luteal phase and refl ect appropriate luteal function, 
issues related to cycle variability as well as pulsatile nature of pro-
gesterone secretion limit its utility as a determinant of luteal 
adequacy [ 65 ]. Some practitioners measure progesterone levels 
every other day in the luteal phase to better assess luteal phase 
adequacy  (personal communication). 

 Endometrial biopsy with histologic analysis can infer an ovula-
tory cycle through the demonstration of secretory endometrial 
changes. In most cases, this evaluation will not be required to 
determine normal ovulatory function. The endometrium pro-
gresses through a sequence of changes in the secretory phase, the 
“dating” of which was previously used as a standard for the quality 
of luteal function and the diagnosis of luteal phase defi ciency [ 66 ]. 
However, well-performed studies have demonstrated that histo-
logic endometrial dating lacks both accuracy and reproducibility as 
well as fails to demonstrate differences between fertile and infertile 
women [ 67 ,  68 ].  

  A number of tests have been devised to indirectly assess ovarian 
reserve (i.e., reproductive potential as refl ected by the number of 
remaining oocytes). Diminished ovarian reserve (DOR) occurs in 
women who still have regular menstrual cyclicity but who exhibit 
diminished gonadotropin responsiveness and lower fecundity 
potential than other women of similar age. This testing is of par-
ticular importance for women over the age of 35, those with a 
single ovary, those with a family history of early menopause, those 
with unexplained infertility, those with a prior exposure to chemo-
therapy, and those planning to undergo ART [ 69 ]. In addition to 
lowered gonadotropin responsiveness, women with DOR have a 
signifi cantly lower chance to conceive through ART [ 70 ]. 

 Ovarian reserve may be assessed by the determinations of basal 
FSH and estradiol early in the follicular phase (between cycle days 2 
through 4). Serum FSH concentrations in the early follicular phase 
appear to rise several years prior to the menopause, the subtle rise 
of which is felt to likely indicate reduced secretion of inhibin and 
other inhibitory substances from the germ cell-depleted ovary. 
These subtle elevations are associated with poor responses to 
gonadotropin stimulation and a diminished chance for success 
after IVF and related therapies [ 71 ,  72 ]. Elevations in serum estra-
diol in the early follicular phase may also portend a poorer  prognosis 
in some cases, [ 73 ,  74 ] although elevations in serum estradiol 
might refl ect physiology other than lowered ovarian reserve in 
other instances. 

5.2  Ovarian Reserve
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 The clomiphene challenge test was designed to evaluate 
 fecundity potential prospectively [ 75 ]. In this test, patients have 
basal FSH and estradiol determinations in the early follicular 
phase (day 3) and then receive 100 mg of clomiphene citrate daily 
during days 5–9 of the cycle. Serum FSH is again repeated on cycle 
day 10. Elevated FSH levels on day 10 are a particularly concern-
ing indicator of DOR and have higher sensitivity but lower speci-
fi city as compared to day-3 concentrations [ 76 ]. 

 Antral follicle count (AFC) is the quantitation of the number 
of basal follicles (generally 2–10 mm) seen in both ovaries utilizing 
high-resolution transvaginal ultrasonography prior to treatment. 
The number of antral follicles has been noted to decrease with 
increasing age [ 14 ]. A number of reports have demonstrated a low 
antral follicle count (generally ≤4–6) to also be associated with 
poor response to ovarian stimulation and failure to achieve preg-
nancy after IVF [ 77 ]. 

 Serum concentrations of antimullerian hormone (AMH), 
 produced by granulosa cells, are gonadotropin independent and 
relatively constant throughout the menstrual cycle, making deter-
minations reliable at any time [ 78 ]. Low levels of AMH (<1 ng/
ml) have also been associated with poor responses to gonadotro-
pins and lower embryo quality following IVF, although in general 
AMH is not considered a marker of embryo quality [ 79 ,  80 ].  

  Abnormalities of cervical mucus or mucus–sperm interaction are a 
likely rare cause of infertility. Examination of the cervical mucus 
following coitus (i.e., postcoital test) had been a widely performed 
procedure to evaluate both the quality of cervical mucus and 
mucus–sperm interaction. However, due to patient inconvenience, 
poor reproducibility, and its inaccuracy in predicting lowered 
fecundity and then change clinical management, the postcoital test 
is rarely currently utilized [ 81 ,  82 ].  

  Abnormalities of the uterine cavity can be detected by various 
means. Transvaginal ultrasonography provides excellent identifi ca-
tion of uterine wall abnormalities, such as leiomyomas, and has 
moderate sensitivity in the identifi cation of endometrial polyps. 
Hysterosalpingography (HSG) remains a relatively standard test for 
both the evaluation of the uterine cavity and fallopian tubes. This 
examination is able to relatively readily demonstrate signifi cant 
endometrial polyps or submucous leiomyomata, intrauterine syn-
echiae, and mullerian anomalies (i.e., septate, bicornuate, unicor-
nuate uterus). However, HSG has only moderate sensitivity (50 %) 
and positive predictive value (28.6 %) for all polypoid lesions [ 83 ]. 

 Sonohysterography involves imaging the uterine cavity with 
high-resolution transvaginal ultrasound following cannulation of 
the cervix and injecting the uterine cavity with a saline solution. 
Sonohysterography allows for a higher discernment of subtle 

5.3  Cervical Factor

5.4  Uterine Factor
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lesions within the endometrial cavity, showing an overall sensitivity 
of 87 %, specifi city of 91 %, positive predictive value of 92 %, and 
negative predictive value of 86 % for all uterine abnormalities [ 84 ]. 

 Hysteroscopy remains the gold standard for evaluation of the 
uterine cavity, but due to its invasiveness and costs, it is usually 
reserved for further evaluation and treatment of identifi ed intra-
uterine abnormalities.  

  HSG remains a relatively commonly performed evaluation test of 
the uterine cavity and fallopian tubes. HSG can reveal proximal or 
distal tubal occlusion, salpingitis isthmica nodosa, a pattern of 
diminished tubal rugae and possible tubal phimosis or peritubal 
adhesions (through the demonstration of delayed and loculated 
dye patency, respectively). HSG can be performed utilizing both 
oil- and water-soluble contrast media, although the former results 
in some obscuring of subtle fi ndings and has some inherent risk for 
granuloma formation and embolism. Although it was generally 
presumed that oil-soluble media was associated with a higher 
fecundability potential post-procedure than water-soluble media, 
this advantage was not demonstrated in a systematic review [ 85 ]. 
HSG has a demonstrated sensitivity of only 60 % and specifi city of 
95 % as a test for tubal patency, with some instances of suspected 
tubal occlusion attributable to uterine or tubal “spasm” and not 
true blockage [ 86 ]. 

 Laparoscopy with chromopertubation utilizing either methy-
lene blue or indigo carmine dye can further be used to evaluate 
tubal patency or corroborate prior HSG fi ndings. At the time of 
laparoscopy, restorative surgery such as lysis of peritubal adhesions, 
fi mbrioplasty, or hysteroscopic tubal cannulation can be performed 
in order to reestablish tubal patency.  

  Although transvaginal ultrasonography may reveal endometriomas 
with high sensitivity and specifi city, transvaginal ultrasonography 
often lacks the ability to characterize adhesions or early-stage endo-
metriosis [ 87 ]. In these instances, the only currently available 
method to assess for peritoneal adhesions or early endometriosis is 
through diagnostic laparoscopy. Laparoscopy allows for the direct 
visual inspection of the peritoneal cavity and pelvic reproductive 
anatomy. On the other hand, it appears that the relative impact of 
minimal and mild endometriosis on fecundity is only modest and 
the number of cases that must be treated with laparoscopy in order 
to demonstrate a clinical advantage can be signifi cant [ 88 ,  89 ]. 
Laparoscopy is most indicated for those patients with pelvic pain 
symptoms or risk factors, abnormal transvaginal ultrasonography or 
HSG, and no other clear indications for ART. Laparoscopy may also 
have a relatively high yield for patients with long-standing infertility 
(>3 years) which is otherwise unexplained [ 90 ].  

5.5  Tubal Factor

5.6  Peritoneal Factor
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  The semen analysis remains the primary means of laboratory 
 evaluation of the male factor contribution to infertility. Patients 
should be properly instructed for specimen collection, including a 
recommended abstinence interval of 2–7 days. Specimens should be 
collected by either masturbation in a sterile cup or intercourse uti-
lizing a suitable collection condom. Although specimen collection 
is most optimal in the clinic, for those men who are uncomfortable 
collecting in this setting, specimens may be collected at home pro-
vided they are transported promptly, kept at least at room tempera-
ture in transit, and able to be evaluated in the laboratory within 1 h 
of collection. Guidelines for semen parameters have been estab-
lished by the WHO (Table  1 ) [ 28 ]. The present criteria are based 
on a population study of almost 2,000 men from 8 countries whose 
partners conceived within the preceding 12 months [ 91 ]. The 
WHO established the lower limits of the normal range at approxi-
mately the fi fth centiles of this fertile population, representing a 
sperm concentration of 15 million/ml, progressive motility of 32 %, 
and normal sperm morphology of 4 % utilizing “strict” criteria.

   Sperm morphology utilizing “strict” criteria involves a quanti-
tative analysis of sperm and was initially reported by Kruger et al. 
[ 92 ]. Laboratory technicians performing “strict” criteria require 
specialized training and a relatively high lab throughput in order to 
maintain profi ciency. The fi nding of low sperm morphology by 
strict criteria was found to correlate with poor oocyte fertilization 
rates in vitro and represents a frequent indication for intracytoplas-
mic sperm injection (ICSI) for patients undergoing IVF. The man-
agement of patients with isolated low sperm morphology with 
otherwise normal semen parameters is less clear [ 93 ]. 

 Other evaluation tests for the infertile male depend on the 
clinical circumstances and may include an endocrine evaluation 
(FSH and total testosterone, at minimum) for men with oligosper-
mia, sexual dysfunction, or other fi ndings suggesting an endocri-
nopathy. Transrectal or scrotal ultrasonography may be helpful in 

5.7  Male Factor

   Table 1  
  Lower limits of the reference values for semen analysis   

 Semen parameter  Reference value 

 Ejaculate volume  1.5 ml 

 Sperm concentration  15 million/ml 

 Total sperm number  39 million/ejaculate 

 Percent motility  40 % 

 Forward progressive motility  32 % 

 Normal morphology  4 % normal 

  Data from World Health Organization, 2010 [ 28 ]  
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certain clinical circumstances to rule out ejaculatory duct 
 obstruction or subtle varicocele, respectively. Antisperm antibodies 
may be considered for men with known risk factors, including 
trauma, torsion, orchitis, testicular surgery, and vasectomy. 

 Tests for sperm DNA integrity have also been developed, 
including the sperm chromatin structure assay (SCSA), terminal 
deoxynucleotidyl transferase-mediated dUTP—biotin end- labeling 
assay (TUNEL), modifi ed alkali single-cell gel electrophoresis 
assay (COMET), and sperm chromatin dispersion test (SCD) 
 [ 94 – 97 ]. Although numerous studies purport a relationship 
between sperm DNA integrity and pregnancy outcome in multiple 
contexts (natural conception, intrauterine insemination, ART), the 
current methods for assessing sperm DNA integrity do not appear 
to have suffi cient reliability in the prediction of clinical outcomes 
to presently justify their routine use [ 98 ]. 

 Certain infertile men should have genetic counseling and/or 
screening, including men with congenital bilateral absence of the 
vas deferens (CBAVD), who are presumed to have an abnormality 
of the cystic fi brosis transmembrane conductance regulator 
(CFFR) gene and a high proportion demonstrating an abnormal-
ity with currently available cystic fi brosis gene mutation panels 
[ 99 ]. Men with non-obstructive    azoospermia and severe oligo-
spermia (<5 million/ml) are at increased risk for karyotypic abnor-
malities and Y chromosome microdeletions and should be offered 
serum chromosome analysis and Y chromosome microdeletion 
testing [ 100 ,  101 ].      
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    Chapter 2   

 Genetics of Male Fertility 

           Yi-Nan     Lin      and     Martin     M.     Matzuk     

    Abstract 

   Early in embryogenesis, cells that are destined to become germ cells take on a different destiny from 
other cells in the embryo. The germ cells are not programmed to perform “vital” functions but to 
perpetuate the species through the transfer of genetic materials to the next generation. To fulfi ll their 
destiny, male germ cells undergo meiosis and extensive morphogenesis that transforms the round-shaped 
cells into freely motile sperm propelled by a beating fl agellum to seek out their missing half. Apparently, 
extra genes and additional regulatory mechanisms are required to achieve all these unique features, and 
an estimated 11 % of genes are involved in fertility in Drosophila (Hackstein et al., Trends Genet 
16(12):565–572, 2000). If comparative numbers of male fertility genes are needed in mammals, extra 
risks of male fertility problems are associated with disruptive mutations in those genes. Among human 
male infertility cases, approximately 22 % were classifi ed as “idiopathic,” a term used to describe diseases 
of unknown causes, with idiopathic oligozoospermia being the most common semen abnormality 
(11.2 %) (Comhaire et al., Int J Androl (Suppl 7):1–53, 1987). “Idiopathic” is a widely used adjective 
that is used to refl ect our lack of understanding of the genetics of male fertility. Fortunately, after more 
than two decades of phenotypic studies using knockout mice and identifying genes disrupted in sponta-
neous mutant mice, we have unveiled new and unexpected aspects of crucial gene functions for fertility. 
Other efforts to categorize genes involved in male fertility in mammals have suggested a total of 
1,188 genes (Hermo et al., Microsc Res Tech 73(4):241–494, 2010). Although intracytoplasmic sperm 
injection (ICSI) can be used to bypass many fertilization obstacles to achieve fertilization with only a few 
extracted sperm, the widespread use of ICSI without proper knowledge for genetic testing and counsel-
ing could still potentially propagate pleiotropic gene mutations associated with male infertility and 
other genetic diseases (Alukal and Lamb, Urol Clin North Am 35(2):277–288, 2008). In this chapter, 
we give a brief account of major events during the development of male germ cells and focus on the 
functions of several crucial genes that have been studied in mutant mouse models and are potential 
causes of human male infertility.  

  Key words     Fertility  ,   Sperm  ,   Germ cells  ,   Male fertility  ,   Intracytoplasmic sperm injection    
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1      Primordial Germ Cell Specifi cation 

    The development of male germ cells initiates in the early embryo 
with the specifi cation of primordial germ cells (PGCs) that are 
detected as alkaline phosphatase-positive cells at the base of the yolk 
sac before formation of the allantois by embryonic day 7.25 in mice 
(reviewed in ref. [ 1 ]). The critical roles of transforming growth 
factor-β (TGF-β) superfamily signaling pathways in regulating the 
development of PGCs have been shown in knockout mice lacking 
bone morphogenetic protein-4 (BMP-4) or BMP-8b or the down-
stream signaling proteins, SMAD1 and SMAD5 [ 2 – 5 ]. At mid- 
gestation, the PGCs start migrating along the hind gut to reach the 
genital ridge. Although the involvement of several adhesion mole-
cules or G-protein-coupled receptor–ligand pairs in PGC migration 
has been studied in fl ies and zebra fi shes (reviewed in ref. [ 6 ]), the 
factors required for PGC migration in mammals are less clear. The 
cytokine ligand–receptor pair of Kit ligand (KITL) and Kit receptor 
(KIT) were originally identifi ed as two spontaneous mutant loci, steel 
and W, respectively, in mice for the infertility in both sexes caused by 
PGC loss [ 7 ,  8 ], and their binding is required specifi cally for PGC 
motility [ 9 ]. Additionally, two transcriptional repressors, BLIMP1/
PRDM1 and PRDM14, may play critical roles in regulating prolifera-
tion and migration while repressing the somatic differentiation pro-
gram in PGCs [ 10 – 12 ]. A mutation in the putative RNA-binding 
protein gene, dead-end homolog ( Dnd1 ), also depletes PGCs [ 13 , 
 14 ]. At this early embryonic stage, PGCs are still pluripotent.  

2     Sex Determination 

 After the PGCs enter the genital ridge, the major gene implicated in 
human sex determination is sex-determining region Y ( Sry ), the 
male-determining gene located on the short arm of Y chromosome. 
The earliest event of male sex determination is the expression of 
SRY in the pre-Sertoli cells of bipotential gonads. SRY upregulates 
Sry-related HMG box-containing gene 9 ( Sox9 ) expression by 
binding to multiple gonad-specifi c enhancer elements in the  Sox9  
promoter [ 15 ]. It was shown that haploinsuffi ciency of SOX9 causes 
46,XY male-to-female sex reversal [ 16 ,  17 ], and activating muta-
tions of SOX9 result in 46,XX,SRY-negative female-to-male sex 
reversal [ 18 – 20 ]. During testis differentiation, SOX9 upregulates 
anti-Müllerian hormone (AMH) to act on its receptor, AMHR2, to 
induce the regression of the Müllerian duct, whereas testosterone 
drives the development of the Wolffi an duct [ 21 ]. Additionally, SRY 
or SOX9 may act to downregulate the ovarian pathway by suppress-
ing RSPO1 in early development [ 22 ] and also suppressing the lev-
els of β-catenin directly [ 1 ]. Surprisingly, another analysis of  Sox3  
transgenic mice and three 46,XX males showed that ectopic expres-
sion of SOX3, the closest homolog of SRY [ 23 ], in the bipotential 
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gonad can lead to complete sex reversal as XX males [ 24 ], suggest-
ing that SOX3 and SRY are functionally interchangeable in sex 
determination. Future  studies on the regulatory roles of SOX3 on 
SOX9 and other downstream sex determination effectors and more 
detailed spatiotemporal expression pattern comparison between 
SRY and SOX3 will help us elucidate the reason why the X-linked 
SOX3 itself cannot initiate male development.  

3     Hypothalamic–Pituitary–Gonadal Axis 

 Masculinization during fetal development is dependent on the 
secretion of AMH and androgens by the fetal testis. At the onset 
of puberty in both sexes, the well-established hypothalamic–
pituitary–gonadal (HPG) axis works as follows: the hypothala-
mus produces pulsatile gonadotropin-releasing hormone (GnRH) 
secretion, the gonadotropes in the anterior pituitary respond by 
secreting luteinizing hormone (LH) and follicle-stimulating hor-
mone (FSH), and the gonads are activated to produce estrogen 
and testosterone. In males, FSH activates Sertoli cells and LH 
stimulates the steroidogenesis in the Leydig cells, resulting in tes-
tosterone production that signals back to the pituitary and hypo-
thalamus. However, the signals that initiate the onset of puberty 
were only discovered more recently. The defi ciency of kisspeptin 
(KISS1) and its receptor KISS1R/GPR54 both disrupted the axis 
causing hypogonadotropic hypogonadism, and the exogenous kis-
speptin injection was able to restore robust LH secretion in  Kiss1  
knockout mice, proving that the axis is still intact [ 25 ,  26 ]. The 
levels of  Gpr54  mRNA in GnRH neurons are similar in both juve-
nile and adult mice, but the expression of  Kiss1  mRNA increased 
dramatically during the transition from juvenile to adult life in the 
anteroventral periventricular nucleus [ 27 ]. Although an additional 
feedback circuitry of estrogen on KISS1 neurons for preovulatory 
LH surge has been described [ 28 ], there is no similar report on the 
involvement of androgen in feedback regulation yet.  

4     Meiotic Defects Usually Cause Azoospermia or Severe Oligozoospermia 

 In males, spermatogenesis can be divided into three specifi c phases: 
proliferation, meiosis, and spermiogenesis. One recent elegant 
imaging study showed that in mouse,  A  single  and  A  paired  spermato-
gonia are the GDNF receptor-positive spermatogonial stem 
cells, whereas  A  aligned  spermatogonia are formed by mitosis without 
cytokinesis into interconnected NGN3-positive cysts of 4–16 cells 
linked through intercellular bridges [ 29 ]. More differentiated  A  1 –
 A  4  spermatogonia are dependent on membrane-bound KITL from 
Sertoli cells [ 30 ,  31 ] and subsequently undergo several mitotic and 
two meiotic divisions to generate haploid spermatids with diverse 
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combinations of genes on independently assorted chromosomes. 
After the puberty signal is relayed through the hypothalamic–pitu-
itary–gonadal axis into elevated blood testosterone, meiosis in 
males is initiated to generate sperm. Unlike mitosis, meiosis con-
sists of two cell divisions following a single-DNA replication phase, 
thereby generating four haploid cells (i.e., round spermatids in the 
male). Crucial functions during meiosis I include those involved in 
the formation of synaptonemal complex and the DNA recombina-
tion process that helped to form and resolve the chiasmata for the 
cosegregation of homologous chromosomes (reviewed in ref. [ 32 ] 
with updated references below). Initially, telomere clustering on 
the nuclear membrane, which requires SUN1/UNC84A, assists 
homologous chromosome alignment for their subsequent pairing. 
The axial elements of synaptonemal complex begin to form on 
chromosomes from SYCP2, SYCP3, and meiosis-specifi c cohesion 
proteins, like REC8, STAG3, and SMC1β. After homologous pair-
ing, the axial elements come together to form lateral elements. 
Homologous recombination is initiated by the double-strand 
breaks formed by the activity of SPO11 to recruit recA-homologs, 
RAD51 and DMC1, for strand invasion to form double-Holliday 
junctions at recombination nodules for meiotic crossovers. During 
this period, TEX11 binds to SYCP2 to promote synapsis and cross-
over [ 33 ], and TEX15 assists the recruitment of RAD51 and 
DMC1 [ 34 ]. Later, SYCP1 is loaded onto the central region of 
synapsed chromosomes along with SYCE1, SYCE2, and TEX12. 
Meiotic MutS homologs, MSH4 and MSH5, form complex at 
double-Holiday junctions and subsequently recruit MutL homo-
logs, MLH1 and MLH3, to complete homologous recombina-
tion. Homologous chromosomes undergo desynapsis and condense 
after the completion of recombination, and at least one chiasma 
(crossover site) per homologous chromosome pair is required for 
correct segregation at anaphase I. Among the knockout studies 
that unveiled critical functions of cell cycle genes, the viable but 
infertile phenotypes caused by the disruption of cell cycle kinase, 
CDK2, came out as a total surprise [ 35 ], and a recent follow-up 
study showed that CDK2 is required for multiple meiotic functions 
[ 36 ]. The incomplete chromosome pairing, nonhomologous syn-
apsis, and unrepaired double-strand breaks found in  Cdk2  knock-
out spermatocytes suggest that while its roles during mitosis may 
be replaced by other mitotic CDK–cyclin pairs, CDK2 has irre-
placeable roles as a master meiotic regulator. Interestingly, disrup-
tion of some of those genes caused infertility in males but only 
subfertility or no fertility phenotypes in females, refl ecting some 
substantial differences for meiosis between the two sexes. Male- 
specifi c infertility has been reported in knockouts of  Sycp2  [ 37 ], 
 Sycp3  [ 38 ],  Tex11  [ 33 ], and  Tex15  [ 34 ]. The dimorphism for the 
male-specifi c infertility phenotypes has been attributed to a more 
stringent control mechanism during meiosis in males [ 39 ].  
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5     Sperm Morphogenesis Can Go Awry 

 Teratozoospermia in patients is diagnosed based on the prevalence 
of misshapen sperm [ 40 ]. Although paddle-shaped human sperm 
show a different range of abnormal shapes when compared to 
hook-shaped mouse sperm, several mutant mice models with 
abnormally shaped sperm have been studied in details with elec-
tron microscopy to provide insights into teratozoospermia. The 
acrosome–acroplaxome–manchette (AAM) complex was coined by 
Kierszenbaum and Tres to describe the sperm head shaping 
 mechanism in the elongating spermatids [ 41 ]. Golgi-derived pro-
acrosomal vesicles need to attach and fuse along the actin–keratin-
containing acroplaxome to anchor the developing acrosome to the 
nuclear membrane on one end and the longitudinally pulling man-
chette microtubules need to attach to the sperm nuclear mem-
brane on the other end. The tight association between acrosome 
and the Sertoli cell thus allows the pulling forces from the 
 manchette to be transduced correctly into forces that stretches and 
fl attens sperm nucleus into shape. Disruption of the acrosome–
acroplaxome–manchette complex and other functionally related 
structures is likely to abrogate the shaping force, resulting in mis-
shapen sperm head. Because proacrosomal vesicles are derived 
from the endoplasmic reticulum (ER) and Golgi apparatus, defects 
in ER or Golgi functions also cause acrosome dysfunction. To date, 
the disruption of  Hrb  [ 42 ],  Gopc  [ 43 ],  Csnk2a2  [ 44 ],  Zpbp1  and 
 Zpbp2  [ 45 ],  Pick1  [ 46 ],  Hook1  [ 47 ,  48 ], and  RIM-BP3  [ 49 ] in 
knockout mice have generated abnormally shaped sperm. Because 
the HRB protein is an important factor for proacrosomal vesicle 
fusion, proacrosomal vesicles fail to fuse into an acrosome in  Hrb  
knockout spermatids [ 42 ]. Zona pellucida-binding protein 1 
(ZPBP1), in contrast, functions as a critical acrosomal matrix 
protein for acrosome compaction, and its absence results in a 
dilated acrosome easily undergoing fragmentation during sperm 
elongation [ 45 ]. Although the functions of GOPC, a Golgi-
associated protein, and CSNK2A2, a subunit of casein kinase 2, are 
largely unknown, the recent identifi cation of PICK1 as a binding 
partner of both GOPC and CSNK2A2 helped to elucidate their 
collective involvement in the traffi cking of proacrosomal vesicles 
from the Golgi apparatus to the acrosome [ 50 ]. HOOK1 was orig-
inally identifi ed as the mutated gene in abnormal spermatozoon 
head shape ( azh ) mutant mice [ 48 ], and it is involved in attaching 
the manchette microtubules to the nuclear membrane [ 47 ]. 
RIM-BP3, the interacting partner of HOOK1, is also a manchette-
associated protein, and the inability of RIM-BP3 to interact with 
the mutant HOOK1 protein found in  azh  mutant mice may 
help to explain its structural roles in the manchette for sperm head 
morphogenesis [ 49 ]. A recent study that used  Vasa-Cre  to knock 
out  Hsp90β1 , an ER chaperone gene, specifi cally in male germ 
cells also disrupted acrosome formation and caused a similar 
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teratozoospermic infertility phenotype [ 51 ]. These observations 
strengthen the important roles of acrosome–acroplaxome–manch-
ette complex in shaping the sperm head.  

6     Sperm Motility and Hyperactivated Motility Are Required 
for Male Fertility In Vivo 

    Halfway during spermiogenesis, the formation of the acrosome 
marks the anterior end of the sperm head while the centrosomes 
move to the anterior end of sperm nucleus to function as the basal 
bodies for fl agellar growth. The nine triplets of centriolar microtu-
bules in the basal bodies then extend into the nine doublets of 
microtubules with the associated force-generating dynein arms plus 
two central microtubules (central apparatus) in the axoneme, in 
which many structural proteins are shared between fl agella and cilia 
[ 52 ]. It is not surprising that disruptions of DNAHC1 (an inner 
arm dynein heavy-chain protein [ 53 ]), TCTE3 (a putative outer 
dynein arm light-chain protein [ 54 ]), TEKTIN-2 (required for the 
integrity of the inner dynein arm [ 55 ]), SPAG6 (associated with 
the central apparatus [ 56 ]), and PCDP1 (likely also associated with 
the central apparatus [ 57 ]) impair fertility via fl agellar dysfunctions 
and cause phenotypes related to primary ciliary dyskinesia (PCD) 
in mice. The reduction of sperm motility in asthenozoospermia has 
also been attributed to genes involved in the formation of func-
tional midpiece from tightly wrapped mitochondria that powers 
the fl agellar beating. Recently, two knockout studies of murine 
glutathione peroxidase 4 (GPX4, a selenoprotein) that utilized 
either the deletion of mitochondria-specifi c leader sequence [ 58 ] 
or a spermatocyte-specifi c knockout strategy [ 59 ] established the 
links between selenium and essential mitochondrial functions in 
male fertility. Besides mitochondria, the sperm also rely heavily on 
the glycolytic pathway to power the fl agella and to achieve 
hyperactivated motility, and knockouts of sperm-specifi c glycer-
aldehyde-3-phosphate dehydrogenase (GAPDHS [ 60 ]), lactate 
dehydrogenase C (LDHC [ 61 ]), and phosphoglycerate kinase 2 
(PGK2 [ 62 ]) have resulted in male infertility. Flagellar accessory 
structures including outer dense fi bers and fi brous sheath are also 
important for structural integrity as shown in the infertile  Akap4  
knockout male mice [ 63 ], although the preimplantation lethality 
caused by disruption of  Odf2   (potentially via disruption of the 
essential ciliary functions of its alternative spliced product, Cenexin 
[ 64 ]) prevented the analysis of its roles in the outer dense fi ber 
[ 65 ]. Another instance of a sperm motility defect is caused by the 
failure to remove the excess residual cytoplasm to achieve a stream-
lined sperm shape and to fully extend the fl agellum, such as the 
 Spem1 -defi cient sperm with bent neck and tail trapped in the cyto-
plasm remnants [ 66 ]; however, the roles of SPEM1 in cytoplasm 
removal during spermiation remain to be determined. In addition 
to the requirement of structural components and energy for sperm, 
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it was known that mammalian sperm require capacitation for hyper-
activated motility and acrosome reaction prior to fertilization. 
Although many of the molecular mechanisms involved in capacita-
tion remain to be elucidated [ 67 ], the interplay among bicarbonate 
ions, cyclic AMP (cAMP) regulatory pathway activation, and eleva-
tion of cytosolic calcium levels through membrane ion channels 
have been crucial to capacitation [ 68 ]. For the cAMP-dependent 
sperm functions, the bicarbonate- and calcium-responsive soluble 
adenylate cyclase (ADCY10/sAC) functions as the major source of 
cAMP required for activating protein tyrosine phosphorylation and 
hyperactivated motility during capacitation [ 69 ,  70 ]. Subsequently, 
the elevated cytosolic cAMP levels activate the alkalization-acti-
vated potassium channel, SLO3/KSper [ 71 ,  72 ], to cause mem-
brane hyperpolarization that increases calcium infl ux through the 
sperm-specifi c alkalization-activated calcium-selective CatSper 
channel (composed of a tetramer of CatSper subunits 1–4 and aux-
iliary subunits, CatSper β, γ, δ [ 73 – 81 ]). The increased cytosolic 
calcium levels then hyperactivate sperm motility. Interestingly, pro-
gesterone [ 82 ] and prostaglandin E1 [ 83 ] have long been reported 
to act on some uncharacterized sperm membrane receptors to acti-
vate calcium infl ux, and two recent reports identifi ed CatSper chan-
nel as the target non-genomic receptor for both progesterone and 
prostaglandin E1, further demystifying their activating effects in 
capacitated sperm [ 82 ,  83 ]. These discoveries will surely help to 
unveil more previously unresolved aspects of sperm capacitation.  

7     Sperm Passage Through the Epididymis and Vas Deferens 

 Once spermiogenesis is completed and the sperm are fl ushed out of 
the seminiferous tubules by the secretion of Sertoli cells, they 
undergo maturation in the epididymis and are transported through 
the vas deferens for ejaculation. Obstruction of the passage results 
in the absence of sperm in the ejaculate. One major form of obstruc-
tive azoospermia is the congenital bilateral absence of the vas def-
erens (CBAVD), and CBAVD is frequently associated with human 
mutations in cystic fi brosis transmembrane conductance regulator 
(CFTR), a cAMP-regulated chloride ion channel [ 84 ,  85 ]. Studies 
of CFTR mutations in patients show that the development of vas 
deferens is sensitive to CFTR mutations [ 86 ]. Examination of two 
different  Cftr  mutant mouse models shows age-dependent obstruc-
tive azoospermia caused by a collapse of the lumen of the vas def-
erens [ 87 ]. Recently, tissue-specifi c ablation of androgen receptor 
from the caput epididymal epithelium in two studies shows that the 
inactivation of androgen receptor causes epithelial hypoplasia and 
gradual efferent duct obstruction; this defect results in fl uid back 
pressure that disrupts the seminiferous epithelium and causes male 
infertility [ 88 ,  89 ]. These mouse models could be used for future 
clinical studies on the involvement of androgen action in the non-
CFTR forms of obstructive azoospermia.  
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8     New Technologies for Male Fertility Research and Diagnosis 

 With several emerging new technologies in the postgenomic era, 
the knowledge of more than 1,000 male fertility-related genes 
could be used to advance our research and diagnosis of male fertil-
ity. In the past few years, genome-wide association studies (GWAS 
or GWA studies) have been widely used to identify loci associated 
with diseases or traits. Making use of the catalogued single- 
nucleotide polymorphisms (SNPs) in the genome, SNP microarray- 
based GWA studies are used to fi nd associations between 
SNP-tagged genomic blocks (haplotypes) with diseases in ques-
tion. Although the effectiveness of these studies is limited by the 
number of participants, a pilot GWA study of 92 azoospermia and 
severe oligozoospermia patients has utilized a candidate gene 
approach to identify some potential genes associated with sper-
matogenesis dysfunctions [ 90 ,  91 ]. Previously, many studies have 
attempted to identify causal mutations in candidate genes derived 
from male sterile knockout mice models by resequencing the cor-
responding genomic sequences of human infertile patients in order 
to detect potentially disruptive nucleotide sequence changes. 
However, due to the technical limitations that permit the examina-
tion of only a handful of genes, many have failed to identify specifi c 
mutations for future diagnostic applications. Therefore, the ability 
to generate sequencing data effectively and selectively from inter-
ested targets by combining hybridization capture and next- 
generation sequencing (NGS or massive parallel sequencing) 
technology (reviewed in ref. [ 92 ]) has the potential to revolution-
ize infertility research and diagnosis. With the continuous reduc-
tion of error rates and cost in NGS, exome sequencing (currently 
estimated to cost about $3,000) may be the most effective way to 
generate sequencing data of most of the known genes for familial 
pedigree analysis to identify disease genes [ 93 ]. The detectable 
mutations by NGS range from point mutations and small indels 
(insertions/deletions) to copy number alterations [ 94 ]. When 
combining NGS with RNA sequencing (RNA-seq, which sequences 
cDNAs reverse-transcribed from RNA) or direct RNA sequencing 
(reviewed in ref. [ 95 ]) to analyze the transcriptomes, it is possible 
to detect splicing disorders and gene translocation events, making 
it possible to directly and noninvasively examine the spermatozoal 
RNA pool for molecular defects in sperm [ 96 ,  97 ]. With these new 
technologies, we could accelerate our research by shifting the focus 
back to understanding naturally occurring mutations that impair 
fertility in men. The identifi cation of hypomorphic alleles for cru-
cial fertility genes in humans could complement our functional 
characterization of null alleles generated in knockout mice (Table  1 ) 
to better understand the whole spectrum of disease phenotypes. 
With better understanding in male fertility, we should have more 
effective treatment for male infertility.     
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    Chapter 3   

 Genetics of Female Infertility Due to Anomalies 
of the Ovary and Mullerian Ducts 

                 Joe     Leigh     Simpson     

    Abstract 

   Genetic factors are pivotal in reproductive development and subsequent reproductive processes. If disturbed, 
infertility can occur. In the female, genetic factors affecting the ovary and the uterus are not uncommon 
causes of infertility. Terminal deletions on the X long arm and X short arm and X chromosomal mosaicism 
have long been accepted as causes of premature ovarian failure (POF). Responsible genes on the X have 
not yet elucidated. Attractive candidate genes for POF also exist on autosomes, and in over a dozen genes 
molecular perturbations are documented in non-syndromic POF. The most common single- gene cause 
of POF is premutation carriers for FMR1 (fragile X syndrome). As other candidate genes and additional 
 ethnic groups are interrogated, the proportion of POF cases due to single-gene mutation will increase. 
Among uterine anomalies, incomplete mullerian fusion is most common. Increased recurrence risks for 
fi rst-degree relatives confi rm a role for genetic factors; interrogation of candidate genes is under way.  

  Key words     Premature ovarian failure  ,   X-chromosome deletions  ,   Single genes  ,   Mutation  ,   Candidate 
genes  ,   Genetic heterogeneity  ,   Incomplete mullerian fusion  ,   Mullerian aplasia  ,   Array CGH  

1      Introduction 

 Female fertility depends on normal embryologic differentiation as 
well as maintenance of a healthy reproductive milieu during repro-
ductive life-span. In this chapter we shall discuss genetic control of 
pivotal embryologic processes obligatory for female reproduction. 
Additional discussion by the author on genetics of sex differentia-
tion is available elsewhere [ 1 ]. 

  Primordial germ cells originate in the endoderm of the yolk sac 
and migrate to the genital ridge to form the indifferent gonad. 
The indifferent gonad is initially indistinguishable in genetic male 
(46,XY) and genetic female (46,XX) embryos. Primordial germ 
cells migrate from the yolk sac around 28 days post-conception, 
reaching the gonadal ridge by 37 days, or 5 days after formation 
of the genital ridge. If the embryo—or more specifi cally the 

1.1  Embryology 
of Female Ovary and 
Reproductive Tract
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gonadal stroma—is 46,XY, indifferent gonads develop into testes, 
a process that begins at 43 days after conception (15 mm crown 
rump length—CRL). Testes become morphologically identifi able 
7–8 weeks after conception (9–10 gestational or menstrual weeks). 
In the absence of a Y chromosome, the indifferent gonad devel-
ops into an ovary [ 2 ], beginning at 50–55 days of embryonic 
development. By 20 weeks of embryonic life fetal ovaries contain 
up to seven million germ cells, but the vast majority undergo atre-
sia. In 45,X embryos, oocytes also differentiate, only to undergo 
atresia at a rate more rapid than that occurring in normal 46,XX 
embryos. Thus, genes on the X necessary for normal ovarian devel-
opment control ovarian  maintenance, not initial differentiation.  
Ductal and external genital development occurs independent of 
gonadal differentiation. External genitalia develop in male fashion 
if testosterone and dihydrotestosterone are secreted by fetal 
Leydig cells. Absent this, female external genitalia develop. 
Differentiation of mullerian structures (uterus, fallopian tubes, 
upper vagina) depends on functional Sertoli cells, which secrete 
antimullerian hormone (AMH) and prevent female internal geni-
talia from developing (uterus). Absent AMH and its receptor 
(AMHR), mullerian ducts form the uterus and fallopian tubes, 
and Wolffi an ducts regress. This occurs in normal XX embryos as 
well as XY embryos (animals) that were castrated as embryos prior 
to testicular differentiation.  

  The embryologic sequence described above depends on many 
intact genes, operative at each step (Fig.  1 ). In the genital ridge, a 
number of genes (Emx2, Gata4, Lim1, Lhx9) have been shown to 
be expressed in the mouse and presumably also in humans. Murine 
knockouts of theses genes result in the absence of gonads and 
internal ducts. Perturbations of these genes have not yet been doc-
umented to affect ovarian development adversely in humans, but 
this would be expected.

   Development of ovaries involves the expression of WNT4 and 
RSP01, both autosomal loci. If SRY is lacking, SOX9 remains 
repressed [ 3 ], thus preventing male differentiation. Continued 
repression of SOX9 is accomplished by FOXL2 [ 4 ], which is essen-
tial for ovarian development. Many other genes on the X chromo-
some and autosomes are necessary for normal ovarian development 
(Fig.  1 ). If two intact X chromosomes are not present, ovarian 
follicles in 45,X individuals develop but degenerate prematurely, if 
not by birth then at the time of expected adolescence. Genes on 
the second X chromosome thus are responsible for ovarian mainte-
nance rather than primary ovarian differentiation. It follows that 
these genes do not undergo X inactivation.  

1.2  Genetic Overview 
of Ovarian 
Development
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   For decades it has been known that several different regions on the 
X must contain pivotal genes, based on karyotype–phenotype cor-
relations. It was not practical, however, to identify a specifi c gene 
save by serendipity (e.g., translocation involving the X). Figure  2  
shows the author’s 1999 tabulation of the phenotypes, based solely 
on terminal deletions detectable by a traditional karyotype, which 
has the ability to detect at best 6 Mb deletions. In the X short arm, 
the region of greatest importance can be deduced to be near the 
centromere (Xp 11), given that women with terminal deletions 
invariably show complete or premature ovarian failure, the latter 
presenting with infertility. Women having more distal terminal Xp dele-
tions [del(X) (p21.1–p22.1.22)] menstruate more often than 45,
X women, but many are still infertile or show secondary  amenorrhea. 
Of interest, del (Xp) women may menstruate yet still be short; 

1.3  Genes on 
X Chromosome 
Necessary for Ovarian 
Development and 
Fertility

1.3.1  Regions on the X 
Short Arm (Xp) and X Long 
Arm (Xq)
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  Fig. 1    Schematic diagram of the X chromosome showing ovarian function as a 
function of nonmosaic terminal deletions (from Simpson JL, Rajkovic A ( 1999 ) 
Ovarian differentiation and gonadal failure. Am J Med Genet 89:186) [ 13 ]       
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thus, regions on Xp responsible for ovarian and statural determi-
nants must differ [ 5 – 10 ].

   In the X long arm, almost all terminal deletions originating at 
Xq13 are associated with primary amenorrhea, lack of breast devel-
opment, and complete ovarian failure (Fig.  1 ) [ 6 ,  11 – 13 ]. Xq13 is 
thus a pivotal region for ovarian maintenance. Del(X) (q21 → 24) 
individuals menstruate more often than those with more proximal 
deletions, suggesting that in these women more proximal (Xq13) 
ovarian genes persist. The designation premature ovarian failure 2 
(POF2) has been applied to a presumptive “locus” in the Xq13–21 
region, but appellation and other gene designations applied to 
ovarian-pivotal genes are simplistic. In terminal Xq deletions aris-
ing at Xq25 or 26, the more common phenotype is not primary 
amenorrhea but premature ovarian failure (POF) [ 12 – 15 ]. More 
distal deletions arise at Xq27 or 28, and this “locus” has been 
labeled POF1. Distal Xq deletions are often familial [ 16 ].  

  Many X-linked genes have potential relevance to ovarian develop-
ment, as tabulated by Lamb and Matzuk [ 17 ] and Ochalski et al. 
[ 18 ]. Most of these genes exert cellular functions that are not nec-
essarily considered endocrine in nature, e.g., cell cycle, meiotic 
recombination, or growth factors. 

 Most molecular studies have involved sequencing candidate 
genes, but in the foreseeable future whole-gene sequencing can 
be expected to be the most informative. Whole-genome studies 
have been performed, but sample size is a problem in many studies. 

1.3.2  Approaches for 
Identifying Ovarian Genes

  Fig. 2    Molecular and genetic events in mammalian sex determination and differentiation. McElreavey K, 
Bashamboo A (2011) Genetic disorders of sex differentiation. Adv Exp Med Biol 707: 91–99       
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 Genome-wide linkage analysis has already shown an  association 
between Xp21.3 (LOD score 3.1) and the age of natural meno-
pause [ 19 ], and a number of single-nucleotide polymorphisms 
(SNPs) throughout the genome [ 20 – 23 ] have been associated 
with early menopause (age 40–45 years). A few genome-wide asso-
ciation studies (GWAS) of limited sample size have been performed 
on POF [ 24 ], while a much more defi nitive study is under way in 
Han Chinese (Chen, personal communication). DNA copy num-
ber variants (CNVs) (microdeletions or microduplications) have 
been sought in women with ovarian failure. DNA CNVs are too 
small to detect by karyotype. Usually several hundred thousand 
(kb) in length, CNVs may be polymorphic without clinical signifi -
cance, or they may result in perturbation of genes of clinical 
 signifi cance, i.e., loss of function (microdeletion) or gain of func-
tion (microduplication). CNVs are detected using array CGH plat-
forms, several commercially available. Results have not been very 
informative to date. In studying 97 POF patients, Knauff et al. 
[ 25 ] found a CNV (262 kb deletion) in Xq21.3 to be associated 
with POF. In this region PCHCHIIX and TGHF2LX are located. 
However, no deletions were found in other X regions considered 
on the basis of cytogenetic studies to be pivotal (the so- called 
POF1, POF2). Among 50 POF cases Dudding et al. [ 26 ] found 
only an 800 kb duplication at Xq13.3 and a duplication at Xp22.3. 
Aboura et al. [ 27 ] reported a statistically signifi cant association for 
a 217 kb gain on Xq28, but the same gain was found in 5 of 67 
controls; thus, clinical signifi cance does not exist. No signifi cant X 
deletions were found in 90 POF cases. 

 In contrast to the above two studies, Quilter et al. [ 28 ] found 
that 48 % of their 42 cases showed a CNV microduplication or 
deletion; however, many different X regions were involved and 
usually only once. Discrepancies among CNV studies are most 
likely explained by failure to take into account parental CNV sta-
tus, a necessity to exclude paternal transmission of a polymorphic 
CNV that would have no clinical signifi cance.  

   Ubiquitin-Specifi c Protease 9 (USP9X).  This gene maps to Xp11.4 
[ 29 ]. Its Drosophila orthologue is required for eye development 
and oogenesis. The role USP9X plays in human gonadal develop-
ment is unclear, but its location in the important Xp11.4 region 
makes it potentially relevant. 

  Zinc Finger X (Zfx) . Mice null for Zfx are small, less viable, less fer-
tile, and characterized by diminished germ cell number in ovaries and 
testes [ 30 ]. External and internal genitalia are otherwise normal. 

  Bone Morphogenetic Protein 15 (BMP15).  The best studied candi-
date gene on Xp is BMP15, a member of the transforming growth 
factor-beta (TGFβ) superfamily. TGF genes play pivotal roles in 
developmental pathways, binding and activating transmembrane 

1.3.3  Candidate Genes 
on the X Short Arm
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serine/threonine kinase receptors. BMP is expressed during 
 folliculogenesis and ovarian development. Human BMP15 is located 
on Xp.11.2, consisting of only two exons. Animal studies have 
long suggested that perturbations of BMP15 could be important 
in ovarian development. Heterozygous sheep carrying a mutation 
in the BMP15 gene have an increased ovulation rate, with twin and 
triplet births; primary ovarian failure occurs in homozygotes [ 31 ]. 

 BMP15 knockout mutant female mice are subfertile, showing 
decreased ovulation rates, reduced litter size, and decreased num-
ber of litters per lifetime [ 32 ]. 

 Supporting a role for BMP15 are reports that the BMP15–9G 
allele is associated with enhanced response to gonadotropin 
(OR 2.7, 1.3–5.7) [ 33 ]. In humans BMP was implicated in POF 
fi rst by Di Pasquale and co-workers [ 34 ] who reported a heterozy-
gous Y235C missense mutation in the second exon of the BMP15 
gene in each of the two sisters having ovarian failure. The proband 
had streak gonads and elevated follicle-stimulating hormone (FSH) 
(80 MIU/ml); the younger sib had one episode of vaginal spotting 
but otherwise similar. The mother was homozygously normal at 
this allele, Y235C, transmitted from the father. The authors pre-
sented in vitro evidence for a dominant negative mechanism, pre-
sumably based on structural alterations of the mutant BMP 
impeding dimerization with other TGF proteins. Variants were 
also detected in Indian [ 35 ] and French populations [ 36 ]. 
However, it is unproved whether these variants are unique to POF 
cases or present in controls as well. Indeed, in 92 Chinese POF 
cases, Zhang et al. [ 37 ] found no novel SNPs. 

  Short Stature Homeobox (SHOX) . This gene lies in the pseudoau-
tosomal region (PAR1), a regional obligatory recombination that 
involves Xp22 and Yp11.3. (Pseudoautosomal regions X and Y 
contain homologous sequences and hence undergo synapsis dur-
ing male meiosis.) In this region is SHOX, a gene involved in skel-
etal growth. This was initially reasoned on the basis of short stature 
existing in Turner syndrome (45,X) but tall stature in polysomy X 
(47,XXY). As would be expected, SHOX escapes X inactivation, 
because the genes are in the pseudoautosomal region. SHOX 
mutations and deletions have been associated with short stature 
[ 38 ,  39 ], Leri–Weill syndrome [ 40 ], and Langer mesomelic dys-
plasia [ 41 ]; duplications have also been observed. Tachdjian et al. 
[ 42 ] studied three POF cases known by conventional karyotype to 
have an Xq deletion; a del(X) q21.31 case also had an array CGH 
620 kb duplication (Xp22.3 → PAR1). 

 Although postulated, a relationship between POF and SHOX 
seems unlikely. Any gene in the pseudoautosomal region is unlikely 
to play a major role in ovarian (or testicular) determinants because 
recombination would occur frequently (and obligatorily). The 
locus would, perhaps frequently, be lost to female offspring.  
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   XIST . The X inactivation center and XIST are located in Xq13, a 
region known to result in ovarian failure if a terminal deletion origi-
nates there. Loss of germ cells may or may not be the result of 
perturbation of XIST per se, despite disturbances of X inactivation 
clearly being associated with ovarian failure. The concept of a crisply 
delineated “critical X region” necessary for retention for normal 
ovarian development receives less attention than in the past, but 
this does not exclude the region being rich in pivotal genes. 

  DIAPH2  (Diaphanous). This candidate gene lies in the Xq21–24 
region and is the homologue of  Drosophila melanogaster  diapha-
nous (dia). In Drosophila, dia is a member of a family of proteins 
that help establish cell polarity, govern cytokinesis, and reorganize 
the actin cytoskeleton. In fl ies, mutations cause sterility in both 
male and female subjects [ 43 ]. A human Xq21/autosome translo-
cation was reported to have disrupted the last intron of DIAPH2 
[ 44 ]. Like several Xq candidate genes discussed in this section, this 
gene escapes X inactivation. 

  DACH2 . DACH2, which also escapes X inactivation, was identi-
fi ed through an X;autosome translocation identifi ed through a 
patient with POF [ 45 ,  46 ]. DACH2 has a Drosophila homologue 
and is expressed in multiple tissues, but not overtly in the repro-
ductive system. Although fi ve heterozygous DACH2 missense 
mutations were found in a series of 257 Italian POF cases, controls 
( N  = 110) sometimes showed the same mutation. Thus, causality 
remains lacking. That DACH2 and POF1B (see below) are only 
700 kb apart and in a gene-poor region raises the possibility of 
existence of a regulatory region that could be perturbed. 

  POF1B.  The belief that “critical regions” for ovarian function 
existed on Xq originally led to the proposal that there existed 
POF1 and POF2, the former an ovarian region (gene?) on Xq21- 
ter and the latter on Xq13.3–21.1. Later, an X;autosome transloca-
tion led to another proposed candidate gene, called POIFB, and 
localized to Xq21 [ 47 ]. Lacombe et al. [ 48 ] then reported a con-
sanguineous Lebanese family in which 46,XX sisters with POF 
were homozygous for a missense mutation (R329Q). Heterozygotes 
were unaffected, consistent with R329Q being present in the nor-
mal population. Bione et al. [ 49 ] failed to fi nd even heterozygous 
perturbations in over 200 Italian POF cases; thus, POF1B is not a 
common explanation for POF in Italy. More recent efforts at 
determining the role POIFB might play in ovarian failure have 
focused on alteration of tight junction assembly in the actin cyto-
skeleton, potentially dysregulating epithelial polarity [ 50 ]. 

  ANGIOTENSOR II (TYPE 2) (ATZ) RECEPTOR.  This gene 
(ATZ2) is expressed in fetal tissue and perturbed in a diverse group 
of diseases. Because atretic granulosa cells express this gene in 
rodents, a plausible explanation exists for relevance to human POF. 
ATZ2 is also located on Xq22–23, a region of known signifi cance 
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(i.e., the so-called POF2). Katsuya [ 51 ] studied two families in 
each of which two sibs had POF; no AT2 mutations were found. 

  XPNPEP2 . Bione and Toniolo [ 52 ] and Prueitt and colleagues 
[ 53 ] found disruption of XPNPEP2 in an Xq;autosome transloca-
tion involving Xq25. POF was present in the index cases. XPNPEP2 
escapes X inactivation. 

  Familial mental retardation 1 (FMR1) . About 15–20 % of women 
with premutation of the fragile X gene (FMR1), located on Xq24, 
develop POF [ 54 ]. In fragile X syndrome greater than 200 CGG 
repeats in exon 1 result in mental retardation in all males and 50 % 
of females. The normal number of CGG repeats is 27–30. With 
55–200 repeats, “permutation” is said to exist because from this 
range expansion can occur during maternal meiosis to produce 
oocytes with over 200 repeats. Women with a heterozygous pre-
mutation do not show mental retardation but are at increased risk 
for their male offspring being affected because the number 
of repeats can expand during female meiosis. Females with one 
X chromosome who have >200 CGG repeats (heterozygotes) may 
be retarded but less severely and less often than males. 

 Schwartz and colleagues [ 55 ] found oligomenorrhea in 38 % 
of premutation carriers versus in 6 % controls. Allingham-Hawkins 
and co-workers [ 56 ] studied 1,268 controls, 50 familial POF cases, 
and 244 sporadic POF cases of 395 premutation carriers; 63 (16 %) 
underwent menopause before 40 years of age; the frequency in 
controls was 0.4 %. Sullivan and colleagues [ 57 ] found 12.9 % of 
premutation carriers ( N  = 250; >59 repeats) to have POF versus 
1.3 % (2/157) of controls. For unknown reasons, the number of 
CGG repeats signifi cantly correlates with the risk of POF only 
within selected ranges. Thus, only a slightly increased risk of expan-
sion is associated with 40–79 repeats. There is a higher risk with 
80–99 repeats, but no further increased risk occurs after >100 
repeats. This plateau is consistent with women with the full muta-
tion (>200 CGG) not showing POF [ 56 ]. 

 FMRI testing should be part of the work-up for POF and is 
formally recommended in Europe [ 58 ]. If oocyte or ovarian slice 
cryopreservation becomes more feasible, population screening 
might even be justifi ed for fertility preservation.   

  The importance of autosomal genes can if perturbed cause com-
plete ovarian failure or POF. Autosomal loci have long been 
deduced by the existence of autosomal recessive inheritance [ 59 ] 
for complete ovarian failure and POF. In traditional “XX gonadal 
dysgenesis,” streak gonads are not associated with somatic anoma-
lies. Such women are also normal in stature [ 60 ]. “XX gonadal 
dysgenesis” as once defi ned is, however, genetically heterogeneous. 
A more specifi c diagnosis is desired. At present probably only 20 % 
of POF cases would yield a precise diagnosis even if all known 
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POF-causing genes were tested. This refl ects both a dearth of iden-
tifi ed genes and limited molecular diagnostic evaluation, i.e., fail-
ure to perform molecular studies for candidate genes. 

 Everything stated above concerning POF is also applicable for 
complete ovarian failure (primary amenorrhea) and by extension 
probably all ovulation disorders of embryological origin. The same 
genes are likely involved in all these processes. Variable expressivity 
within families exists for genes identifi ed. One sibling may have bilat-
eral streak gonads whereas another ovarian hypoplasia [ 59 ,  61 – 63 ].

    1.    FSH Β: 
 Mutations in FSH-β are rare but two are reported. Matthews 
and colleagues [ 64 ] described a homozygous 2 bp deletion 
(GT) in exon 3 at codon 61, in a woman who did not undergo 
thelarche or menarche. Similarly, Layman and co-workers [ 65 ] 
reported a compound heterozygote: in one allele there was a 
deletion in exon 3, codon 61, whereas in the other a missense 
mutation in exon 3.   

   2.    Inactivating FSH receptor (FSHR): 
 Mutations in the G-protein (FSH) receptor are not uncom-
mon in Finland but rare elsewhere. Aittomaki and colleagues 
[ 61 ,  62 ] identifi ed 75 women with 46,XX primary or second-
ary amenorrhea, based on serum FSH > 40 MIU/ml. A homo-
zygous missense mutation in exon 7 of FSHR (C566T or 
Ala566Val) was found in six families [ 61 ,  62 ], the mutation 
lying in the extracellular portion of this G-protein receptor. 
Women heterozygous for the mutation did not show decreased 
fertility. The Ala566 Val mutation is uncommon outside 
Finland. No mutations in FSHR were found in North American 
women having either 46,XX hypergonadotropic hypogonad-
ism [ 65 ] or POF [ 66 ]. 

 Similar fi ndings were reported in 46,XX POF or primary 
amenorrhea cases from Germany [ 67 ], Brazil [ 68 ], and Mexico 
[ 69 ]. However, compound heterozygosity involving the muta-
tion has been found, reported genotypes including Ile160Thr/
Arg573Cys and Asp224Val/Leu602Val [ 70 ].   

   3.    Inactivating LH receptor (LHR): 
 LHR is 75 kD in length and consists of 17 exons. The gene is 
located on 2p near the locus for FSHR. The fi rst 10 exons in 
LHR are extracellular, the 11th transmembrane, and the last 6 
intracellular. Most mutations have been detected in the trans-
membrane domain of this G-protein receptor. Inactivating 
LHR mutations are more commonly reported in 46,XY indi-
viduals, causing XY sex reversal [ 71 ]. However, mutations in 
the LHR in 46,XX women result in the phenotype XX gonadal 
dysgenesis. All 46,XX cases have been recognized in sibships 
ascertained through their affected 46,XY siblings, who pre-
sented with Leydig cell hypoplasia and XY sex reversal. 
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 Latronico and co-workers [ 72 ] reported a 22-year-old 
woman who presented with primary amenorrhea due to an 
LHR mutation. This woman as well as her three 46,XY sibs 
had a  homozygous C544X mutation ( X  = stop codon), result-
ing in a truncated protein consisting of fi ve rather than seven 
transmembrane domains. The 46,XX sib had breast develop-
ment but only a single episode of menstrual bleeding at age 
20; LH was 37 MIU/ml, and FSH was 9 MIU/ml. In another 
46,XX case, Latronico and colleagues [ 72 ] recorded secondary 
amenorrhea; LH and FSH were 10 and 9 miU/mL, respec-
tively. A homozygous Ala593Pro mutation was found. 

 Other 46,XX women with LHR mutations may show oli-
gomenorrhea, but ovulation does not occur even though 
gametogenesis proceeds until the preovulatory stage. This is 
consistent with mouse knockout models [ 73 ]. 

 A homozygous LHR mutation (N400S) has been reported 
in two Turkish sisters having the empty follicle syndrome [ 74 ]. 

 Also of interest, activating LHR mutations have little effect 
in women despite activating LHR mutations causing preco-
cious puberty in males [ 71 ].   

   4.    Inhibin A (Inh A): 
 Synthesized by granulosa cells, inhibins (INHs) are heterodi-
meric glycoproteins that consist of an α subunit and either of 
the two β subunits (B A  or B B) , producing INHα or INHβA, 
respectively. INHs exert negative-feedback inhibition on 
 activins and by so opposing enhance FSH secretion. The sig-
nifi cance of dimerization is that one subunit in heterozygous 
mutations can lead to dominant negative effects. 

 Particular attention has been given to the associations 
between POF and one particular INHA missense mutations 
(or polymorphism)—G769A (Ala57Thr) [ 75 ]. Studying 
patients from New Zealand, Shelling and colleagues [ 76 ] 
found G769A in 3 of 43 POF patients (7 %) versus only 1 of 
150 normal controls (0.7 %). However, doubt was cast on 
clinical signifi cance because the mother of one of the three 
G769A individuals had the same heterozygous mutation and 
was clinically normal. Marozzi and co-workers [ 77 ] found 
G769A in 7 of 157 Italian POF individuals, 3 of 12 primary 
amenorrhea cases, and 0 of 36 early menopausal (40–45 years) 
women. Familial POF cases were relatively more likely to have 
G769A than sporadic cases. Dixit and colleagues [ 78 ] repeated 
G796A in 9 of 80 Indian POF cases; no mutations in INHβ or 
INBβA were found. Also studying an Indian cohort, Prakash 
et al. [ 79 ] found the heterozygous mutation in 3 of 30 cases 
of primary amenorrhea, 3 of 20 with secondary amenorrhea, 
and 2 of 50 controls. However, normal individuals may have 
the G769A transition and may be normal even if another 
G769A family member has POF; thus, G769A does not 
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 obligatorily confer ovarian failure in heterozygotes. Shelling 
and his group [ 80 ] have recently expanded the rationale for 
function but still have not defi ned mutation(s) unequivocally 
causing POF [ 75 ,  81 – 83 ].   

   5.    17Α-Hydroxylase/17,20 desmolase defi ciency (CYP17): 
 This gene encodes for 17α-hydroxylase/17,20 desmolase, an 
enzyme pivotal for sex steroidogenesis. 46,XX individuals with 
a CYP17 defect have presented with primary amenorrhea or 
POF [ 84 ]. Thus, defi ciency of this enzyme can cause 46,XX 
hypergonadotropic hypogonadism. The gene is located on 
10q24.3, and many different mutations have been reported. 
Ovaries in 46,XX cases are hypoplastic, and oocytes appear inca-
pable of exceeding 2.5 mm [ 85 ]. However, ovulation stimula-
tion can produce oocytes capable of fertilization in vitro [ 86 ].   

   6.    Aromatase mutations (CYP19) (46,XX) (CYP19): 
 Conversion of androgens (∆4-androstenedione) to estrogens 
(estrone) requires cytochrome P-450 aromatase (CYP19), an 
enzyme that is the gene product of a 40-kb gene located on 
chromosome 15q21.1 [ 87 ]. 46,XX aromatase defi ciency may 
present with primary amenorrhea. Ito and co-workers [ 88 ] 
reported an aromatase mutation (CYP19) in a 46,XX 18-year- 
old Japanese woman having primary amenorrhea and cystic 
ovaries. The patient was a compound heterozygote, having 
two different point mutations in exon 10, the N-terminal exon. 
The mutant protein showed no activity in vitro. Conte and col-
leagues [ 89 ] also reported aromatase defi ciency in a 46,XX 
woman presenting with primary amenorrhea, elevated gonad-
otropins, and ovarian cysts. Compound heterozygosity for two 
different mutations was found in exon 10. One was mutation 
C1303T, leading to cysteine rather than arginine; the other 
was G1310A, leading to tyrosine rather than cysteine. 

 A phenotype different but still relevant to female infertility 
was reported by Mullis and co-workers [ 90 ]. Clitoral enlargement 
occurred at puberty, and breast development did not. Multiple 
ovarian follicular cysts were present. FSH was elevated; estrone 
and estradiol were decreased. Estrogen and progesterone therapy 
resulted in a growth spurt, decreased FSH, decreased androstene-
dione and testosterone, breast development, menarche, and 
decreased follicular cysts. Compound heterozygosity was found.   

   7.    Progesterone receptor membrane component 1 (PGRMC1): 
 This X-linked gene was interrogated in 67 POF cases, with 1 
heterozygous mutation found (H165R) [ 91 ]. The change 
occurred in a domain necessary for nontranscriptional regula-
tion of cytochrome P450, potentially of functional signifi cance.   

   8.    FOXL2/blepharophimosis–ptosis–epicanthus (BPE): 
 FOXL2 plays a key if not the pivotal role in ovarian develop-
ment (Fig.  1 ). Encoded on 3q21-24, FOXL2 protein must be 
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expressed in order to maintain SRY suppression and allow 
ovarian differentiation to proceed. 

 The initial confi rmation of the importance of FOXL2 and 
other forkhead DNA-binding proteins in humans came by 
studying BPE type II syndrome. In this autosomal dominant 
syndrome, FOXL2 is perturbed and POF occurs [ 92 ]. 
Consistent with clinical features in the humans, mouse Foxl2 is 
expressed in eyelids and ovaries [ 92 ]. In four human families, 
FOXL2 mutations cosegregated with BPE and POF. Nonsense 
mutations included stop codons as well as a 17 bp duplication 
that resulted in a frameshift and, hence, truncated protein. 

 FOXL2 mutations are less common explanations for POF 
[ 93 ,  94 ]. In the absence of somatic features, two mutations 
have been found among 70 cases [ 93 ]. In 1 of 70 cases of 
Slovenian origin a deletion (A221–A230) removed 10 of the 
14 alanines from the poly A tail [ 94 ]. In a patient of New 
Zealand origin a missense mutation (Tyr258Asp) was found. 
De Baere and colleagues [ 95 ] found no FOXL2 mutations in 
30 POF patients, all lacking eyelid abnormalities. Overall, per-
haps 1–2 % of isolated Caucasian POF cases have a FOXL2 
mutation.   

   9.    Newborn ovary homeobox (NOBOX): 
 NOBOX gene is representative of those genes that bind DNA 
and function as transcription factors to direct differentiation. 
NOBOX is oocyte specifi c, expressed from the primordial fol-
licle through metaphase II. Female null mice (knockout) show 
ovarian failure, whereas males are normal. Although an earlier 
study failed to show NOBOX perturbations in 30 Japanese 
women [ 29 ], our group found two novel missense mutations 
(Arg355His and Arg360Gin) among 96 Caucasian POF cases 
[ 96 ]. Arg355His was present in a conserved region. Functional 
studies (electrophoretic mobility shift arrays, or EMSA) using 
Arg355His DNA showed disrupted binding of the NOBOX 
homeodomain to DNA. This provides the basis for postulating 
a dominant negative effect.   

   10.    Growth differentiation factor 9 (GDF9): 
 GDF9 is a member of the TGFβ family, like BMP15 (which is 
also called GDF9b). GDF9 can thus form dimers with BMP15. 
GDF9 is an attractive candidate gene because it is expressed in 
oocytes. Various heterozygous mutations have been detected 
in some European and Asian samples [ 36 ,  82 ,  97 ] but not in 
others [ 98 – 99 ]. As noted already a deleterious heterozygous 
change in a gene encoding for a protein undergoing dimeriza-
tion can produce a dominant negative effect. If missense muta-
tions such as a hydrophobic amino acid replacing a hydrophilic 
amino acid are causative, GDF9 perturbations could account 
for perhaps 1–4 % of POF cases. However, like BMP15, novel 
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variants found only in isolated POF and never found in con-
trols are lacking.   

   11.    BMPR1B: 
 Homozygous deletion (del 359–366) of BMPR1B, another 
autosomal TGFβ superfamily gene, was reported by Demirhan 
et al. [ 100 ] in a 16-year-old female with ovarian failure and 
acromesomelic chondrodystrophy. Murine knockouts for this 
gene are infertile [ 101 ]. Heterozygous mutations of the 
BMPR1B homologue in sheep can lead to increased fertility 
(gain of function) [ 102 ], fi ndings similar to those shown by 
sheep heterozygous for BMP15 (FecX) mutations [ 31 ].   

   12.    Factor in germline ALPHA (FIGLA): 
 This 2p13.3 gene codes for a germ cell-specifi c basic helix–
loop–helix transcription factor. It is involved in regulating zona 
pellucida genes. FIGLA is expressed in the embryonal ovary. 
In knockout models, primordial follicles are either not formed 
or lost soon after birth. Zhao et al. [ 103 ] studied 100 Han 
Chinese with POF and found 3 variants in 4 women. The mis-
sense mutation A49 was found in 2 cases: a 15–36 deletion 
(p.G6fsX66) that resulted in a frameshift and dysfunctional 
haploinsuffi ciency in one case and a 419–421 del (140 del N) 
in a fourth. Functional studies of the 140delN mutation dem-
onstrated that FIGLA binding to the TCF3 helix–loop–helix 
was disrupted.   

   13.    POU5F1: 
 This transcription factor gene, located on 6p21.31, is signifi -
cantly downregulated in NOBOX knockout mice, which lack 
ovaries. Thus, POU5F1 becomes a potential human candidate 
gene, potentially a downstream target of NOBOX. Wang et al. 
[ 104 ] sequenced 175 Chinese POF cases and found one non-
synonymous variant (Pro13Thr), a heterozygous hydrophobic-
to- hydrophilic substitution.   

   14.    PTH-responsive B1 (PTHB1): 
 PTHB1 was claimed to be associated with POF in a small gene 
association study (24 cases; 24 controls) [ 105 ]. Any gene asso-
ciation or GWAS based on a sample size this small is considered 
to be of inadequate power. Sequencing data are awaited.   

   15.    ADAMTS: 
 Located on 5q14.1 → q15, this gene was found to be associ-
ated with POF in the discovery set of a GWAS performed on 
99 Dutch POF cases and 181 controls [ 24 ]. However, the 
fi nding was not confi rmed in the replication set. Given this 
GWAS, also underpowered like the PTHB1 alluded to previ-
ously, conclusions concerning the role this transcription factor 
plays in POF remain uncertain.   
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   16.    Galactosemia: 
 Galactosemia is caused by defi ciency of galactose 1- phosphate 
uridyl transferase (GALT). Kaufman and co- workers [ 106 ] 
reported POF in 12 of 18 galactosemic women and Waggoner 
and colleagues [ 107 ] in 8 of 47 (17 %) women. Pathogenesis 
presumably involves galactose toxicity after birth because ele-
vated fetal levels of toxic metabolites should be cleared rapidly 
in utero by intact, albeit heterozygous, maternal enzymes. 
Consistent with this, a neonate with galactosemia showed nor-
mal ovarian histology [ 108 ]. 

 In a variant of galactosemia in which compound heterozy-
gosity exists, the usually severe GALT allele (G) is present at 
one allele but a milder mutation (N3/4 or D/D2) homologue 
at its allele. These DG heterozygotes retain some enzyme 
activity. Despite frequently hypothesized, heterozygotes for 
the Duarte variants do not show POF. In fact, not all homozy-
gotes for severe GALT are even abnormal, nor are transgenic 
mice in which GALT is inactivated (knockout) [ 109 ]. Badik 
et al. [ 110 ] also showed undiminished ovarian reserve in DG 
compound heterozygotes.   

   17.    Carbohydrate-defi cient glycoprotein (phosphomannomutase 
defi ciency, PMM2): 
 In type 1 carbohydrate-defi cient glycoprotein (CDG) defi -
ciency, mannose 6 phosphate cannot be converted to mannose 
1 phosphate. This lipid-linked mannose-containing oligosac-
charide is necessary to synthesize secretary glycoproteins. The 
gene is located on 16p13, and the most frequent molecular 
perturbation is a missense mutation [ 111 ]. Neurologic abnor-
malities [ 112 ] are characteristic and ovarian failure frequent. 
Ovaries do not show follicular activity [ 113 ,  114 ].   

   18.    Autoimmune regulation/autoimmune poly-endocrinopathy- 
candidiasis ectodermal dystrophy (AIRE/APECED): 
 The AIRE gene, located on 21q22.3, is responsible for the 
condition characterized by the spectrum of features listed 
above. In addition to these abnormalities, alopecia, vitiligo, 
keratopathy, malabsorption, hepatitis, and mucocutaneous 
candidiasis are common. Ovarian hypoplasia, usually mani-
fested in the form of POF, exists in 55 % of APECED cases, 
usually in the third decade [ 115 ]. Many different AIRE 
 perturbations have been found in this autosomal dominant 
disorder, a pleiotropic condition [ 115 ] showing varied expres-
sivity. Previous reports of autosomal dominant POF associated 
with multiple endocrine autoimmune disorders probably have 
this condition. Nonsense mutations and frameshift mutations 
are reported. No particular mutation seems preferentially likely 
to cause the POF component of this pleiotropic condition. 

 AIRE as a candidate gene has apparently not been 
sequenced in women with isolated POF, i.e., POF in the 
absence of autoimmune disorders.   
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   19.    Ovarian leukodystrophy (eukaryotic translation initiation 
 factor EIF2B): 
 Ovarian leukodystrophy is characterized by MRI-detectable 
“vanishing white matter (VWM)” that leads to variable but 
progressive neurological degeneration as well as ovarian failure 
[ 116 ,  117 ]. As a result of a mutation occurring in EIF2B, 
denatured stress-related proteins accumulate. This is of poten-
tial relevance to oogenesis, given ubiquitous oocyte degenera-
tion. In ovarian leukodystrophy Fogli et al. [ 118 ] found 
variants in EIF2B2, EIF2B4, and EIF2B5. However, 0 of 93 
cases with isolated POF only showed perturbations [ 119 ]. 
This disorder could be part of the same clinical constellation as 
the cerebellar ataxia disorders having ovarian failure, to be dis-
cussed below.   

   20.    Cerebellar ataxia with XX ovarian dysgenesis: 
 Ataxia and hypergonadotropic hypogonadism were fi rst associ-
ated by Skre and colleagues [ 120 ], who in 1976 described 
cases in two families. In one family, a 16-year-old girl was 
affected, whereas in the other family three sisters were affected. 
In the sporadic case and in one of the three sisters, ataxia was 
observed soon after birth; in the two other sisters, age of onset 
was later during childhood. Cataracts were present in all the 
cases reported by Skre et al. [ 120 ]. 

 Hypergonadotropic hypogonadism and ataxia have since 
been observed on several occasions [ 121 ]. The nature of the 
ataxia differed among patients, for example progressive or not. 
Mitochondrial enzymopathy was reported by De Michele and 
colleagues [ 121 ], but mitochondrial studies have not other-
wise been studied. Cataracts were observed only by Skre and 
co-workers [ 120 ], and amelogenesis only by Linssen and col-
leagues [ 122 ]. Neurosensory deafness reminiscent of Perrault 
syndrome was reported by Amor and colleagues [ 123 ]. Mental 
retardation is also variable [ 123 ]. 

 Overall, genetic heterogeneity is likely in the hypergonad-
otropic hypogonadism disorders showing cerebellar ataxia. 
A single mutant gene is unlikely to explain every single case, 
but not every family need be unique. No molecular studies 
have been conducted.   

   21.    Symphalangism and noggin (NOG): 
 NOG (17q22) is responsible for the autosomal dominant dis-
order proximal symphalangism (SYM1). Characteristic features 
include ankylosis of the proximal interphalangeal joints, car-
pal–tarsal fusion, brachydactyly, and deafness. Expressed in the 
ovary, NOG is an antagonist of bone morphogenic proteins 4 
and 7 [ 124 ]. The latter are members of the TGF family of 
genes, discussed previously and which include BMP15 and 
GDF9. In one woman with this syndrome who showed POF, 

Genetics of Female Infertility Due to Anomalies of the Ovary and Mullerian Ducts



54

a NOG mutation was found [ 125 ]. However, NOG 
 perturbations have not been sought in isolated POF subjects.   

   22.    Perrault syndrome: 
 XX gonadal dysgenesis with neurosensory deafness constitutes 
Perrault syndrome [ 126 ], a long accepted autosomal recessive 
disorder [ 127 – 129 ]. 

 Candidate genes are most likely to merge from the con-
nexin family because an attractive gene knockout model exists 
in connexin 37 [ 130 ]. Null mice for Cx37 show gonadal fail-
ure due to arrest at the antral stage of oogenesis. The connexin 
gene family is responsible for many forms of congenital deaf-
ness in humans.   

   23.    Forkhead transcription 3A (FOX03A): 
 Forkhead transcription genes other than FOXL2 cause ovarian 
follicular depletion in murine knockout models [131]. This 
holds true for FOX03A, which regulates G1/S transition in 
granulosa cells. Of 60 POF cases recruited in equal number 
from New Zealand and Slovenia, two showed FOX03A muta-
tions were considered potentially signifi cant by the authors 
[ 132 ]. One mutation was a single heterozygous mutation in a 
Slovenian woman. The non-conservative amino acid charge 
(Ser421Leu) seems potentially capable of inducing a conforma-
tional protein change. The other mutation was Arg506His, 
found in a New Zealand woman. This conservative change 
seems less likely to exert an untoward effect. Wang et al. [ 133 ] 
screened the coding regions in 114 Chinese cases and found 
fi ve heterozygous nonsynonymous variants lacking in their con-
trols. All variants were located in a highly conserved region. In 
the fi ve, there was evidence of a change in protein structure.   

   24.    FOX01A: 
 FOX01A is another forkhead transcription factor gene. Watkins 
et al. [ 132 ] found a single conservative change (P84L) among 
90 POF cases. This patient was Slovenian in origin.   

   25.    LIM DNA-binding protein 8 (LHX8): 
 LIM homeobox genes encode DNA-binding proteins. In mice 
Lhx8 transcripts localize in germ cells from oocytes to antral 
follicles. Null mice lack germ cells [ 134 ]. LIM family members 
contain two tandemly repeated domains that have cysteine-
rich, double-zinc-fi nger motifs. Qin et al. [ 135 ] sequenced 
LHX8 in 95 Caucasian women with POF. No novel SNPs 
were found.   

   26.    NANOS3: 
 NANOS3 is an RNA-binding protein. In mice NANOS 3 
female knockouts (KO) are infertile, but show no other phe-
notypic effect [ 136 ]. 

 Human NANOS3 consists of two exons and is expressed 
in germ cells. In a study of 80 Chinese and 88 American 
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Caucasians with POF, Qin et al. [ 137 ] found the only NANOS3 
sequence variant to be a synonymous substitution already 
known to be present in the general population [ 137 ].   

   27.    G-protein receptor 3 (GPR3) and G proteins: 
 G proteins (GP) are regulatory proteins, like FSH and LH. 
These hormones are ligands for specifi c cell surface G-protein 
receptors, in turn leading to intracellular signal transduction. 
In the mouse oocyte, the oocyte-specifi c G-stimulating 
protein- coupled receptor GPR3 is known to have a role in 
maintaining meiotic arrest. Female mice lacking GPR3 develop 
premature ovarian aging as a result of spontaneous resumption 
of meiosis in antral follicles, independent of the LH surge 
[ 138 ]. Premature oocyte attrition thus results. Located on 
chromosome 1, GPR3 consists of two exons. Our group inter-
rogated GPR3 in 82 Caucasian women with POF; none (0) 
showed perturbations of signifi cance [ 139 ]. One woman 
showed heteroduplex formation as a result of a heterozygous 
nucleotide substitution, C to A at position 51 (c.51C > A). 
However, this substitution does not alter the amino acid 
sequence and had already been registered in the SNP database. 
GPR3 mutations have thus not yet been shown to be a com-
mon explanation for POF in North American Caucasians, nor 
in Chinese [ 140 ].   

   28.    KIT: 
 KIT is an autosomal (4q12) gene encoding the tyrosine kinase 
transmembrane regulator for mast/stem cell growth factor 
[ 141 ]. The c-kit receptor and its ligand constitute two murine 
loci long known to be characterized by decreased germ cells: 
white spotting (W) and steel (L). Thus, human KIT becomes 
a good candidate gene for POF. Shibanuma et al. [ 142 ] stud-
ied 40 women with unexplained POF, sequencing the coding 
regions. One synonymous mutation was found but this was 
not considered a plausible disease-causing perturbation.   

   29.    Ring fi nger protein like 4 (RFPL4): 
 RING fi ngerlike protein is expressed in oocytes and, in mice, 
exclusively in that organ. The gene encodes an E3 ubiquitin 
protein ligase that helps regulate protein degradation. Human 
RFLP4 is located on 19q13.4 and has been shown to interact 
with oocyte proteins in the ubiquitin-protease degradation 
pathway [ 143 ]. In the context of a review, Suzumori et al. 
[ 144 ] mentioned that no mutations were found in their 
Japanese POF patients with “46,XX POF.” The sample size 
was not stated.   

   30.    MSH5 and DMC1: 
 Various pleiotropic syndromes are associated with chromo-
somal breakage syndromes (e.g., ataxia telangiectasia and 
Bloom syndrome) and have long been known to result in 
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 ovarian failure. Genes perturbing meiosis or cell division are 
also logical candidates for non-syndromic POF. An example is 
the family of mismatch genes pivotal in repairing DNA dam-
age. Such mutations lead to hereditary nonpolyposis colon 
cancer (HNPCC). Mandon-Pepin et al. [ 145 ] sought mis-
match mutations in 44 POF women for DMC1, MSH4, 
MSH5, and SPO11. A heterozygous mutation (2547C > T) 
for MSH5 was found in one woman, whereas another woman 
showed homozygosity 3351 > AC in DMC1.   

   31.    PTEN: 
 PTEN is a tumor-suppressor gene, a regulator of cell growth 
that could logically disturb oogenesis. Shimizu et al. [ 146 ] 
failed to fi nd perturbations in 20 women with idiopathic POF.   

   32.    Cyclin-dependent kinase inhibitor IB (CDKN1B): 
 This gene, located on 12p13.1–p12, is a negative inhibitor of 
the cell cycle. In mice deletion of Cdkn1b, which is expressed 
in oocytes, results in upregulation of oogenesis and, hence, 
premature depletion of oocytes [ 17 ]. CDKN1B is thus a can-
didate gene for human POF. Ojeda et al. [ 147 ] sequenced 87 
Tunisian women with POF. One nonsynonymous variant 
(1le119Thr) was found in a conserved region (leucine or iso-
leucine); the change altered hydrophobicity and could thus 
affect protein alignment. Control groups of Tunisian ( N  = 137) 
and Colombian ( N  = 126) women did not show the alteration. 
No perturbations were found in 124 Chinese POF cases [ 148 ].   

   33.    AMH and AMH receptor type II (AMHR): 
 In addition to its role in mullerian duct regression in males, 
AMH is an oocyte inhibitor. Murine knockout models show 
early depletion of primordial follicles [ 149 ]. AMH appears to 
play a permissive or a synergistic role in gonadal development. 
In humans Wang et al. failed to fi nd plausible perturbations in 
16 POF cases [ 150 ].   

   34.    Mitochondrial genes: 
 Perturbations of mitochondrial genes are good candidates for 
POF because the mature oocyte has the largest number of 
mDNA copies of any human cell. One gene related to POF has 
been identifi ed. 

 In progressive external ophthalmoplegia (PEO), proximal 
myopathy, sensory ataxia, and Parkinsonism occur. This disor-
der results from a mutation in the mitochondrial gene poly-
merase gamma. In three of the seven families studied by Luoma 
et al. [ 151 ], POF cosegregated with PEO. The missense muta-
tion Y955C was found in two of the three families. This tyro-
sine-to-cytosine change involves a highly conserved region, 
making a functional effect more plausible. In the third family 
compound heterozygosity (N468D/A1105T) was observed 
in an affected woman. In a second report, Pagnamenta et al. 
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[ 152 ] reported individuals in three generations affected with 
both PEO and POF; Y955C cosegregated with PEO.   

   35.    Germ cell failure in both sexes (XY and 46,XX): 
 In several sibships, both males (46,XY) and females (46,XX) 
have shown germ cell failure. No other organ systems were 
affected. Affected females show streak gonads, whereas males 
show germ cell aplasia (Sertoli cell-only syndrome). In two 
families, parents were consanguineous, and in neither were 
somatic anomalies observed [ 153 ,  154 ]. 

 These families demonstrate that a single autosomal gene 
may be capable of deleteriously affecting germ cell develop-
ment in both sexes. A reasonable hypothesis involves acting at 
a site common to early germ cell development (e.g., primordial 
germ cell migration or genes in the genital ridge). Several 
genes are expressed in the genital ridge (Fig.  2 ) and could be 
candidates. Another hypothesis is that disturbance involves 
germ cells migrating to the genital ridge. 

 In another group of families, germ cell absence occurs in 
both 46,XY and 46,XX sibs but coexists with distinctive pat-
terns of somatic anomalies. Al-Awadi and co-workers [ 155 ] 
reported germ cell failure and an unusual form of alopecia. 
Scalp hair persisted in the midline, but no hair was present on 
sides (“manlike”). Mikati and colleagues [ 156 ] reported germ 
cell failure, microcephaly, short stature, mental retardation, 
and unusual facies (synophyrs, abnormal pinnae, micrognathia, 
and loss of teeth). The sibs reported by Al-Awadi and co- 
workers [ 155 ] were Jordanian; those reported by Mikati and 
colleagues [ 156 ] were Lebanese. In both families, parents were 
consanguineous.    

    Malformations involving the internal genital ducts may cause 
 pregnancy loss, malpresentation during pregnancy and labor, and 
less often infertility. In this section we discuss those uterine anoma-
lies that may present clinically in the context of infertility. 

  During embryogenesis the paired mullerian ducts fuse and canalize 
at the 150- to 200-mm stage, thereafter forming the upper vagina, 
uterus, and fallopian tubes. When the two ducts fail to fuse and 
canalize, incomplete mullerian fusion (IMF) exists. Various sub-
types exist [ 63 ,  157 ]. Depending on defi nition (e.g., including or 
not arcuate uterus) IMF is not uncommon. However, clinically 
signifi cant IMF is less common. Failure of fusion of mullerian ducts 
may result in two hemiuteri, for example, each associated with no 
more than one fallopian tube. If one mullerian duct fails to con-
tribute to the defi nitive uterus, a rudimentary horn results. 
Ipsilateral renal agenesis often coexists. A rudimentary horn and 
several other forms of IMF may produce obstructions, leading to 
amenorrhea and secondarily to endometriosis. 

1.5  Uterine 
Anomalies Causing 
Infertility

1.5.1  Incomplete 
Mullerian Fusion
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 Genetic basis of IMF is likely polygenic/multifactorial, 
 analogous to other relatively common (1 per 1,000 incidence) 
birth defects restricted to a single organ system. Many familial 
aggregates have been reported, including multiple affected siblings 
as well as affected mother and daughter [ 158 – 167 ]. In the same 
kindred, affected relatives may show different forms of IMF [ 159 ]. 
Only one formal genetic study has been conducted, involving just 
24 index cases [ 158 ], 1 of 37 (2.7 %) sisters having a clinically 
symptomatic uterine anomaly. 

 Despite paucity of data, recurrence risk of this magnitude for 
fi rst-degree relatives would be consistent with predictions based on 
polygenic/multifactorial etiology. 

 Molecular sequencing studies were pursued in Han Chinese 
[ 168 ], for PBX1, a cofactor of the homeobox domain (HOX) ( see  
Subheading  1.5.2 ). Pbx is expressed in murine uteri during early 
oogenesis knockout mice that exhibit absence of mullerian duct 
derivalues [ 169 ]. PBX1 was sequenced in 173 women with unicor-
nuate ( N  = 55), bicornuate ( N  = 76), and septate uterus ( N  = 42). 
No plausible disease-causing mutations were found [ 168 ]. 

 IMF is also found in more than a dozen malformation syn-
dromes. In Fryns syndrome, Halal syndrome, and hydrolethalus 
syndrome, IMF is consistently observed. IMF is less commonly 
observed in other disorders.  

   Hand–foot–genital (HFG) syndrome is an autosomal dominant 
disorder characterized by IMF, skeletal anomalies, and urologic 
anomalies. In HFG syndrome skeletal anomalies exist: short fi rst 
metacarpals, small distal phalanges on the thumbs, short middle 
fi fth phalanges, and fusion of wrist bones [ 166 ,  170 ]. The hallux 
(great toe) is short because of a shortened metatarsal; the distal 
phalanx is small and pointed. Urinary system anomalies include 
urinary incontinence, a ventrally displaced urethral meatus, and 
malposition of the ureteral orifi ces in the bladder wall [ 166 ]. These 
urologic anomalies differ from those commonly associated with 
isolated IMF, which if present are typically the absence of one kid-
ney, pelvic kidney, or duplication or absence of ureters. Vertebral 
anomalies in IMF also differ in type from those in HFG. 

 HFG is caused by perturbation of HOXA13, present on 7p14- 
p15. HOXA13 is one of the homeodomain genes (HOXA7–13) 
long known to be pivotal for internal genital duct differentiation in 
mammals. The fi rst HFG family was reported [ 171 ] and later ana-
lyzed molecularly by Mortlock and Innis [ 172 ]. A HOXA13 non-
sense mutation resulted in a highly conserved tryptophan being 
converted to a stop codon, truncating the protein by 20 amino 
acids. Goodman et al. [ 173 ] found a HOXA13 mutation involving 
a stop codon in another case and in a second family found expan-
sion of the polyadenosine (poly A) tail. The latter suggests a domi-
nant negative mechanism, consistent with autosomal dominant 
inheritance. 

1.5.2  Hand–Foot–Genital 
Syndrome
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 Goodman and colleagues [ 173 ] later studied six additional 
families, two previously unstudied and four previously reported. In 
three of the six families, nonsense mutations resulted in a truncated 
protein. In another family, originally described by Hennekam et al. 
[ 174 ], the N-terminal polyalanine tract was expanded, as found 
previously by Goodman et al., [ 173 ]. In a fi fth family, a missense 
mutation was present, altering an asparagine residue in the home-
odomain recognition helix that is necessary to target DNA. In 
2002, Utsch and colleagues [ 175 ] reported another poly A expan-
sion in a fi ve-generation HFG family, supporting a dominant nega-
tive mechanism in some cases. 

 In conclusion, perturbation of HOXA13 clearly causes HFG. 
HOXA13 is clearly integral for both skeletal development and 
mullerian fusion, but not necessarily a common explanation for 
isolated IMF.  

  Transverse vaginal septa (TVS) are thick (2 cm) septa, usually 
located near the junction of the upper third and lower two-thirds 
of the vagina [ 63 ,  157 ,  176 ,  177 ], seemingly obliterating the upper 
genital track (cervix, uterus). The uterus appears absent on vaginal 
exam but can often be detected by rectal examination on imaging. 
Gonads (ovaries) and external genitalia (female) are normal. 

 Perforations may exist and are typically central in location. If 
no perforation exists, mucus and menstrual fl uid accumulate to 
produce hydrocolpos or hydrometrocolpos. Conception is obvi-
ously not possible without surgical correction. If not recognized, 
the obstruction can lead to endometriosis, which in turn causes 
infertility. 

 In the Amish, the autosomal recessive gene responsible for 
TVS [ 178 ,  179 ] also has a pleiotropic effect causing polydactyly 
and cardiac defects. This disorder has a pleiotropic effect, causing 
polydactyly and cardiac defects [ 178 ,  180 ]. When present it is 
labelled McKusick–Kaufman syndrome (MKS). Whether all cases 
of TVS—Amish and non-Amish—are caused by the same MKS 
gene is unclear. Familial aggregates of MKS have been observed in 
Italian and Puerto Rican populations [ 181 ], and in these families 
vaginal atresia (see below) is more common than TVS. 

 The gene causing MKS is located on 20p12. MKS encodes a 
chaperonin, representative of the class of proteins that facilitate 
protein folding in conjunction with adenosine triphosphate hydro-
lysis [ 182 ]. Causation was initially deduced on the basis of H84Y/
A242S compound heterozygotes cosegregating with the disorder 
in a large Amish pedigree [ 182 ]. Each of these two missense muta-
tion is present in 1 per 100 Amish controls, a frequency (1 %) that 
when combined generates the heterozygote frequency for MKS in 
Amish. Neither sequence was found in 100 non-Amish controls. 
However, compound heterozygotes may be unaffected, suggest-
ing that the allele frequency is higher than the 3–9 % estimated on 
clinical grounds alone.  

1.5.3  Transverse Vaginal 
Septa and Mckusick–
Kaufman Syndrome

Genetics of Female Infertility Due to Anomalies of the Ovary and Mullerian Ducts



60

  In this condition, the lower portion of the vagina, typically  one- fi fth 
to one-third of the total length, is replaced by 2–3 cm of fi brous 
tissue (Fig.  3 ). External genitalia are otherwise normal for women, 
except for absence of the hymen. It is generally believed that 
embryonic origin involves failure of the urogenital sinus to con-
tribute the caudal portion of the vagina. (However, presence of VA 
in MKS suggests a common embryologic basis in some cases.) 
Superior to the obstruction is a well-differentiated upper vagina, 
cervix, uterine corpus, and fallopian tubes. Diagnosis requires 
ultrasound, MRI, or rectal examination to verify the presence of 
mullerian derivatives, specifi cally the cervix and uterus. Like TVS, 
conception is not possible without surgical correction. If not cor-
rected in timely fashion, endometrics can be expected to develop 
and lead to secondary infertility.

   No familial aggregates of  isolated  VA have been reported. 
However, VA is present in the context of multiple malformation 
 syndromes [ 9 ,  157 ]. One syndrome was described by Winter and 
 colleagues [ 183 ], an autosomal recessive disorder characterized by 
VA, renal hypoplasia or agenesis, and middle-ear anomalies (e.g., mal-
formed incus, fi xation of the malleus and incus) [ 183 ,  184 ]. Other 
syndromes in which VA has been associated include those reported by 
Antley–Bixler and now known to be caused by a WNT 4 mutation, 
Apert, Bardet–Biedl, Ellis Van Creveld, Fraser (cryptophthalmos), 
Laurence–Moon, Pallister–Hall, and Robinow [ 9 ,  157 ].  

1.5.4  Vaginal Atresia (VA)

  Fig. 3    Diagrammatic representation of some mullerian fusion anomalies. ( a ) Normal uterus, fallopian tubes, 
and vagina. ( b ) Uterus unicornis (absence of one uterine horn). ( c ) Uterus arcuatus (broadening and medial 
depression of a portion of the uterine fundus). ( d ) Uterus septus (persistence of a complete uterine septum). 
( e ) Uterus bicornis unicollis (two hemiuteri, each leading to the same cervix) (from Simpson JL (1976) Disorders 
of sexual differentiation: etiology and clinical delineation. Academic, New York, NY) [ 63 ]       
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  Aplasia of the mullerian ducts leads to absence of the uterine 
 corpus, cervix, and upper (superior) vagina. Infertility is obvious 
and once might not have even warranted discussion in a chapter 
like this. However, ovaries are normal in MA and secondary sexual 
development is normal. ART now allows these women to have 
their own biologic offspring. 

 The vagina is formed entirely from urogenital sinus invagina-
tion. Because usually most of the vaginal length is contributed by 
mullerian derivatives, the vagina may be shortened to only 1–2 cm, 
a vaginal length that may or may not be adequate for coitus. 
Although by defi nition there is no well-differentiated uterus, bilat-
eral remnants may persist in the form of cords. The eponym 
Mayer–Rokitansky–Kuster–Hauser syndrome should be consid-
ered synonymous with MA, although some authors restrict MRKH 
to those cases in which remnants are present. 

 Affected sibships are well documented [ 185 – 187 ]. However, 
discordant monozygotic twins have also been recognized [ 188 ]; 
thus, a single autosomal recessive gene cannot explain all cases. 
Carson and co-workers [ 189 ] studied 23 propositae and found no 
affected relatives. Van Lingen and colleagues [ 190 ] observed only 
one set of affected siblings among 35 cases. 

 Because ovaries are normal embryologically, women with MA 
may transit their DNA and have biologic offspring using assisted 
reproductive technologies (ART). Their oocytes can be stimulated, 
aspirated, and fertilized in vitro using the sperm from the husband 
or a donor and the embryo transfered into a surrogate uterus. 
Resulting offspring will have the genetic constitution of the MA 
woman and her husband. Information on inheritance of this once 
genetically lethal disorder can thus be derived. Surveying the US 
ART programs Petrozza and colleagues [ 191 ] collected 34 women 
with MA whose oocytes were used to generate biologic offspring 
in the fashion described. Of 17 female offspring, none had MA; 
one male child had a middle-ear defect and hearing loss. MA is 
thus probably multifactorial in etiology. Autosomal recessive inher-
itance is not excluded, but autosomal dominant is unlikely. 

 Molecular studies have been performed, but few have used 
contemporary (sequencing) methodology. Using denaturing gra-
dient gel electrophoresis (DGGE), studies in the 1990s failed to 
fi nd molecular abnormalities in various candidate genes. However, 
technique available at that time could exclude only large deletions. 
WT1 [ 190 ], PAX2 [ 192 ], AMH, and AMHR [ 193 ] were among 
the genes studied, and deletions so excluded. The frequency of the 
N314 (Duarte) allele of GALT [ 193 ,  194 ] was not increased in 
frequency. More recent and more detailed studies include those of 
Cheroki et al. [ 195 ], who founded no perturbations in 25 MA 
cases sequenced for WNT4, RAR-Gamma, and RXR-alpha [ 195 ]. 
Burel et al. [ 196 ] found no perturbations in HOX genes 
(A7–A13) nor PBX in a small sample of six cases. Ma et al. also 
found no PBX1 perturbations in 19 cases [ 168 ]. 

1.5.5  Mullerian 
Aplasia (MA)
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 Philibert et al. [ 197 ] studied 28 cases for mutations in WNT4, 
fi nding one heterozygous missense mutation (L12P). No WNT4 
mutations were found in three other series [ 198 – 200 ]. Interest has 
also been raised in whether certain genes might be highly methyl-
ated in MA. Sandbacka [ 201 ] did not confi rm this for H19 ICR 
but did fi nd aberrant methylation at 3 of 16 sites for M19. 

 Several groups have performed array CGH [ 195 ,  202 – 207 ], 
an approach potentially capable of detecting DNA CNVs that 
would indicate loss or gain of function of a disease-causing gene. 
Studies have to date involved very small sample sizes and only 
European populations. Still, a variety of microdeletions and micro-
duplications have been found. These involved 1q21.1, 16p11.2, 
17q12, and 22q11.2, regions of common variants in normal indi-
viduals. Familial studies, which must be performed to exclude 
benign polymorphisms, were not performed in most studies. Del 
(22q11.2) seems most likely to play a role in MA, whether de novo 
or familial (paternal of course) [ 207 ]. A report illustrative of prob-
lems of interpretation is that of Gervasini [ 208 ], who among 30 
MA cases found duplication of Xq21 in 5 cases (two sporadic, 
three familial). Especially intriguing was a family of two affected 
MA sibs who inherited a 17 kb duplication from their father. Two 
other sibs having a uterus failed to inherit the microduplication. 
The pseudoautosomal region involved in the duplication contained 
SHOX, a homeobox gene that escapes X inactivation and has been 
noted already to be related to short stature if defi cient and to Leri–
Weill syndrome and Langer mesomelic dysplasia if duplicated [ 40 ,  41 ]. 
However, the array CGH fi ndings of Gervasini et al. [ 208 ] were 
not confi rmed in the much larger ( N  = 101) and more robust study 
of Sandbacka et al. [ 209 ]. This report also noted that all CNVs 
reported by Gervasini et al. [ 208 ] are in fact now recorded in the 
Database of Genomic Variants and thus considered to be without 
phenotypic effect. In summary, array CGH studies should, with 
the exception of del (22q11.2), not be considered as indicating an 
informative gene or region. 

 Although all the studies have been negative, molecular per-
turbations in MA have been found in a very atypical group of MA 
women. Biason-Lauber et al. [ 210 ] found perturbations of 
WNT4 in MA cases in which virilization and adrenal insuffi ciency 
existed. The relevance to isolated MA is unclear. Gervasini et al. 
[ 208 ] found no perturbations in 12 MA cases who also had 
hyperandrogenism. That WNT4 acts before AMH and is required 
for initial mullerian development [ 211 ] provides grounds for 
plausibility. 

 MA may be one component of malformation syndromes, dis-
cussed and tabulated elsewhere by Simpson in Simpson and Elias 
[ 9 ]. An example is mullerian renal cervical somite (MURCS), an 
acronym applied when MA coexists with renal and skeletal 
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anomalies as well as facial clefts and cardiac anomalies [ 212 ]. MA 
is not uncommon in the fascio-auricular-vertebral syndrome 
(Goldenhar syndrome) [ 213 ], limb/pelvis/uterus hypoplasia syn-
drome [ 214 ,  215 ], thalidomide, embryopathy [ 216 ], and 
thrombocytopenia- absent radius (TAR) syndrome [ 217 ].       
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    Chapter 4   

 Gene Polymorphisms in Female Reproduction 

           Livio     Casarini     and     Manuela     Simoni     

    Abstract 

   This chapter presents an overview of the gene polymorphisms underlying the functions of ovarian receptors 
and their clinical implications in the female fecundity. A selection of genetic studies revealing signifi cant 
associations between receptor polymorphisms, gene mutations, and some pathological conditions 
(i.e., female infertility, premature ovarian failure, polycystic ovary syndrome, endometriosis) are reviewed.  

  Key words     Gene polymorphism  ,   Single-nucleotide polymorphisms  ,   Controlled ovarian stimulation  , 
   FSHR  polymorphism  ,   Progesterone receptor ( PGR )  ,   FSH  ,   LH  ,    MTHFR  polymorphism  

1       Introduction 

 Gonadotropins and sex hormones play a key role in sexual develop-
ment, reproductive functions, and metabolism. The action of 
these molecules is mediated by their receptors at gonadal level. 
A large number of studies attempted to evaluate the involvement 
of gene polymorphisms in ovarian and reproductive function. 
In fact, the features of the response to hormones depend on varia-
tions in the gene sequence of the receptor or the ligand and, in case 
of a familial disease, underlying mutations are genomic and inher-
ited [ 1 ]. Association studies assess whether a gene variant is present 
more often than expected in a population to evaluate whether a 
medical condition or a phenotype is associated to a gene variant. 
Gene variants consist of insertions or deletions of one or more 
bases, or they may be single-base changes, known as single-nucle-
otide polymorphisms (SNPs) [ 2 ]. A genetic variant is considered a 
polymorphism when it reaches a frequency higher than 1 % in a 
sample population; otherwise, it is considered a gene mutation. 

 SNPs can occur outside a gene or within an exon, an intron, 
or regulatory regions, and it can be functional or silent. Functional 
SNPs within a gene can be the direct cause of a phenotype abnor-
mality or may increase susceptibility to a disease. Functional 
SNPs in coding regions can change the protein sequence, while in 
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noncoding regions they may have effects on RNA transcription 
and processing. Silent SNPs occur in protein-coding DNA but 
do not change the sequence of a gene product [ 2 ] (Fig.  1 ).

   The SNP combination in a given genome sequence determines 
the allelic sequences, which, in turn, are grouped in haplotype 
blocks. The human genome can be subdivided in haplotype blocks 
which are sizable regions poor in recombination events character-
ized by the presence of one or only a few common haplotypes [ 3 ]. 
Genome-wide association studies are based on haplotype blocks as 
marker regions, available in the HapMap online database (  http://
hapmap.ncbi.nlm.nih.gov/    ) [ 4 ,  5 ]. Moreover, the SNPs that occur 
outside a gene can be used as a tag to identify nearby functional 
variations within a gene. Such analyses are based on a chromo-
somal property called linkage disequilibrium (LD). LD refers to 
the observation that in a sample population, two SNPs or DNA 
variants that are located close to each other tend to be observed 
together more frequently than two variants that are located further 
apart [ 2 ]. 

 In the National Center for Biotechnology Information (NCBI) 
database (  http://www.ncbi.nlm.nih.gov/pubmed/    ), the SNPs 
are registered following a specifi c nomenclature together with their 
frequency in a specifi c population. For example, a well-known SNP 
in exon 10 of the  follicle - stimulating hormone receptor  ( FSHR ) 
gene is the adenine-to-guanine nucleotidic substitution at position 
2039 from the transcription start site (A2039G; NCBI database 
acronym: rs6166). It is a non-synonymous substitution since it deter-
mines an asparagine-to-serine change at position 680 (Asn680Ser) 

  Fig. 1    Graphic representation of types of genetic variants, showing insertion/deletion (ins/del) polymorphisms, 
both coding and noncoding SNPs, and repeat polymorphisms such as tandem repeats or VNTR. Variants are 
shown occurring within a gene (in this example the INS gene) but can also occur outside of genes. Other types 
of genetic variations that affect larger regions, such as copy number variations, are not shown.  SNP  single-
nucleotide polymorphism,  VNTR  variable number of tandem repeats. Reproduced from [ 2 ] with permission 
from Oxford Journals       
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of the amino acid chain and has a minor allele (MA) frequency of 
about 40 % in Caucasian population [ 6 ]. Due to its high frequency 
in the population, rs6166 is considered a common SNP. Moreover, 
it is in almost complete LD with another SNP of  FSHR  gene; the 
Thr307Ala is located in the exon 10 at the extracellular domain, 
while Asn680Ser is located in the intracellular domain [ 7 ]. 

 Thousands of SNPs located in genes involved in sexual devel-
opment or reproductive functions are registered in the NCBI data-
base, but only some of them are the cause of a change in the cellular 
response resulting in modulation of hormone action or reproduc-
tive functions. Genes encoding hormones and receptors of the 
hypothalamus–pituitary–ovarian axis are often studied as candidate 
predictive factors of the ovarian response, such as the gonadotro-
pin or the gonadotropin receptor genes [ 8 ], but enzymes such as 
aromatase are also prime candidates for association studies [ 9 ]. 
Several other markers of ovarian response have been proposed, 
particularly for predicting the response to stimulation with exoge-
nous gonadotropins during assisted reproduction techniques 
(ART). The importance of genetic markers in controlled ovarian 
stimulation (COS) derives from the clinical evidence that ovarian 
response to exogenous gonadotropins used for ART is highly indi-
vidual and variable, but only a few SNPs seem to be good candi-
dates to be applied in clinical tests [ 10 ]. To date, Asn680Ser in the 
FSHR and the  PvuII  polymorphism in the  estrogen receptor 1  
( ESR1 ) gene are the most studied polymorphisms which could be 
used as genetic markers in clinical tests. Although some studies 
indicate that ovarian response is modulated by some polymor-
phisms, the determination of an accurate and customized COS 
therapy is not available and the search for predictive genetic mark-
ers is ongoing [ 11 ].  

2     Ovarian Response and Controlled Ovarian Stimulation 

 The secretion of gonadotropins by the pituitary determines the 
controlled progression of the ovarian cycle, and the pituitary activ-
ity is controlled via feedback by the ovarian hormones. A peak of 
elevated serum levels of follicle-stimulating hormone (FSH) is 
required to recruit a cohort of follicles at the antral stage and sup-
port their maturation, which is characterized by growth and matu-
ration of granulosa cells [ 12 ]. Usually, only the follicle with the 
lowest FSH recruitment threshold can grow and becomes the 
Graafi an follicle acquiring LH responsivity and undergoing ovula-
tion, while the others become atretic [ 13 ]. Since the biological 
activity of FSH depends on the FSHR expression in the granulosa 
cells [ 14 ,  15 ], several studies have focused on the infl uence of this 
receptor on menstrual cycle dynamics [ 14 ,  16 – 18 ]. 
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 To date, it is well established that the polymorphism Asn680Ser 
in the  FSHR  gene is important in determining the response to 
FSH and is so far the unique genetic marker within the gonadotro-
pin receptor genes. Historically, the fi rst in vivo evidence was found 
in German women, with the demonstration that those homozy-
gous for the FSHR Ser680 genotype require a higher number of 
FSH ampoules in ovarian hyperstimulation, compared to the 
homozygous Asn680 carriers [ 14 ]. Subsequent studies in ovula-
tory and anovulatory women confi rmed this observation [ 19 ], 
suggesting that the FSHR Ser680 genotype is less sensitive to the 
FSH action in vivo, is associated with a decreased negative feed-
back signal to the pituitary gland, and determines longer menstrual 
cycle compared to the FSHR Asn680 genotype [ 16 ]. Indeed, in 
normo-ovulatory women, basal serum FSH levels are lower in 
FSHR Asn680 than Ser680 carriers during the luteo-follicular 
transition, confi rming that Ser680 genotype is a “resistance” factor 
to FSH stimulation, determining a higher ovarian threshold of the 
gonadotropin and refl ecting a different pattern of ovarian secretion 
during the intercycle transition phase [ 16 ,  17 ]. In homozygous 
Ser680 carriers, an earlier rise in FSH levels is observed, which 
provokes a duration of the menstrual cycle of about 3 days longer 
in connection with a decreased negative feedback of luteal secre-
tions to the pituitary gland [ 16 ,  17 ]. 

 Whether the modulation of ovarian response by the polymor-
phism of FSHR Asn680Ser needs to be considered during COS is 
still under discussion [ 20 ], and meta-analysis studies could strongly 
contribute to clarify the role of this polymorphism in COS. Indeed, 
a meta-analysis study including different European populations 
confi rmed that the Asn680Ser is a marker associated with poor 
response during COS [ 20 ]. Another, extensive meta-analysis found 
that homozygous Ser680 women have higher basal FSH levels and 
require a higher dose of exogenous FSH for COS than women with 
genotype Asn680Asn [ 21 ]. A precise, individualized ovarian stimu-
lation treatment designed on predictive genetic factors is however 
still missing, although it is well known that homozygous Ser680 
women undergoing COS produce lower levels of serum estradiol 
compared to Asn680 carriers stimulated by an equal FSH dose [ 22 ]. 
In any case, whether the FSHR genotype has any effects on preg-
nancy rate remains unknown, since different studies have obtained 
contradictory results [ 23 ,  24 ] and analyses having the statistical 
power necessary to arrive to a conclusive opinion are still missing. 

 Another  FSHR  polymorphism, G/A located in the promoter 
region at position-29, could modulate ovarian response to FSH 
[ 25 ]. Indeed, a study found that women homozygous for the A 
genotype undergoing controlled ovarian hyperstimulation and IVF 
required the highest dose of exogenous FSH. Also, in these women 
the levels of estradiol concentration measured before hCG 
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 administration and the number of preovulatory follicles and of 
retrieved oocytes were lower compared to the other genotypes, 
suggesting an association between the SNP and a poor ovarian 
response [ 25 ]. These results are corroborated by in vitro data 
which demonstrate, by Western blotting and confocal microscopy, 
that the genotype A-29 results in reduced expression of FSHR on 
the surface of granulosa cells, compared with the variant G-29. 
Thus, poor ovarian response observed in subjects with the AA gen-
otype at position -29 of the FSHR gene could be due to reduced 
receptor expression [ 26 ]. However, the association of polymor-
phisms in the promoter region and COS needs to be confi rmed by 
replication in wider population groups of different ethnicity. 

 The luteinizing hormone (LH) receptor (LHCGR) mediates 
the action of two different molecules, LH and chorionic gonado-
tropin (CG), and it is essential for folliculogenesis, ovulation, and 
progression of pregnancy [ 27 ]. Some common polymorphisms 
located in the  LHCGR  gene (18InsLeuGly and Asn291Ser 
Ser312Asn) were associated with an increased activity of the recep-
tor, and their involvement in breast cancer has been suspected [ 28 , 
 29 ]. This model suggested that the risk of breast cancer could 
increase according to a modifi ed level of estrogen exposure [ 30 ]. 
In fact, the frequency of LHCGR 18InsLeuGly polymorphism 
[ 28 ,  29 ] and the incidence of breast cancer [ 31 ] are higher in 
Northern European populations than in other populations (e.g., 
Asian), leading to the speculation that they may be linked [ 30 ]. 
However, the involvement of LHCGR polymorphisms in the 
modulation of the ovarian function has never been confi rmed. 
A study has even excluded its association with ovarian hyperstimu-
lation syndrome (OHSS) [ 32 ], and, therefore, the role of the 
 LHCGR  gene polymorphisms in COS response remains unclear. 

 The  LHB  gene encodes the β chain of LH and determines the 
specifi city of binding to the LHCGR, while the α chain is common 
to FSH. LH has a key role in female and male reproduction since 
it triggers steroidogenesis and folliculogenesis in cooperation with 
FSH [ 33 ]. There are over 50  LHB  polymorphisms recorded in the 
NCBI database, but those resulting in a decrease of the LH activity 
are a few. An LH variant (V-LH) with increased in vitro bioactivity 
and decreased half time in vivo has been detected in Finnish popu-
lation [ 34 ,  35 ], in which it reaches the 28 % of frequency in homo- 
or heterozygosis [ 36 ]. The V-LH consists in the double-amino 
acid change Trp8Arg and Gly102Ser, introducing an extra glyco-
sylation signal to the β chain [ 37 ]. The subjects homozygous for 
the LH polymorphism are healthy, probably due to a linkage 
mechanism with some SNPs in the promoter region which fl attens 
these differences. In fact, the in vitro activity of mutant  LHB  pro-
moter is about 40 % higher than that of the wild-type  LHB  
 promoter gene and the intrinsic bioactivity of V-LH is about 30 % 
higher than that of LH [ 38 ]. Interestingly, the detection of this 

Gene Polymorphisms in Female Reproduction



80

LH variant was based on its decreased immunoreactivity. Indeed, 
the amount of V-LH was assayed by comparison of two different 
assays which used an antibody that equally recognizes the V-LH 
and the wild-type form and another antibody against LH α/β- -
dimer, which does not detect the LH variant. Hence, the ratio of 
LH measured by the two assays is higher in wild-type subjects, and 
lower in homozygote carriers of the  V - LH  [ 36 ]. Trp8Arg and 
Gly102Ser polymorphisms appear to be involved in menstrual dis-
orders [ 39 ,  40 ], while the variant 8Arg-15Thr of  LHB  seems to 
have a higher frequency in women undergoing in vitro fertilization 
(IVF) characterized by low responsiveness to treatment with 
recombinant FSH [ 41 ]. Instead, V-LH shows no association to 
pathological conditions such as endometriosis [ 42 ] or ovarian can-
cer [ 43 ]. However, the results obtained on the polymorphisms of 
 LHB  are still limited and need to be confi rmed by further studies 
in larger sample populations and in different ethnic groups. 

 There are two human estrogen receptors (ER), ERα and ERβ, 
encoded by  ESR1  and  ESR2  genes, respectively. ERα mediates the 
proliferative effects of estrogen on theca cells during folliculogene-
sis, while ERβ leads to differentiation and antiproliferative effects on 
granulosa cells [ 44 ,  45 ]. Historically,  ESR  genes were the fi rst can-
didates for studying genetic targets which could be related to the 
pharmacological approach to COS [ 46 ], also due to their high 
genetic variability [ 46 – 49 ]. Polymorphisms in the  ESR2  have been 
studied but never defi nitively found in association with age at men-
arche, menopause onset, and fertility [ 50 ]. On the contrary, the two 
intronic SNPs T-397C and A-351G, also called the  PvuII  and  XbaI  
polymorphisms by the name of the detecting restriction enzymes 
[ 51 ], are likely involved in the incidence of preeclampsia [ 52 ] and 
abortive events [ 50 ,  53 ] and in the response to ovarian stimulation 
[ 47 ]. Taken together, these data could provide very important 
information to predict the COS outcome during IVF, but the 
molecular mechanism that underlies these features is not yet clear. 
The ESR1  PvuII  polymorphism may result in the loss of a func-
tional binding site for the  myb  family of transcription factors [ 54 ] or 
may be involved in epistatic mechanisms which modulate the expres-
sion of other genes of the steroidogenic cascade, such as  CYP19A1  
encoding the enzyme aromatase [ 55 ], but to elucidate these molec-
ular mechanisms further extensive in vitro studies must be done. 

 The vitamin B folate is involved in the regulation of the syn-
thesis and methylation of nucleic acids; thus, it plays a key role 
during cell growth and proliferation including the developing 
ovarian follicles [ 11 ]. Indeed, a folate defi ciency has been associ-
ated to increased risk of early spontaneous abortion in humans 
[ 56 ] and to impaired reproductive functions and early embryonic 
loss in the hamster [ 57 ]. The folate metabolism is important for its 
clinical implications since folate-defi cient women undergoing COS 
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showed lower oocyte quality and pregnancy rates and impaired 
ovarian function [ 58 – 62 ]. A molecule that plays an important role 
in the metabolism of folate is the enzyme methylenetetrahydrofo-
late reductase (MTHFR). The C677T common polymorphism in 
the  MTHFR  gene [ 63 ,  64 ] results in the amino acid change 
Ala222Val, which leads to a decrease of enzyme activity of about 
50 % [ 65 ]. The defi ciency of the enzyme activity is refl ected in a 
defective DNA methylation and altered gene expression [ 66 ]. It is 
well known that a folate defi ciency leads to elevated homocysteine 
(Hcy) serum levels, which are negatively correlated to oocyte 
maturity [ 67 ], in vitro embryo quality [ 59 ,  68 ], and pregnancy 
and implantation rates [ 69 ,  70 ]. The importance of the  MTHFR  
gene polymorphism as a target was suggested by a recent publica-
tion which showed that women heterozygous for the C677T poly-
morphism have a higher proportion of good-quality embryo and a 
better chance of pregnancy than C677C homozygous women 
[ 71 ]. This result is consistent with the observation that the CT 
genotype is less present in women affected by unexplained infertil-
ity compared to control groups, in patients undergoing IVF [ 72 ]. 
In conclusion, the genes involved in the regulation of the folate 
metabolism, in particular MTHFR, could become new biomarkers 
to determine the individual response to COS treatment.  

3     Menarche, Menopause, and Premature Ovarian Failure 

 The duration of the fertile age is another parameter that is plausibly 
affected by the presence of SNPs, since the timing of puberty and 
probably of menopause can be due to genetic features [ 73 ,  74 ]. 
The FSHR Ser680 polymorphism has been associated to a slightly 
delayed age of menarche but not with the menopausal age in Italian 
women [ 75 ]. An FSHR polymorphism located in the 5′ untrans-
lated region of the gene (G/A at position -29) was found to be 
related with primary amenorrhea in Indian women [ 76 ]. The fre-
quency of -29G genotype was higher in patients with primary or 
secondary amenorrhea than in the control group and was associ-
ated with higher FSH serum levels. However, a clear evidence of 
the involvement of FSHR SNP in the duration of fertile age has 
never been found and studies in large populations of different eth-
nicity have to be performed [ 76 ]. 

 Other SNPs located in genes involved in the hypothalamic–
pituitary–ovarian axis downstream to gonadotropin genes, such as 
the  progesterone receptor  ( PGR ) (Fig.  2 ), could modulate ovarian 
response [ 77 ] because of their direct effects on folliculogenesis, 
maturation and oocyte release, and endometrial implantation. For 
example, puberty and menstruation are complex processes that are 
dependent on feedback mechanisms involving the action of pro-
gesterone [ 78 ], and it is plausible that the age of menarche and 
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menstrual cycle features could be modulated by SNPs in the PGR 
gene [ 77 ]. A linkage research for genomic regions affecting the 
age of menarche found that the PGR gene is located in a region 
with signifi cant logarithm of odds (LOD) scores, indicating the 
 non randomness of the results of linkage analysis [ 79 ]. Indeed, the 
gene exists in several genetic variants. One of these variants consists 
in an insertion of an Alu sequence of 320 base pairs in an intron 
region and is named “ PROGINS .”  PROGINS  is in complete LD 
with the  non -synonymous variant Val660Leu and with the synony-
mous variant His770His and is responsible of a decrease in the 
response to progesterone in vitro due to decreased mRNA stability 
and protein activity [ 80 ]. The Val660Leu variant was also signifi -
cantly associated with spontaneous abortion and with ovarian can-
cer risk in vivo, but studies which assess the association between 
PGR polymorphisms and age at menarche are limited [ 81 ,  82 ].

   Lastly, the important role of the enzyme aromatase in the 
estrogenic activity is the reason why the  CYP19A1  gene could be 

  Fig. 2    The  LHCGR  and the paralogue gene  ALF1  on chromosome 2 (  http://hapmap.ncbi.nlm.nih.gov    ). The SNP 
rs13405728, located in an intronic region of the  LHCGR  gene, is included in a block of linkage disequilibrium 
embedded in an intronic region of the gene ALF1       
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a candidate for the regulation of menarche. A number between 
7 and 12 TTTA repeats is present in exon 4, and this polymor-
phism is involved in the modulation of bone metabolism in males 
[ 83 ]. The presence of TTTA repeats implies a bimodal distribution 
of alleles, with two major peaks of distribution at 7 and 11 repeats 
and a very low distribution of the 9 repeat allele [ 83 ]. A recent 
association study found that the  CYP19A1  allele characterized by 
7 TTTA repeats was signifi cantly more represented in homozygos-
ity in a population of Greek girls characterized by early menarche 
than the 11 repeat allele, which, in turn, was found to be associated 
with late menarche [ 9 ]. This suggests that the age of menarche has 
a genetic component in which the  CYP19A1  gene may play an 
important role. 

 Intriguing results were obtained by genome-wide association 
studies. An association analysis for age at natural menopause in 
about 3,000 European women identifi ed six SNPs in three loci 
associated with timing of ovarian aging, a risk factor for breast can-
cer, osteoporosis, and cardiovascular disease [ 84 ]. Surprisingly, 
these polymorphisms are not located inside genes involved in 
hypothalamic–pituitary–ovarian axis, but in  BR serine threonine 
kinase 1  ( BRSK1 ) gene, 3′ region of the  transmembrane protein 
150B  ( TMEM224 ) gene, 5′ of the  suppressor of variegation 4 – 20 
homolog 2  ( SUV420H2 ), a lysine methyltransferase gene, 3′ of the 
hypothetical gene  LOC121793 ,  rho guanine nucleotide exchange 
factor 7  ( ARHGEF7 ) gene, and  minichromosome maintenance 
complex component 8  ( MCM8 ) gene [ 84 ]. Moreover, the meta- 
analysis of genome-wide association studies has identifi ed more 
than 30 new loci that infl uence the age at menarche and these 
studies are highly indicative as they involve a very wide number of 
samples [ 85 – 87 ]. At last, the SNP rs314276 within the  LIN28B  
gene, a potent regulator of microRNA processing, appears to be a 
strong genetic determinant regulating the timing of human puber-
tal growth and development in boys and girls [ 88 ]. Taken together, 
these fi ndings provide a basis for the associations between the age 
of menarche or menopause and the genotype.  

4     Endometriosis 

 Some genetic polymorphisms in genes involved in sex steroid bio-
synthesis and metabolism may be reasonably associated with 
changes in reproductive function or increased risk of estrogen- 
dependent disease, e.g.,  CYP19A1  gene or 17-beta- hydroxysteroid 
dehydrogenase type 1 ( HSD17B1  gene). Both enzymes are involved 
in the estradiol synthesis cascade and are essential for normal repro-
ductive function. In addition, there are diseases, such as endome-
triosis, which appear to be closely related to the production and 
metabolism of sex steroids [ 89 ]. Endometriosis is  characterized 
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by the growth of endometrial cells outside the uterus and has a 
strong genetic component which justifi es a large number of asso-
ciation studies [ 90 ,  91 ]. The endometriotic lesions grow and 
regress in relation to estrogen concentration in a dose-dependent 
manner, suggesting a role of polymorphisms in  CYP19A1  or 
 HSD17B1  genes in the pathogenesis of the disease. Specifi cally, the 
polymorphisms C1558T and Val80 in the  CYP19A1  gene, and 
Ser312Gly polymorphism in the  HSD17B1  gene, have been 
recently associated with the disease [ 92 ,  93 ]. However, the results 
obtained from association studies are often inconsistent and con-
fl icting due to a lack of confi rmation in different ethnic groups or 
to the limited size of the sample group [ 91 ] and the mechanism 
underlying the development of endometriosis at molecular level 
remains unknown.  

5     Polycystic Ovary Syndrome 

 PCOS is an endocrine disorder affecting about 10 % of women 
during reproductive age characterized by polycystic ovaries, hyper-
androgenism, abnormal menstrual cycle, and chronic anovulation. 
Moreover, in women who conceive successfully after treatment, an 
increased risk of complications during pregnancy as well as neona-
tal complications exists [ 2 ,  94 ]. Despite a large number of studies 
investigating the genetic features related to PCOS, the key factors 
involved in its pathogenesis are still unidentifi ed. 

 The study of the allele frequency of FSHR polymorphisms 
Thr307Ala and Asn680Ser revealed that the G919/A2039 
(Ala307/Asn680) haplotype is signifi cantly linked with PCOS and 
could be a risk factor for the disease, although none of the FSHR 
polymorphisms individually analyzed was observed to be in clear 
association with the pathology [ 95 ] except in Korean women [ 96 ]. 
This fi nding, however, has not been independently confi rmed yet. 
Rather, actual results suggest that FSHR polymorphisms are not 
clearly related to PCOS, regardless of the ethnic background, 
although a risk haplotype could exist. As in normo-ovulatory 
women, also in PCOS patients, the Ser680 allele is associated with 
signifi cantly higher levels of FSH and LH and with hyperandrogen-
ism [ 97 ]. A good approach to fi nd candidate genes involved in 
PCOS might be studying the polymorphisms in genes that regu-
late the hypothalamic–pituitary–gonadal axis. As far as the combi-
nation of FSHR and LHCGR polymorphisms is concerned, a 
recent study indicated that the analyzed LHCGR SNPs are not 
related to PCOS and that the disease features may depend only 
from the FSHR SNPs [ 97 ]. On the other hand, further informa-
tion may be provided by genome-wide association studies. Indeed, 
susceptibility locus for PCOS has been detected on chromosome 
2p16.3, 2p21, and 9q33.3, particularly in connection with an SNP 
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(rs13405728) located in an intronic region of the  LHCGR  gene 
[ 98 ]. This sequence is included in a block of linkage disequilibrium 
embedded in an intronic region of the germ cell-specifi c  ALF  gene 
sequence, a paralogue of  TFIIA - α / β - like factor  gene [ 99 ] which, 
moreover, was found to be altered in male infertility [ 100 ]. It is plau-
sible that polymorphisms in the gene  ALF1  could infl uence female 
reproduction. Taken together, these fi ndings suggest that a correla-
tion between the region including the  LHCGR  gene and PCOS 
could exist, although clear associations remain to be verifi ed. 

 Concerning the  LHB  gene, women with the  V - LH  were less 
likely to report ovarian cysts, were more likely to report infertility, 
and have higher early follicular phase LH concentrations compared 
with LH wild-type carriers [ 101 ]. In this sense, the presence of 
linkage mechanisms with polymorphisms in the promoter region, 
known to decrease the in vitro bioactivity of the LH variant [ 37 ], 
cannot be excluded. To assess the role of the V-LH in female fertil-
ity, its frequency was analyzed in groups of PCOS patients from 
Northern Europe and the United States [ 102 ]. The frequency of 
 V - LH  was lower in obese PCOS patients than healthy women and 
nonobese PCOS patients, suggesting that V-LH somehow pro-
tects obese women from developing symptomatic PCOS [ 102 ], 
but, again, independent studies are needed to give a solid confi r-
mation to this observation.  

6     Conclusions 

 The aim of association studies is to understand the relationship 
between common genetic variants and reproduction to achieve a 
customized, individual therapeutic approach. The search for bio-
markers which can predict ovarian response could be a signifi cant 
strategic step for achieving such a goal. To date, the studies are 
mainly focused on polymorphisms of the  FSHR ,  MTHFR , and  ESR  
genes, as they showed evidence in determining modulation of ovar-
ian activity. In particular, the  FSHR  gene polymorphisms Asn680Ser 
and G-29A showed to modulate slightly ovarian response and are 
among the best candidates to be elected as markers to predict indi-
vidual response to COS. Instead, the association with other ovarian 
features or diseases such as PCOS was only inconsistently found 
[ 103 ]. In any case, it is crucial to fi nd a panel of several candidate 
sequences, since a single gene is probably not suffi cient to consti-
tute an effective, predictive biomarker useful for all patients [ 104 ]. 
For example, the combination of  FSHR – ESR1 – ESR2  gene variants 
is statistically suffi cient to predict only the 10–15 % of poor respond-
ers to treatment with recombinant FSH among the IVF patients 
[ 48 ]. In this sense, genome-wide association studies may provide 
a good way to proceed in the search for genetic markers, but 
some obstacles remain to be overcome. The lack of independent 
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replication, the small sample size [ 105 ], and the choice of the 
 sample population by ethnicity and geographic origin [ 106 ] are 
currently the main problems. In addition, the relationship between 
the cost of genetic testing and the lack of a direct benefi t of the 
results in clinical practice [ 107 ] is the last challenge to the achieve-
ment of an individual therapeutic protocol.     
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    Chapter 5   

 Understanding the Spermatozoon 

              Queenie     V.     Neri    ,     Jennifer     Hu    ,     Zev     Rosenwaks    , and     Gianpiero     D.     Palermo    

    Abstract 

   The former perception of the spermatozoon as a delivery device of the male genome has been expanded 
to include a new understanding of the cell’s complex role in fertilization. Once the spermatozoon reaches 
the oocyte, it triggers egg activation and orchestrates the stages of pre- and post-fertilization in a prepro-
grammed pattern while tapping the oocyte’s resources in an effort to generate a new life.  

  Key words     ICSI  ,   Spermatozoa  ,   Spermatogenesis  ,   Spermiogenesis  

1      The Sperm Homunculus Revisited 

 The revolutionary discovery of the presence of spermatozoa in 
semen was made by Antonie van Leeuwenhoek (1632–1723), who 
in 1676 sent a letter (published in 1678) to the Royal Society of 
London describing and illustrating “animalcules” within the ejacu-
lates of man and dog [ 1 ]. It became apparent that the semen was 
inhabited by a multitude of seemingly tadpole-like animals, the 
observation of which gave rise to a controversy, lasting for more 
than a century and a half, concerning the sperm origin, structure, 
and function [ 2 ]. This observation, however, did give rise to the 
notion that the “animalcules” played an active role in reproduc-
tion, contrary to the widely accepted idea that animals originated 
only from eggs. 

 The fi ndings by van Leeuwenhoek over 400 years ago gave rise 
to certain theories as to the nature of their function including the 
concept of the homunculus by Hartsoeker. It is often said that in 
1694, while observing human gametes through a microscope, 
Hartsoeker believed that he saw tiny men inside the sperm which 
he called homunculi or animalcules [ 3 ]. This was the beginning of 
the spermists’ theory by Charles Bonnet (1720–1793), Lazzaro 
Spallanzani (1729–1799), and René Antoine Ferchault de Reaumur 
(1683–1757) [ 4 ,  5 ], who held the belief that the spermatozoon 
was in fact a “little man,” or homunculus, that was placed inside 
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a woman to grow into a child [ 6 ]. To these early investigators, this 
seemed to neatly answer the questions revolving around the mys-
tery of conception. 

 With the early establishment of in vitro fertilization, the sper-
matozoon has paradoxically lost its identity and has been relegated 
to merely a mobile cell which is evaluated in the context of semen 
in its entirety. This attributed demoted role of the spermatozoon is 
the delivery of the male genome to the site of fertilization. Indeed, 
the evaluation of the ejaculate as a whole has been considered the 
most reliable assessment of the ability of a man to reproduce for 
the past 30 years.  

2    Semen Evaluation 

 A semen analysis has been useful in both clinical and research set-
tings for investigating the male’s fertility status by monitoring 
spermatogenesis whenever the reproductive ability of the couple is 
in question. Although it is an imperfect tool, it remains the corner-
stone of the assessment of male fertility [ 7 ]. 

 Semen analyses must be performed according to standards set 
by the World Health Organization [ 8 ] in order to evaluate descrip-
tive parameters of the ejaculate. Routine semen analysis provides 
highly useful information concerning the production, motility, and 
viability of the spermatozoa as well as the function and patency of 
the male genital tract. In fact, the assessment of volume and con-
sistency of the ejaculate offers insights into the conditions of the 
accessory glands. Although the semen evaluation provides a useful 
fi rst step in the evaluation of the infertile male, it is not a fertility 
test [ 9 ]. A semen analysis does not provide a clear indication of the 
functional integrity of the spermatozoon to undergo the due 
capacitation processes required to achieve egg penetration or its 
ability to fertilize an ovum. It is important to understand that while 
the results may  correlate  with fertility, the assay is not a direct mea-
sure of a patient’s fertility potential [ 10 – 12 ]. 

 The semen analysis is the main test requested during the evalu-
ation of all men presenting with infertility. There may be substan-
tial fl uctuations between samples, and therefore a minimum of two 
properly collected samples should be examined. Ideally, the ejacu-
lated samples should be assessed over more than one spermato-
genic cycle (74 days). However, for most patients this is often not 
possible or desirable since this prolongs the evaluation period of 
their potential fertility treatment. However, if the patient’s history 
suggests recent insult to spermatogenesis, the semen sperm assess-
ment should be expanded over several months. 

 The assay measures a variety of parameters including number, 
characteristics of the spermatozoa, seminal plasma, its consistency 
and aspect, as well as presence and type of other cells. In addition, in 
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recent years a semen analysis is often complemented with sperm 
functional assays that aim at providing information on the one 
spermatozoon capable of delivering correct complement of chro-
mosomes to an    ovum. 

 Spermatozoa accounts for less than 10 % of the total semen, 
and the remainder of the ejaculate consists of the products secreted 
by the accessory sex glands: the seminal vesicles (55 %), prostate 
gland (25 %), and bulbourethral gland (10 %). There are usually 
greater than 100 million spermatozoa per milliliter of semen in the 
ejaculate of a normal male. Although there are individual varia-
tions, men whose semen contains 20–50 million sperm cells in the 
entire specimen are deemed to be fertile [ 13 ]. A man with fewer 
than 10 million is likely to be subfertile, especially when the speci-
men contains many immotile cells and the motile spermatozoa are 
plagued by abnormal morphology. According to the new WHO 
criteria [ 8 ], the normal values for the fertile population are defi ned 
by the following parameters:

 ●    Total semen volume of 1.5–5.0 ml.  
 ●   Sperm concentration of >15 million/ml.  
 ●   Motility of ≥40 %.  
 ●   ≥4 % Normal morphology.     

3    Sperm Phenotyping 

 While quantifying the number of spermatozoa that retain progressive 
motility is relatively easy and somewhat intuitive, the evaluation of 
their shape is more complex. However, morphological assessment 
may provide more information on the sperm’s ability to fertilize an 
ovum. The diffi culty in assessing sperm morphology is due to the 
great variability in criteria utilized to evaluate its shape and size. 
Observations of spermatozoa recovered from the female reproduc-
tive tract, especially in postcoital endocervical mucus [ 14 ], have 
helped to defi ne the characteristics of functionally competent, 
potentially fertilizing spermatozoa. Classifi cation can be made 
from wet mounts using a phase-contrast microscope or using a 
variety of stains viewed with a bright-fi eld microscope. Several 
stains are available, and their procedures vary in complexity [ 8 ], 
ranging from hematoxylin and eosin, Giemsa, Bryan–Leishman, 
and the Shorr stain. While the Papanicolaou modifi ed staining pro-
cedure provides excellent nuclear and cytologic detail and has been 
considered for many years the best stain to observe sperm mor-
phology, it is too time consuming and often inconsistent, leading 
to the increased popularity of pre-stained slides. 

 The now readily available pre-stained slides, such as 
Testsimplets ®  and Cell-Vu ®  Prestained Morphology slides, allow 
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the observation of spermatozoa in a dynamic, extensive, and 
 immediate manner. In addition to using spermatozoa, any cells or 
undefi ned “structures” present in semen can also be examined using 
these slides, and the presence of bacteria can be confi rmed by their 
intrinsically dark DNA staining. The use of pre-stained slides, highly 
publicized in several atlases, has also shifted the classical concept 
promulgated by WHO publications of the tedious and lengthy 
description of individual spermatozoal defects to the new concept 
of evaluating the number of spermatozoa carrying a major defect 
and emphasizing the proportion of sperm cells presenting with a 
major morphological deviation [ 15 ]. Thus, this changed the focus 
of andrologists and embryologists to the establishment of tech-
niques which identify spermatozoa with superior characteristics, 
albeit of lower numbers. This selection was accelerated by the adop-
tion of intracytoplasmic sperm injection (ICSI), which has reframed 
the focus of sperm analysis to the level of the individual sperm cell. 

 The trend towards the selection of the individual spermato-
zoon has recently materialized in motile sperm organellar mor-
phology examination (MSOME), which has been proposed to 
assess living male gamete phenotype sperm morphology under 
high magnifi cation [ 16 ]. With this approach, screening is used to 
select a spermatozoon with an optimal shape for ICSI. Reports 
have claimed that this procedure, intracytoplasmic morphologi-
cally selected sperm injection (IMSI), yields superior clinical out-
comes compared to conventional ICSI [ 17 ]. The expected 
benefi cial impact of IMSI has been described in a series of studies 
where the clinical outcome of patients treated by this procedure 
was compared with that of couples treated by conventional ICSI 
[ 18 – 21 ]. 

 The high-magnifi cation morphological evaluation of viable 
spermatozoa is carried out using an inverted microscope equipped 
with interferential contrast Nomarski DIC optics. The use of maxi-
mum optical magnifi cation (×100 lens under oil immersion), mag-
nifi cation selector (×1.5), and digital video-coupled magnifi cation 
(×44) has led to a fi nal video monitor magnifi cation of around 
×6,600. The nuclei are evaluated by their smoothness, symmetry, 
oval confi guration, and homogeneity of the sperm nuclear shape, 
with “vacuoles” not exceeding more than 4 % of the nuclear area 
surface [ 17 ]. The role played by sperm nuclear vacuoles and their 
position within the sperm head are sill unclear. Only transmission 
electron microscopy (TEM) can clearly and accurately locate 
nuclear vacuoles [ 22 ]. 

 The early ultrastructural studies of human sperm in the 1950s 
and 1960s revealed that vacuoles in the sperm nucleus are seen in 
the large majority of human spermatozoa regardless of the fertility 
of the donors. Vacuoles in human spermatozoa have been consid-
ered to be physiologic fi ndings devoid of consequence to fertility 
potential [ 23 ]. Because vacuoles are normal physiological features, 
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the proposed relationship between nuclear surface vacuoles and 
sperm DNA defects with consequent impaired embryo develop-
mental competence needs to be revisited. 

 Other types of sperm head irregularities are surface vacuoles or 
indentations, craters/dents, and hollows observed on the sperm 
coat. In such cases, during sperm morphogenesis, the outer acro-
somal membrane misforms and generates what appears to be a 
vacuole [ 24 ]. These vacuole-like structures disappear as the sper-
matozoon matures in the epididymis or at the time of the acrosome 
reaction [ 25 ]. In other circumstances, however, their frequency 
seems to increase with temperature (37 °C) and incubation time 
(>2 h) [ 26 ], most likely due to the plication/vacuolization of the 
rostral spermiolemma during capacitation. Interestingly, these vac-
uole-like structures or craters appear in over 90 % of spermatozoa 
from fertile donors with normal semen parameters [ 27 ,  28 ]. 

 Higher magnifi cation screening for sperm surface irregulari-
ties, however, did not seem to benefi t the patients’ clinical out-
come in independent investigations [ 29 ]. This was true for patients 
with compromised semen parameters and for those either under-
going fi rst or repeated ART attempts. More detailed morphologi-
cal observations indicated that in human sperm heads, visible 
irregularities or vacuoles are almost ubiquitous and appear to be 
paraphysiologic fi ndings. Analyses of both ejaculated and surgically 
retrieved spermatozoa also revealed the varying presence and size 
of vacuoles that develop during the dynamic processes of spermio-
genesis and maturation. This surface irregularity did not translate 
to a higher incidence of DNA fragmentation or aneuploidy or to 
the ability of vacuolated spermatozoa to generate zygotes capable 
of developing to blastocysts.  

4    The Sum of Its Parts 

 The general component of mammalian spermatozoa consists of the 
primary entities, the head and the fl agellum, which are both 
enclosed by a regionally differentiated plasma membrane (Fig.  1 ). 
The most recognized organelles of the head are the nucleus and 
acrosome, a membrane-limited vesicle that houses several hydro-
lytic enzymes and is located over the apex of the nucleus. The junc-
tion of the head and tail is formed at the site of the implantation 
fossa at the base of the nucleus. The basal plate in this fossa receives 
the rounded contour of a dense capitulum that houses another 
important organelle, the proximal centriole. The midpiece of the 
tail, centrally located, is defi ned by an aggregated sheath of mito-
chondria surrounding the axoneme that terminates at the annulus. 
The axoneme is composed of nine jointed microtubule doublets 
surrounding a central pair of microtubules, as typically recognized 
in cilia [ 30 ].
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    The acrosome develops over the anterior half of the spermatozoon 
head. It is a cap-like structure derived from the Golgi apparatus. 
Acrosome formation is completed during testicular maturation of 
germ cells during spermiogenesis. 

 The acrosome reaction is an important physiological event, 
involving fusion of the sperm plasma membrane and outer acroso-
mal membrane with subsequent vesiculation and release of the 
acrosomal content [ 31 – 33 ]. A functional acrosome is believed to be 
a prerequisite both for sperm penetration of the zona pellucida and 
for sperm fusion with the oolemma [ 34 ]. The acrosome reaction is 
a well-coordinated process [ 35 ] essential to oocyte insemination 
and the triggering of the fi rst steps in embryo development [ 36 ]. 

 In order to fertilize, mammalian sperm must fi rst undergo 
capacitation in the female tract [ 37 ,  38 ]. Capacitation involves 
modifi cations in the sperm plasma membrane that lead to hyperac-
tivation and permit the acrosome reaction. The acrosome reaction 
involves multiple fusions between the outer acrosome membrane 
and the overlying sperm plasma membrane, enabling the soluble 
contents of the acrosome to leak out through the fenestrated mem-
branes [ 31 ], simultaneously preparing the surface over the equato-
rial segment for its fusogenic role [ 39 ]. 

 ICSI bypasses the events involved in physiological sperm pen-
etration of the oocyte and requires no specifi c pretreatment of 
sperm other than immobilization [ 40 – 42 ]. However, aggressive 
immobilization by compression of the tail prior to injection 
 signifi cantly improves ICSI fertilization rates [ 43 – 46 ]. Although 
the mechanism of this benefi cial effect is not immediately clear, 
there is indirect evidence that such immobilization triggers 
changes in the sperm’s permeability [ 47 ] and that it may expedite 

4.1  Acrosome

  Fig. 1    Depiction of a spermatozoon. The head, composed mostly of the nucleus, 
is partly covered by the cap-like acrosome, an organelle containing enzymes. 
The tail of this sperm consists of three regions, the midpiece holds the mitochon-
dria and centrosome, principal piece, and end piece       
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changes leading to sperm plasma membrane destabilization and 
culminate in acrosomal disruption [ 43 ,  45 ]. The utility of immo-
bilization was supported by the observation that epididymal sper-
matozoa characterized by high lipid content in the plasma 
membrane [ 48 ] required more intense damage to trigger mem-
brane destabilization. The need to aggressively immobilize a sper-
matozoon has also been reinforced by the knowledge that proteins 
present in capacitation media are required for the replacement of 
sperm membrane lipid components, rendering their membrane 
more hydrophilic, more easily to disrupt mechanically, and there-
fore more prone to acrosome react. In fact, the introduction of 
sequential media, formulated with limited glucose and protein, 
has resulted in complications in the execution of the ICSI proce-
dure [ 49 ]. Because of this, re-training to induce more damage on 
the spermatozoon’s fl agellum as well as minimization of the 
oolemma eversion caused by withdrawal of the injection tool, 
presumably due to poor protein content, were needed. 

 The need for adequate sperm destabilization was supported by 
an earlier study in which spermatozoa were mechanically immobi-
lized and inserted into the perivitelline space of mouse oocytes [ 50 ] 
to allow ultrathin TEM sections. This study revealed consistent 
alterations in the acrosomal structure including disruption of the 
plasma membrane, vesiculation, or even complete loss of the acro-
somal cap following immobilization (Fig.  2 ) [ 50 ,  51 ]. Thus, all of 
the sperm assessed had undergone some membrane disorganization 
of the head, in contrast to the majority of control sperm. 
Immobilization of sperm immediately prior to the ICSI procedure 
is key to its consistent success [ 43 – 46 ,  52 ]. Sperm membrane per-
meabilization may help to expose the sperm nucleus to the ooplasm 
and to facilitate male pronucleus formation [ 53 ]. Removal of the 
sperm plasma membrane also seems to be necessary for oocyte acti-
vation. Indeed, calcium oscillations and subsequent oocyte  activation 
appear to be induced after intracytoplasmic injection of spermato-
zoon-associated oocyte-activating factor [ 54 ,  55 ], which can exert 
its effect only after damage or removal of its membrane [ 52 ,  56 ].

  Fig. 2    ( a ) Intact human sperm head, and ( b ) after immobilization, the acrosomal membrane is lost       
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        A soluble oocyte-activating factor has been shown to be present in 
the cytosolic fraction of rabbit, hamster, boar, and human sperma-
tozoa [ 57 – 59 ]. In addition, it has been reported that injected 
spermatozoon contribute to activation of the oocyte by releasing a 
heat-sensitive, intracellular activating factor that is not species 
specifi c [ 47 ]. In accord with that, a cytosolic 33 kDa protein (oscillin) 
isolated from hamster spermatozoa induces Ca 2+  oscillations in a 
pattern similar to that seen following fertilization [ 59 ] when 
injected into mouse eggs. According to immunohistochemical 
analysis, the protein in its hexamer form is located at an intracel-
lular site in the equatorial segment of the sperm head [ 59 ], the site 
of sperm–oocyte fusion [ 60 – 63 ]. 

 Another argument for the equatorial localization of sperm cyto-
solic factor (SCF) can be found in the results of experiments where 
an injected sperm head was able to activate and fertilize oocytes at 
the same rate as an intact spermatozoon [ 64 – 66 ]. We have purifi ed 
SCF from human spermatozoa of pooled fertile donors by sequen-
tial freezing-thawing, sonication, and ultracentrifugation. The 
injection of 5 pl of enriched SCF elicited persistent Ca 2+  oscillations 
in contrast to sham injections with culture medium that failed 
to induce long-lasting Ca 2+  rises [ 55 ,  67 ]. Cytogenetic analysis of 
the resulting zygotes confi rmed the involvement of the male 
genome. The main limitation of this study was that the SCF used is 
not patient specifi c, since it is derived from pooled specimens. 

 The oscillin protein isolated from hamster sperm was sug-
gested to be the factor involved in the generation of calcium oscil-
lations [ 59 ], and it was presented as glucosamine 6-phosphate 
isomerase (GPI, GenBank accession number D31766), the human 
homologue of hamster oscillin. The success of oscillin was short 
lived; in fact, we injected the recombinant product of GPI into 
mouse oocytes, and it failed to induce [Ca 2+ ] i  oscillations. 
Furthermore, use of recombinant GPI, GPI mRNA, and immuno-
depletion did not support the role of oscillin in the initiation of 
calcium oscillations [ 68 ]. 

 A sperm-specifi c phospholipase C isoform, PLCζ [ 64 ], trig-
gered Ca 2+  oscillations in the mouse indistinguishable from those at 
fertilization. Human PLCζ was able to elicit mouse egg activation 
and early embryonic development up to the blastocyst stage [ 69 ]. 

 We postulated that the absence of this sperm-soluble factor in 
spermatozoa of infertile men is the plausible cause of fertilization 
failure in some couples even after ICSI [ 70 ]. Because fertilization 
failure carries such a high emotional and fi nancial toll on our 
patients, the objective of this study was the identifi cation of 
couples with complete fertilization failure where the male gamete 
was lacking the activating factor. 

 From September 1993 to June 2010, in 11,390 couples treated 
by ICSI, 2.0 % experienced absolute fertilization failure. The lack of 
oocyte-activating factor was confi rmed in 59 couples that presented 

4.2  Activating Factor
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with recurrent fertilization failure. Of those, only seven couples 
consented to undergo assisted oocyte activation. In all instances, 
the inability of the spermatozoa to induce oocyte activation was 
tested by injecting them into mouse oocytes [ 71 ]. In addition, all 
of the men included in the study had a compromised content of 
PLCζ in most of their spermatozoa. PLCζ in these men ranged 
from 0 up to 6.4 %, remarkably lower in comparison to fertile indi-
viduals at >80 % ( P  = 0.0001) (Fig.  3 ).

   These couples (female age 37.4 ± 4 years) had an average of 2.3 
IVF cycles with no fertilization in spite of an average of 10.8 
oocytes undergoing ICSI. They were treated in 11 cycles that 
yielded a comparable number of oocytes (11.2). In one cycle, only 
a single MI oocyte was retrieved that failed to mature. One man 
had a familial case of globozoospermia confi rmed by TEM. The 
pretreated semen specimens had an average concentration of 
58.6 ± 40 × 10 6 /ml with a mild motility impairment of 21.6 ± 11 % 
and morphology of 1.8 ± 1 %. 

 Prior to ICSI, spermatozoa were exposed to streptolysin O 
(30 min) to assist in sperm membrane permeabilization [ 72 ]. 
Following sperm injection, oocytes were sequentially exposed to 
Ca 2+  ionophore [ 70 ,  71 ,  73 ]. 

 Oocyte activation yielded 55.8 % (43/77) normal fertilization 
while 4 (5.1 %) lysed. The cleavage rate was 87.7 % with the mean 
number of blastomeres on day 3 being 8.3 ± 2 and a mean frag-
mentation rate of 10.2 % ± 3. Conceptuses were successfully trans-
ferred into the uterine cavity in all cycles with an average of 2.3 per 
procedure; a total of 7 (70.0 %) couples had a positive βhCG of 
which 4 (40.0 %) progressed to clinical pregnancies and one couple 
delivered a healthy baby boy. 

 It appeared that permeabilization of the spermatozoa helped 
to release the soluble-activating factor and may have contributed 
to sperm nuclear decondensation. This protocol demonstrates that 
it is possible to rescue cycles with recurrent fertilization failure after 
ICSI by screening for the presence of PLCζ. In fact, assisted oocyte 
activation and PLCζ screening provide these couples with a chance 
to conceive their own biological child.  

  Fig. 3    Spermatozoa obtained from ( a ) fertile men positive for phospholipase C zeta (PLCζ; in  green ) and 
( b ) from the study group that is lacking the soluble factor       
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  The spermatozoon as a motile cell is not only capable of dynamically 
relocating to the appropriate site to perform its function but also 
distinguishes itself from other cells by its extraordinary ability to 
thrive and survive in hostile environments and conditions, such as 
acidic vaginal pH and opposing cilia motion encountered within 
the female genital tract. The spermatozoon’s durability is a product 
of its fi brous sheath and the high compaction of its nucleic acid. 

 The packaging of DNA in mammalian cells has important 
implications for the biology of human infertility. Recent advances 
in the understanding of the structure of mammalian sperm chro-
matin and function have changed our perception of this tightly 
condensed and apparently inert chromatin. For its protection, the 
sperm’s DNA is bundled very densely prior to sperm’s transit to 
the oocyte. Shaping of the male gamete nucleus takes place in late 
spermiogenesis, as its chromatin undergoes a remarkable conden-
sation that renders the sperm transcriptionally inert and highly 
resistant to digestion. Following the morphological transformation 
of the nucleus in the testis, as spermatozoa pass through the 
epididymis the chromatin is stabilized by the establishment of 
disulfi de bonds between the thiol-rich protamines [ 74 ]. The 
human sperm nucleus is also composed of a DNA-condensing core 
and linker histones that are mostly replaced by protamines, thus 
changing the sperm head to a more compact and hydrodynamic 
shape favorable to cell motility and penetration through the egg 
vestments [ 75 ,  76 ]. However, this condensation cannot abrogate 
paternal genomic and chromosomal elements that are essential for 
the embryo to initiate and allow proper embryonic development. 

 The chromatin packaging of sperm cells that takes place during 
spermiogenesis is strikingly different from that of somatic cells 
[ 77 ]. It involves the replacement of somatic nucleosomal histones 
by a set of basic proteins, transition proteins, which are replaced by 
protamines in sequential steps [ 78 ] that include an increase in his-
tone acetylation, an increase in the activity of the ubiquitin system, 
and a change in DNA topology resulting from the elimination of 
negative supercoiling [ 79 ]. It is likely that a sizeable number of 
single- or double-stranded DNA breaks must occur during the 
elongated spermatid stage to avoid supercoiling. Small basic 
nuclear proteins, promoting DNA condensation, may repair these 
strand breaks and thereby prevent the persistence of DNA damage 
in mature spermatozoa. Experimental evidence suggests that a 
large number of DNA strand breaks are indeed detected at mid- 
spermatogenic steps [ 80 – 82 ]. It has been proposed that topoisom-
erase II may play a role in both creating and ligating DNA nicks 
during spermiogenesis [ 83 ]. Upon elimination of supercoiling by 
the strand breaks, an effi cient mechanism must be required in 
order to “seal” or “repair” the DNA phosphate backbone. It is 
possible that the DNA condensation process initiated by transition 
proteins and completed by protamines contributes to the repair of 
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these DNA strand breaks. It is crucial to establish whether DNA 
fragmentation, which results from perturbed chromatin remodel-
ing and condensation, can affect embryo development and fertility 
or if the altered complement of nuclear proteins is a major cause of 
impaired conception [ 84 ]. 

 The understanding of this unique chromatin packing has 
important consequences for both the development of male infer-
tility screening testing and for the understanding of sperm chroma-
tin characteristics, which may also have implications for the 
outcome of ART [ 85 – 91 ]. It has been postulated that fertile men 
with normal semen parameters almost uniformly have low levels of 
DNA breakage, whereas infertility presents, especially with com-
promised semen parameters, with increased proportion of nicks 
and breaks in the chromatin. To complicate issues even further, up 
to 8 % of infertile men will have abnormal DNA integrity not 
corroborated by impaired semen concentration, motility, and morphol-
ogy [ 92 ,  93 ]. A systematic observation performed in our laboratory 
evidenced a correlation between DNA fragmentation level mea-
sured by SCSA and TUNEL with motility [ 94 ]. It appears that the 
etiology of sperm DNA damage is multifactorial and may be due to 
intrinsic and/or external factors. Intrinsic defects that may predis-
pose spermatozoa to DNA damage include protamine defi ciency, 
mutations that adversely affect DNA compaction [ 95 ], or other 
“DNA packaging” defects. In addition, advanced male age has 
been related to a higher occurrence of sperm DNA damage [ 96 – 99 ]. 
Furthermore, environmental factors ranging from cigarette smok-
ing [ 100 ,  101 ], genital tract infl ammation, varicoceles [ 102 ], and 
hormone defi ciencies [ 103 ] are also associated with an increased 
level of DNA damage, as seen in humans and animal models. 

 The vast majority of mammalian sperm chromatin is com-
pacted into toroids that contain roughly 50 kb of DNA [ 104 – 106 ] 
(Fig.  4 ). This condensation is so complete that most of the DNA is 
hidden within the toroids [ 107 ]. This component of sperm DNA 
exists in a semicrystalline state and is resistant to nuclease digestion 
[ 108 ]. Mammalian protamines also contain several cysteines that 
are thought to confer increased stability on sperm nucleic acid by 
intermolecular disulfi de cross-links. Sperm DNA cannot be decon-
densed in vitro without reducing reagents [ 109 ], and disulfi de 
cross-links increase as sperm cells transit through the epididymis.

   Sperm DNA integrity is currently assessed by destructive 
 methods such as TUNEL, COMET, sperm chromatin dispersion 
(SCD) test, or a sperm chromatin structural assay (SCSA). All of 
these tests require fi xation and destruction of the sperm being 
assessed [ 91 ]. The maintenance of DNA integrity is a physiological 
process needed for the complex packing and intertwining of the 
typical toroids created during spermiogenesis. Although chroma-
tin fragmentation should be completely repaired in fully developed 
spermatozoa, the persistence of nicks and breaks in ejaculated 
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  Fig. 4    ( a ) Chromosomes depicted as naked DNA. ( b ) “Donut-loop” model for sperm chromatin structure as 
introduced by Sotolongo et al. [ 108 ] that reveals the internal structure of the protamine–DNA fi bers within the 
toroid ( inset ). ( c ) Chromosomes are folded into a hairpin structure in the sperm head       
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spermatozoa has been linked to poor embryo development and 
reduced implantation rates [ 110 ]. While this correlation is clear in 
couples attempting natural conception, artifi cial insemination, and 
in vitro fertilization, the DNA fragmentation index (DFI) is less 
predictive of the outcome when spermatozoa are inseminated by 
ICSI, where only motile spermatozoa are used. We postulate that 
DNA fragmentation rates measured in a particular sample do not 
take into consideration whether the cells are motile and therefore 
functionally intact [ 94 ]. 

 DFI values obtained by SCSA carried out in 177 men were 
allocated according to normal (≤30) and abnormal (>30) thresh-
olds (Table  1 ). Men with abnormal DFI had lower sperm concen-
tration, motility, and morphology ( P  < 0.00001). DFI values of 
these patients were plotted against semen characteristics, and an 
inverse relationship between the declining motility and increasing 
DNA fragmentation was evident (Fig.  5 ). In fact, in men with 
compromised motility at an average of 19.7 ± 3 %, the DNA frag-
mentation rate reached over 60 %, in contrast to those with normal 
motility of 48.3 ± 14 % [ 111 ]. Interestingly, when these men were 
treated by ICSI and the outcome was compared to men with nor-
mal DFI values (≤30 %) to those with abnormal levels (>30 %), the 
fertilization and pregnancy rates were similar (Table  2 ). The 
unclear relationship between DNA integrity and pregnancy 
 outcome with ICSI inseminations may be explained by the fact 
that only motile spermatozoa are selected for injection.

     To test the resilience of sperm nuclei, mouse spermatozoa were 
briefl y sonicated before microinjection into oocytes [ 66 ]. The son-
ication was used to separate the sperm heads from the tails, and 
only the heads were injected into oocytes. The fertilized oocytes 
developed into live-born pups, indicating that sonication failed to 

   Table 1  
  Semen characteristics and DNA fragmentation level   

 DFI 

 No. of (%)  Normal (≤30)  Abnormal (>30) 

 Men  138  39 

 DFI range  2.1–29.7  31.0–91.4 

 Paternal age (M years ± SD) 

 Concentration (M × 10 6 /ml ± SD)  62.3 ± 41*  30.8 ± 2* 

 Motility (M% ± SD)  54.3 ± 11 †   34.9 ± 15 †  

 Morphology (M% ± SD)  2.9 ± 3 ‡   2.2 ± 2 ‡  

     *†‡ Unpaired student’s  t -test, effect of DNA fragmentation on concentration, 
motility, and morphology,  P  < 0.00001  
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meaningfully damage the sperm DNA, while sonication of somatic 
cells caused so many breaks in the histone-bound chromatin that 
the cells did not survive. The resistance of human spermatozoa to 
damage may explain the relative unreliability of DNA fragmen-
tation assays in the prediction of successful embryo development 

  Fig. 5    DNA fragmentation index (DFI) plotted according to semen ( a ) concentration, ( b ) morphology, and 
( c ) motility ( P  < 0.0001)       

   Table 2  
  Pregnancy outcome according to DNA fragmentation level   

 DFI 

 No. of (%)  Normal (≤30)  Abnormal (>30) 

 Cycles  252  80 

 DFI (M% ± SD)  14.5 ± 8  51.1 ± 20 

 Maternal age (M years ± SD)  37.9 ± 4  37.9 ± 4 

 Fertilization (2PN/MII injected)  1432/2011 (71.2)  445/617 (72.1) 

 Clinical pregnancies (+FHB)  63 (25.0)  21 (26.2) 

 Delivery and ongoing  58 (23.0)  18 (22.5) 

  Highest DFI with pregnancy was 64.9 %  
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and implantation. In this context it is important to note that 
protamines are found only in spermatozoa. 

 Condensation of sperm DNA into crystalline-like toroids 
serves a largely protective function prior to fertilization. The 
sperm’s DNA’s most important functional characteristics are then 
conferred by simultaneous nuclear decondensation of the sperm 
and oocyte. Between 2 and 15 % of mammalian sperm chromatin 
is bound to histones, rather than protamines [ 112 – 114 ]. Protamine 
binding also silences gene expression during spermiogenesis 
[ 115 ,  116 ]. Within 2–4 h after fertilization, protamines are com-
pletely replaced by histones, making the paternal chromatin acces-
sible to translational processes similar to those observed in somatic 
cells [ 117 ,  118 ]. The structural organization of both histone-
bound chromatin and sperm matrix attachment regions (MARs) is 
probably transmitted to the newly formed paternal pronucleus 
after fertilization; evidence suggests that both are required for 
proper embryogenesis. MARs consist of a proteinaceous network 
of the nuclear matrix that binds to chromatin at sequence-specifi c 
regions of attachment [ 119 ,  120 ]. This would indicate that these 
residual histones are not simply the result of an incomplete process 
of reshaping gamete’s phenotype to render it more resistant to an 
extracorporeal journey in adverse physical and chemical conditions. 
These histones do not simply stand as an anchoring system among 
the tightly coiled toroids but also have a larger role most likely 
during male germ cell maturation and pre-fertilization steps. We 
envision the histone-labeled DNA as some sort of prompt-release, 
readily available DNA to support the process of spermiogenesis—
for example, by orchestrating the extremely complex DNA packing 
during which transitional proteins followed by protamine insertion. 
Once sperm penetration occurs, the pre-fertilization steps that 
begin with the activation of the oocyte to then trigger the develop-
ment of the sperm aster would ensue. In the few hours required for 
uncoiling of the sperm genome, replacement of protamines with 
histones provided by the oocyte and replication of the DNA in 
preparation for the fi rst cleavage division is probably signaled by the 
small RNAs that order the fulfi llment of these post- fertilization 
steps until the mammalian embryonic genome is activated. 

 Histones are interspersed throughout the genome, primarily 
at gene promoters [ 121 ,  122 ]. Entire gene families that are 
 important for embryo development were preferentially associated 
with histones in human spermatozoa [ 123 ]. This demonstrated 
that histones are not randomly distributed in the sperm genome 
and that they are associated with specifi c genes. Histone-bound 
DNA makes up the linker regions between each protamine-bound 
toroid within the chromatin and possesses the highest nuclease 
sensitivity [ 108 ]. These histones persist during the protamine 
replacement following fertilization, explaining the fact that histones 
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with specifi c modifi cations in sperm cells are also present in the 
paternal pronucleus. This suggests that they were never replaced 
[ 90 ,  124 ]. 

 This understanding supports the model for histone-associated 
chromatin representing functional genes whose activity is impor-
tant for both spermiogenesis (possibly representing residual 
active chromatin that persisted through chromatin condensation) 
[ 125 ,  126 ] and early fertilization [ 121 ,  123 ]. 

 There is evidence that each protamine-bound toroid contains 
single-DNA loop domains [ 77 ,  127 ]. Between each protamine 
toroid there is a nuclease-sensitive segment of chromatin called a 
toroid linker and recognized as the site of attachment of DNA to 
the nuclear matrix. The segments that remain associated with the 
nuclear matrix are usually biologically active, while inactive regions 
segregate as independent looped domains. Thus, the nuclear 
matrix provides a means for organizing chromatin into discrete 
domains. The nuclease sensitivity confi rms that these protamine 
linker regions are bound to histones, and this is consistent with the 
wide distribution of histones throughout the genome [ 121 ]. 

 If the other two types of sperm chromatin organization are 
removed—protamine condensation and histone-bound nucleo-
somes—only the sperm matrix with associated loop domains 
attached and the resulting nuclei are called the sperm nuclear 
“halo” [ 128 ,  129 ]. These so-treated sperm nuclei, once injected 
into oocytes, formed normal pronuclei, and DNA replication pro-
ceeded [ 130 ]. However, they did not allow development to the 
blastocyst stage, suggesting that while the organization of DNA 
into loop domains by the sperm nuclear matrix is required for 
DNA replication, it does not support preimplantation develop-
ment. From this observation we can surmise that the nuclear matrix 
is required for paternal pronuclear DNA replication of the one-cell 
embryo and that the sperm nuclear matrix may serve as checkpoint 
for sperm DNA integrity after fertilization. 

 While these considerations leave the higher order structure of 
the chromosome as a matter of ongoing debate [ 131 ], it appears 
clear that DNA is bound to histones in nucleosomes that are in 
various stages of condensation [ 132 ,  133 ]. Mammalian sperm 
chromosomes fall into a third category, in that they are most likely 
relatively homogenous in structure but are probably longer and 
thinner than mitotic chromosomes [ 134 ]. Mammalian sperm 
chromatin are folded into hairpin-like structures with the 
 centrosomes positioned near the center of the sperm head and 
the telomeres of each chromosome paired and arrayed around the 
periphery of the sperm nucleus [ 135 ,  136 ] (Fig.  4 ). These data 
support the emerging view that the sperm genome provides a 
structural framework that includes molecular regulatory factors 
that are required for proper embryonic development in addition to 
the paternal DNA sequence.  

Queenie V. Neri et al.



107

  Chromosomal aneuploidy is the main cause of the high fetal wastage 
in humans. Most aneuploid pregnancies do not survive in utero, 
with the majority of losses occurring during the fi rst few weeks of 
uterine life. Chromosome instability is a hallmark of early life, with 
whole-chromosome aneuploidy, mosaicism, and segmental aneu-
ploidy being detected in 50 % [ 137 ] to 80 % [ 138 ] of very early 
embryos. In clinically recognized spontaneous abortions, trisomies 
of all chromosomes have been reported, while monosomies are 
rarely encountered with the exception of 45,X fetuses [ 139 ]. 
Aneuploid conceptions that survive constitute 0.8–1 % of all live 
births [ 140 ]. These babies are mostly trisomies 13, 18, and 21 and 
various sex chromosome aneuploidies; these represent the majority 
of congenital abnormalities, developmental disabilities, mental 
retardation, and infertility in humans. In general, autosomal trisomies 
(93 % of trisomy 18, 95 % of trisomy 21, and 100 % of trisomy 16) 
originate in the maternal line (reviewed in ref.  141 ), whereas sex 
chromosomal aneuploidies are more frequently of paternal origin 
(50 % of 47,XXY, 100 % of 47,XYY, and 70–80 % of 45,X) [ 142 ]. 
While gametic meiotic errors that lead to fetal aneuploidy occur in 
both the male and the female lines, the frequency of these errors is 
lower in spermatozoa (~9 % in sperm karyotypes) [ 143 ] than in 
oocytes (~20 % but as high as 60 %) [ 141 ,  144 ,  145 ]. 

 Reliable estimates of male aneuploidy in normal men have been 
established by methods of analysis that allow the study of sperm 
chromosomes or analysis of the sperm interphase nucleus. One 
technique is the injection of the sperm into hamster eggs, where 
full complements of human sperm chromosomes can be visualized 
and analyzed. Although expensive, time consuming, and yielding a 
low number of cells, the hamster system provides a full account of 
aneuploidies and structural chromosome abnormalities present in 
each analyzed sperm cell. In another technique, fl uorescent DNA 
probes of regions of interest are hybridized to decondensed sperm 
nuclei and detected by fl uorescent light (fl uorescent in situ hybrid-
ization, FISH). Since this approach allows analysis of a greater 
number of spermatozoa from the same sample, it is especially indi-
cated for the evaluation of low-frequency anomalies. FISH’s main 
drawbacks are that only the selected regions of interest can be 
visualized and scored and that any estimate of aneuploidy from this 
procedure refers only to the chromosomes analyzed. 

 With this in mind, we screened 44 patients who underwent 
118 ICSI cycles by sperm FISH [ 146 ]. Fixed spermatozoa were 
decondensed and hybridized with three sets of probe mixtures 
containing locus-specifi c probes for chromosomes X, Y, 18, 21, 
13, 15, 16, 17, and 22. Semen characteristics, shown in Table  3 , 
were comparable to those commonly seen in our fertility practice.

   After sperm scoring, men with abnormalities in ≥1.6 % of 
spermatozoa were considered to have a high rate of aneuploidy 
while those below the threshold were considered normal (controls). 

4.4  Genetic 
Assessment
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Of those 44 men, 21 (mean age 39.1 ± 6 years) with high aneuploidy 
rates were treated in 56 ICSI cycles, while 23 men (mean age 
39.5 ± 6 years,  n  = 62 cycles) served as controls. Autosomal disomy 
was the most recurrent abnormality. While compromised motility 
was seen only in the aneuploidy group ( P  < 0.01), that group’s fer-
tilization rate was unaffected [462/656 (70.4 %) aneuploidy vs. 
372/546 (68.1 %) in the control]. The clinical pregnancy rate in 
the study group was 21.4 % (12/56), with a 12.5 % (7/56) deliv-
ery rate, while in the normal group it was 29.0 % (18/62) and 
21 % (13/62), respectively. Interestingly, the pregnancy loss rate 
was 41.7 % (5/12) in the abnormal group versus 27.8 % (5/18) in 
the control ( P  = 0.03). 

 To minimize the female factor, a subanalysis was carried out in 
couples with a female partner ≤35 years of age. In this cohort, the 
sperm concentration ( P  = 0.05) and motility were compromised 
( P  = 0.005), although fertilization was unaffected (65.2 % study 
versus 67.7 % control). The aneuploidy group’s clinical pregnancy 
rate was 21.2 % (7/33) and its delivery rate was 15.2 % (5/33), 
compared to the normal cohort’s 29.4 % (10/34) and 20.6 % 
(7/34) pregnancy and delivery rates, respectively. The pregnancy 
loss rate was 28.6 % (2/7) in the abnormal and 30.0 % (3/10) in 
the control. 

 Sperm chromosomal abnormalities were associated with com-
promised motility and sometimes with low concentration. 
Aneuploidy did not affect fertilization rates but negatively infl u-
enced pregnancy outcome. Interestingly, even in this series chro-
mosomal abnormalities of the male gamete had a clear effect on 
embryo implantation. Performing 24 chromosome FISH on sper-
matozoa may increase our ability to determine the incidence of 
aneuploidy in a given sample (Fig.  6 ).

     During fertilization, restoration of diploidy and subsequent embry-
onic development requires that each gamete must contain only 
one-half of the diploid chromosomal complement. In humans, the 

4.5  Centrosome

   Table 3  
  Semen parameter of men who underwent FISH analysis   

 Characteristics 

 Men  44 

 Age (M years ± SD)  39.5 ± 6 

 Volume (M ml ± SD)  3.1 ± 1 

 Concentration (M × 10 6 /ml ± SD)  41.4 ± 39 

 Motility (M% ± SD)  46.0 ± 17 

 Morphology (M% ± SD)  2.5 ± 2 
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mature oocyte possesses all of the elements necessary for embry-
onic development except an active division center, which must 
originate from the spermatozoal centrosome. Boveri [ 147 ] fi rst 
defi ned the term “centrosome” as a polar corpuscle containing 
centrioles. Later it was defi ned more functionally as a microtubule- 
organizing center (MTOC) [ 148 ]. The centrosome in somatic 
cells is considered to be responsible for two basic events: the nucle-
ation of microtubules and the formulation of an effi cient mitotic 
spindle [ 149 ]. 

 In most cells, the centrosome consists of two morphologically 
distinct centrioles and the pericentriolar material (PCM). Centrioles 
do not seem to be present in the meiotic spindle of gametes but are 
present at the spindle poles during the fi rst mitotic division in 
zygotes from various species [ 150 ], including humans [ 151 ]. The 
mature human oocyte has neither centrioles nor functional 
 centrosomes associated with its meiotic spindle, resulting in anastral 
barrel- shaped structures with microtubules ending abruptly at the 
poles. The outer pole, however, is closely bound to the egg cortex. 

 In contrast to the oocyte, the human spermatozoon has two 
distinct centrioles. The well-defi ned proximal centriole, located 
within the connecting piece next to the basal plate of the sperm head, 
displays a 9 + 0 pattern of nine triplet microtubules surrounded by 
electron-dense material and fl anked by nine cross- striated columns. 

  Fig. 6    Fluorescence in situ hybridization (FISH) on spermatozoa for 24 chromosomes, autosomes 1–22, and 
gonosomes X and Y       
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The distal centriole is aligned with the axis of the flagellum 
perpendicular to the proximal centriole and gives rise to the sperm 
tail axonome during spermiogenesis [ 151 ,  152 ]. 

 The absence of the sperm centrosome could be one of the 
causes of embryonic failure [ 55 ,  153 ,  154 ]. The utilization of bio-
chemical and immunological techniques has now made it possible 
to identify proteins that are integral components of the centro-
some [ 55 ,  65 ,  155 ,  156 ] (Fig.  7 ).

   With the occasional exceptions (as in the mouse) [ 157 ], cent-
riolar and centrosomal inheritance in mammals has been assumed 
to follow a paternal lineage, and there is now little doubt that in 
humans only the male gamete has an active centrosome [ 55 ,  158 ]. 
Extensive analysis by TEM has demonstrated the presence of cen-
trioles in spermatozoa and in fertilized oocytes at syngamy, and 
their absence in MII oocytes confi rms the paternal inheritance of 
the centrosome in humans [ 151 ]. Furthermore, FISH assessment 
of chromosome distribution has revealed that the sperm centro-
some is solely responsible for organization of the fi rst mitotic divi-
sion in human embryos [ 158 ]. 

 In keeping with this concept, we used FISH assessment to 
evaluate the developmental potential of embryos injected with an 
isolated sperm head or tail and also those with heads and separated 
tails [ 65 ]. The results showed that injected sperm components 
and dissected spermatozoa both support oocyte activation and 

  Fig. 7    An example of spermatozoa with ( a ) intact centrosomes (labeled in  green  with two signals and nuclear 
DNA are counterstained with Hoechst). Centrosome presence according to sperm integrity, ( b ) fl uorescent 
labeling, and ( c ) merged with bright-fi eld microscopy. The spermatozoon on the  left  is intact (two  green  signals ) 
and the  right  was mechanically dissected (no signal)       
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pronuclear formation at a rate comparable to intact spermatozoa. 
However, the migration and syngamy of the pronuclei are not 
normal, as demonstrated by the generation of abnormal embryos. 
The general abnormal chromosomal distribution observed within 
the blastomeres indicated that mechanical dissection of the sper-
matozoa in some way compromised centrosomal function in the 
zygote. It appears that with the current dissection methodology, 
the donation of sperm centrosomes is not yet feasible [ 156 ] 
(Fig.  7 ; Table  4 ). A gentler way to isolate centriole-containing tails 
that is more mindful of the intimate molecular structure of the 
head and tail junction still is needed.

5        New Insights 

 There is substantial interest in assessing whether RNAs (messenger 
RNAs [mRNAs] and small noncoding RNAs [sncRNAs]) contrib-
uted by mammalian spermatozoa may play a functional role in 
early embryo development [ 159 ]. However, little is known about 
the distribution and function of the sncRNAs within each normal 
human spermatozoon, estimated at ca. 24,000 [ 160 ]. The collec-
tion of sncRNAs may function in diverse processes that include 
gene expression, chromatin remodeling, and protection of the 
genome against transposition. The microRNA (miRNA) family is 
the best characterized of the sncRNAs. They were fi rst identifi ed 
in humans [ 161 ] and confi rmed in mouse [ 162 ,  163 ] and por-
cine spermatozoa [ 164 ]. The effect of miRNAs is generally 
 posttranscriptional mediated degradation through their interaction 
with the 3′ untranslated region (UTR). Some other proposed 
functions are developmental modifi ers, as in the case of miRNAs or 
piwi- interacting RNA (piRNA) that protect the genome by mask-
ing repetitive and transposable elements or participate in the con-
frontation and consolidation at the fi rst encounter of the male and 
female genomes. The role of miRNAs as epigenetic modifi ers is 

   Table 4  
  Centrosomal signal after sperm dissection   

 Centrosome location 

 Signals  Head  Tail 

 2  12 (17.9)  13 (25.0) 

 1  8 (11.9)  9 (18.3) 

       47 (70.2)  38 (56.7) 

 Total  67  60 
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being elucidated [ 165 – 167 ], and miRNA disequilibrium may be 
implicated in a diverse range of physiological responses which may 
affect spermatogenesis and infl uence the different presentation of 
azoospermia [ 168 ,  169 ]. 

 Recently, the presence of small RNAs has been demonstrated 
in male germ cells, suggesting that they may have an essential role 
in spermatogenesis [ 170 ,  171 ]. Though assumed to be absent 
from the mature gamete, a restricted set of piRNAs may in fact be 
retained in human spermatozoa [ 172 ]. The absence of transcrip-
tional activity in sperm has prompted the hypothesis that paternally 
contributed miRNAs regulate early embryonic expression, infl u-
encing offspring phenotype [ 169 ,  173 ]. The majority of miRNAs 
identifi ed in sperm originate from promoter regions. These tran-
scripts may bind to paternal DNA during nuclear remodeling such 
that they are delivered to the oocyte in association with their tar-
geted  cis  sequences, presumably infl uencing their local chromatin 
structure. The presence of nucleosomes in these regions, some of 
which contain modifi ed histones, is highly suggestive of subse-
quent epigenetic control in the embryo. Following fertilization, 
these sequences, partnered with the sperm nuclear matrix, may 
provide the zygote a platform for the transgenerational inheritance 
of paternal chromatin structure. 

 After fertilization, the highly methylated paternal genome is 
actively demethylated before establishing the new epigenetic marks 
necessary for early embryonic development [ 174 ]. Passive and 
progressive demethylation is facilitated by the exclusion of DNA 
methyltransferases (Dnmt1) [ 175 ] and accompanies replication to 
enable reprogramming and imprinting [ 176 ]. This methyltransfer-
ase is the most abundant in mammalian cells and plays a key role in 
maintenance of DNA methylation. These miRNAs transmitted by 
the male gamete immediately inhibit epigenetic marking. It has 
been suggested that miRNAs retained in mature spermatozoa are 
associated with the histone-enriched regions [ 123 ]. It is possible 
that miRNAs delivered by human sperm do play a functional role 
in the oocyte, fi lling the gap between sperm penetration and 
zygotic genome activation [ 105 ,  159 ].  

6    Lessons Learned 

 The male gamete was fi rst described in the seventeenth century as 
the miniaturized version of a human being that would presumably 
develop within the mother’s womb. This early observation was dic-
tated by the time’s philosophical, religious, and cultural infl uences. 
Through the years, advanced scientifi c investigations have revealed 
the role of the spermatozoon as the paternal component in repro-
duction. The prominence of the oocyte as the bearer of embryo 
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development contributed to progressively diminish the importance 
of the single-sperm cell. In fact, in the last 30 years the practice of 
andrology has been dominated by WHO guidelines [ 8 ,  177 ,  178 ] 
recognized worldwide as the gold standard to be used to “read” a 
man’s ejaculate. With time, the male gamete comes to be identifi ed 
with the words “semen” or “sperm,” implicating the entire gamete 
pool, including the delivery medium. 

 The establishment of assisted reproductive techniques has 
refocused our attention towards the male gamete and has driven 
the development of several methods of identifying the optimal 
spermatozoon. Growing understanding of the spermatozoa’s key 
developmental events, including capacitation and acrosome reac-
tion, has guided the identifi cation of ideal conditions for sperm 
culture, insemination, and cryopreservation. The development of 
assisted fertilization through microinjection procedures has fully 
restored the key role of the male gamete and has shifted the para-
digm from evaluating male fertility through a multitude of cells to 
an analysis aimed at identifying individual sperm cells capable of 
inseminating an oocyte and generating a healthy conceptus. Even 
the recent trend of studying a spermatozoon under a 1,000-fold 
magnifi cation has inspired several studies towards understanding 
the surface imperfections of this precious cell type. 

 Another scenario is unfolding for this long-time underappreci-
ated cell through the understanding of its soluble-activating factor, 
which is capable of triggering the cascade of egg activation. The 
unveiling of the complex intertwining of the chromatin compo-
nent and the presence of nucleosomes with protamine-bound 
DNA bring other insights. Histone-bound DNA may aid in reshap-
ing the sperm nucleus during spermiogenesis and, through differ-
ential release of the paternal genome, guide the pre-fertilization 
steps. In addition, the combination of the parental genomes to 
generate genomically competent daughter cells is achieved through 
the deployment of a microtubular organelle—the centrosome—
provided by the spermatozoon. 

 Regarding attempts to assess the sperm’s genomic content in 
terms of its chromosomal ploidy and DNA integrity, new avenues 
of exploration have been opened by the recent recognition of the 
importance of sncRNAs.     
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    Chapter 6   

 Derivation of Human Embryonic Stem Cells (hESC) 

                Nikica Zaninovic  ,           Qiansheng Zhan       , and       Zev Rosenwaks         

    Abstract 

   Stem cells are characterized by their absolute or relative lack of specialization their ability for self-renewal, 
as well as their ability to generate differentiated progeny through cellular lineages with one or more 
branches. The increased availability of embryonic tissue and greatly improved derivation methods have led 
to a large increase in the number of hESC lines.  

  Key words     hESC derivation  ,   Stem cells  ,   Human embryonic stem cells  ,   hESC culture  ,   Feeder-free 
conditions  

1      Stem Cells 

 The fertilized oocyte, zygote, and early embryo stage blastomeres 
have the greatest potential for stemness since they give rise to all 
the embryonic and extra-embryonic lineages that form the embryo. 
For this reason they are called  totipotent . 

  Pluripotent  cells are derived from the inner cell mass (ICM) of 
the blastocyst (BL) as they have lost their ability to contribute to 
trophectodermal (TE) lineages. They do, however, have the ability 
to divide indefi nitely and give rise to all cell types arising from the 
three germ layers (ectoderm, mesoderm, and endoderm) under 
specifi c conditions in vitro or during pathological development. 
Human embryonic stem cells (hESC) and teratocarcinomas cells 
are examples of pluripotent cells. Key pluripotency genes (markers) 
include Oct-4, NANOG, and Sox2. 

  Multipotent  cells also have self-renewing capacity but give rise 
to a more restricted family of cell lineages, although generally 
always to more than one. Hematopoietic stem cells are an example 
of these cell types. 

  Unipotent  cells produce only one cell type and have the prop-
erty of self-renewal, which distinguishes them from non-stem cells, 
e.g., skin stem cells. 
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 The distinction between these cell types is determined by 
experimental evidence of cellular lineages generated in vivo (chi-
meras or teratomas) as well as in vitro where their progeny and 
proliferative ability can be tested in isolation along with identifi ca-
tion of specifi c characteristic molecular markers.  

2    History of Embryonic Stem Cell (ESC) Research and Types of Stem Cells 

  The origin of the term “stem cell” can be traced back to the late 
nineteenth century, a time when the fertilized oocyte was referred 
to as a stem cell because it eventually gave rise to all cells of the 
organism [ 1 ]. 

 The concept of embryonic stem cells arose from pioneering 
work with mouse and human teratocarcinomas. The high inci-
dence of spontaneous testicular teratomas in mouse strain 129 
(1 %) was later associated with the high effi ciency of generating 
mouse embryonic stem cells (mESC) [ 2 ]. The pluripotent cells of 
teratocarcinomas, also called embryonal carcinoma (EC) stem 
cells, had an embryonic origin and could be obtained by trans-
planting mouse blastocysts to extrauterine sites such as the testes 
[ 2 ,  3 ] .  These experiments suggested that it could be possible to 
isolate pluripotent cells directly from embryos. With advances in in 
vitro culture techniques, notably the use of feeder cells, EC cells 
were isolated. These cells grew in colonies and had large nuclei 
with prominent nucleoli and relatively small cytoplasmic volumes, 
similar to characteristics seen in ESCs [ 2 ]. In addition, these EC 
cells could form embryoid bodies (EB) that recapitulated the early 
post-implantation stages of mouse embryos [ 4 ]. The analysis of 
human teratocarcinomas in vitro revealed similar characteristics to 
those observed in the mouse [ 5 ,  6 ] .  However, the issues of chro-
mosomal normalcy and directed differentiation in vivo prevent the 
use of ECs in future transplantation studies. Once embryonic stem 
cells were competently isolated, interest in the use of EC cells 
waned, especially since these cells frequently harbored chromo-
somal abnormalities. Nonetheless, the initial research with EC cells 
was crucial in the evolution of ESC derivation and ultimately to 
their utility [ 7 ,  8 ].  

  Pioneering attempts to study early mammalian development by 
generating stem cell lines in vitro produced cell lines from preim-
plantation mammalian embryos that were poorly characterized; 
additionally, none of these cell lines showed the same characteris-
tics as ESC lines [ 9 ]. The fi rst mouse ESC (mESC) lines isolated 
from the ICM of developing blastocysts were described in 1981 by 
two independent groups using mouse embryonic fi broblasts 
(MEF) as feeder cells [ 10 ,  11 ]. These mESCs demonstrated 

2.1  Origin of the 
Term “Stem Cells”

2.2  Types of Stem 
Cells Derived from 
Embryos
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pluripotent characteristics in vitro and in vivo. Recently,  pluripotent 
stem cells were isolated from the epiblast of post-implantation 
mouse and rat embryos (EpiSC), and as expected these cells main-
tained similar characteristics to ESCs, inducing similar patterns of 
gene expression and signaling [ 12 ,  13 ]. Interestingly, these EpiSC 
lines are distinct from mouse ESCs in their gene expression, epi-
genetic status, the signals controlling their differentiation, and 
they are more similar to human ESC cells (hESCs) [ 14 ]. It was 
proposed that mouse EpiSC and hESC are in a “primed” state 
while mouse ESC are in a naive ground state [ 15 ]. 

 Another potential source of ESC-like stem cells is primordial 
germ cells. These pluripotent cells express similar pluripotency 
molecular markers as EC and ESC cells, as well as the capacity to 
differentiate into all three embryonic germ layers [ 16 ] (Fig.  1 ).

     It has been demonstrated that there are signifi cant differences 
between early human and early mouse development, including the 
cleavage rate, timing of blastulation, gene expression as well as the 
conditions necessary for maintaining pluripotency. 

 The fi rst hESC line was derived almost two decades after the 
fi rst mESC line. This delay was due to many factors including dif-
fi culties in obtaining good quality human embryos for derivation, 
suboptimal embryo culture conditions resulting in ineffi cient 
embryo development to the blastocyst stage, as well as the politi-
cal, social, and ethical constraints inherent in the use of human 
embryos. The derivation of primate ESCs in 1995 contributed to 
the success of the fi rst hESC derivation from a blastocyst in 1998 
by the Thompson group at the University of Wisconsin [ 17 ]. The 
fi rst hESC lines were derived the culturing of ICMs on MEF cells 
[ 17 ]. The same year, a group lead by Gerhart at John Hopkins 
University reported derivation of pluripotent stem cells from 
human primordial germ cells extracted from fetal gonadal ridges [ 18 ]. 

2.3  Human 
Embryonic Stem Cells
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IMPLANTATION

EMBRYONIC
DEVELOPMENT
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Embryonic stem cells        
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Adult stem cells

Epiblast stem cells

  Fig. 1    Source of stem cells at different developmental stages       
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Soon after the fi rst successful derivation of hESC, stem cell research 
became one of the fastest-growing disciplines in biomedical 
research. This burst of creative energy was due to the great poten-
tial of hESC in regenerative medicine, drug discovery, as well as 
cell replacement therapy [ 19 – 21 ]. Figure  2  is a schema depicting 
the promise of stem cell research.

     To better understand the underpinnings of hESC derivation, it is 
necessary to be well-versed in the processes involved in early human 
embryonic development, especially with regards to blastocyst for-
mation. The blastocyst is characterized by the formation, differen-
tiation, and cell allocation of different cell types, namely the ICM 
and trophectoderm (TE) [ 22 ]. During blastocyst development, 
these two morphologically distinguishable cell types are formed 
during embryo cavitation, where TE cells are positioned peripher-
ally and ICM centrally within the BL cavity (Fig.  3 ).

   The regulation of mammalian blastocyst development starts at 
fertilization and involves embryo polarization. This polarization is 
especially evident at the morula stage, at which time the outer blas-
tomeres form TE [ 23 ]. As a result, the blastocyst is composed of 
the TE (identifi ed by Cdx-2 expression) and the ICM (Cdx-2 neg-
ative), a mixed population of pluripotent cells that express Oct-4 
and NANOG, and primitive endoderm cells expressing GATA6 
(Fig.  3 ). The balance between the level of these genes infl uences 
lineage commitment in the blastocyst [ 24 ,  25 ]. While very little is 
known about their corresponding lineages in the human embryo, 
key pluripotent, and lineage genes are expressed [ 25 – 31 ]. 
Understanding the molecular mechanisms which defi ne totipo-
tency and cell lineage commitment in humans are fundamental 
aims of embryology and stem cell biology.   

2.4  Blastocyst (BL) 
Formation and 
Morphology

hESC

Genetically
modified

Nuclear
transfer
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Direct differentiation

Genetically modified lines

Basic biology

Models for genetic diseases 

  Fig. 2    Therapeutic and research potential of hESC       
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3    Derivation of the hESC 

  Currently utilized hESC derivation methods are very similar to the 
methods used for EC and mESC culture [ 7 ]. In recent years, the 
increasing number of newly derived hESC lines worldwide is indic-
ative of the improved effi ciency of derivation techniques. Derivation 
success rates depend on the morphological quality of the embryos, 
and the skill and techniques utilized by the scientists involved [ 32 ]. 

 The standard method of hESC derivation involves derivation 
from the pluripotent ICM cells of the human blastocyst. hESCs 
can be derived after ICM isolation via immunosurgical or 
mechanical isolation or by whole embryo culture with subsequent 
isolation of the ICM outgrowth (Fig.  4 ) [ 33 ]. Immunosurgical 
ICM  isolation was developed in 1975 for the study of mouse 

3.1  Derivation 
Methods
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  Fig. 3    Human blastocyst day 6       
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development [ 34 ], later also used for derivation of mESC [ 10 , 
 11 ] and hESC [ 17 ]. It includes pre-treatment of the zona pel-
lucida (ZP)-free blastocyst with anti-human serum followed by 
lysis of the trophectoderm (TE) with guinea-pig complement 
[ 34 ]. This method has the advantage of complete ICM isolation 
with direct plating on feeder cells, free of TE cells. However, the 
use of xenomaterials with this method reduces its usefulness.

   Mechanical ICM isolation is an alternative method that utilizes 
needles or micromanipulators assisted by a non-contact laser [ 35 ]. 
This method, also known as the partial embryo culture method, 
includes dissection of the ICM area with subsequent culture on 
feeder cells [ 36 ]. This animal-free derivation method is suitable for 
blastocysts with prominent ICM, although the dissected ICM area 
will contain some TE cells [ 37 ]. 

 The use of non-contact infrared laser for ICM isolation has 
been recently introduced [ 38 ,  39 ]. This method includes the abla-
tion of the ZP and trophectoderm cells. In our derivation attempts, 
we used laser with continuous pulsations (XY clone-Staccato, 
Hamilton Thorne, USA) to isolate the ICM by cutting the blasto-
cyst without ablation. With this method we are able to minimize cell 
damage and increase our derivation effi ciency to over 50 % [ 40 ]. 

 The easiest derivation method, whole embryo culture, 
involves placement of the whole ZP-free blastocyst on feeder cells. 

Ectoderm (skin, neuron)

Mesoderm (cardiac muscle, blood)

Endoderm (pancreas, lung)

Germ cells (oocytes, sperm)

Blastocyst

Isolated 
ICM

Pluripotent
ICM cells (Oct4+)

hESC colony

-MEF, HFF
-Matrix

  Fig. 4    Derivation of human embryonic stem cells—hESC       
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The ICM cells grow together with the TE cells as a monolayer. 
A signifi cant diffi culty associated with this method is the suppres-
sion of ICM transformation to ESCs by the TE outgrowth and 
induction of ICM differentiation [ 36 ,  41 ]. 

 All derivation methods have their advantages and disadvan-
tages; the selection of an appropriate method is infl uenced by the 
morphological quality of the blastocyst and the ICM. While all 
methods can be used successfully to derive hESC, it is apparent 
that attachment of the ICM to feeder cells or matrix is crucial 
(Fig.  5 ). However, at this time the mechanisms and factors that 
control ICM-ESC transformation are unclear.

     The main sources of embryos for hESC derivation are either sur-
plus embryos donated by IVF patients [ 17 ,  42 ] or donated embryos 
of poor morphologic quality (either slow developing or with sub-
optimal morphology) [ 30 ,  43 ,  44 ]. While ESCs are usually gener-
ated from normal diploid embryos, occasionally diploid hESCs (as 
analyzed by FISH) can be derived from mono-pronuclear human 
zygotes (1PN) [ 45 ,  46 ]. Parthenogenetically activated oocytes and 
embryos can be another source of hESC [ 47 ,  48 ], as they have 
been found to be karyotypically normal (female) and are capable of 
differentiating in vitro and forming teratomas with all three germ 
layers in vivo. 

 Triploid embryos formed by an extra set of male or female 
chromosomes can reach the BL stage [ 49 ,  50 ] and can be used to 
derive hESC lines. hESC lines derived from these human embryos 
have been shown to exhibit normal hESC characteristics and the 
ability to differentiate in vitro [ 51 ]. 

 Human embryos are available from consenting IVF patients 
who donate either their fresh (immediately after transfer) or fro-
zen (cryopreserved embryos that will not be used for transfer) 
embryos. Fresh embryos are more likely to be of suboptimal quality 
as the embryos chosen for transfer are the best embryos available. 

3.2  Sources of hESC

  Fig. 5    hESC derivation methods       
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On the other hand, while embryos may be frozen at all developmental 
stages, only morphologically good quality BL are frozen, thereby 
representing a better population than fresh research embryos. 
Additionally, the success of the freezing–thawing techniques will 
determine the number and quality of embryos available for hESC 
derivation [ 52 ]. Despite those variations and limitations it is clear 
that derivation of hESC is equally successful when using either 
fresh or frozen embryos [ 53 ].  

  In addition to ICM isolation, mouse ESC can be derived from 
several pre-blastocyst stages: morula, cleavage embryos and even 
from isolated blastomeres, but the overall success rates are very low 
[ 54 – 56 ]. Human BL development varies in speed, expansion, 
number of cells, and morphology [ 22 ]. The optimal developmen-
tal rate is marked by full BL expansion with evident ICM cells that 
develop after 5 days post insemination or ICSI. Some blastocysts 
develop more slowly but can still demonstrate good morphology 
on day 6 or day 7. These temporal differences in development may 
not always refl ect embryo quality, as pregnancies can be achieved 
and hESC can be derived from these blastocysts [ 22 ]. The highest 
hESC derivation rate was obtained from high-quality blastocysts 
on day 6 [ 39 ]. These fi nding were confi rmed in our own deriva-
tion experiments, although the presence of ICM was prerequisite 
for successful derivation [ 40 ]. Interestingly, several groups have 
reported derivation of hESC from poor-quality embryos (unsuit-
able for embryo transfer) although with limited success [ 43 ,  57 ]. 

 It has been reported that hESC can be derived even from blas-
tocysts which developed as late as day 8 [ 58 ]. It is not yet clear 
whether blastocyst stage, number of days in culture, or BL mor-
phology affect hESC derivation rates. Although the size and mor-
phology of the ICM does appear to be signifi cant, it is unknown 
how many pluripotent ICM cells are needed to form an embryo or 
hESC. Interestingly, using lineage tracing in mice, it was demon-
strated that only three cells out of the total 30–50 ICM cells were 
required to form an embryo [ 59 ]. 

 Human preimplantation embryos at different developmental 
stages can be used as sources of hESC. For example, it was shown 
that hESC lines were derived from morulas, indicating the pluripo-
tent nature of these cells [ 60 ]. Based on these results and the 
results of mESC derivations from pre-blastocyst stage blastomeres, 
it was proposed that hESC lines could be derived from isolated 
blastomeres of cleavage stage human embryos [ 55 ,  61 ,  62 ]. This 
proposal could overcome political and moral obstacles associated 
with hESC derivation since heretofore hESC derivation required 
the destruction of blastocysts. In 2006, Klimanskaya et al. [ 63 ] 
reported derivation of hESC from single blastomeres of the 8-cell 
embryo. However, the overall success rate was very low (2 %) and 
hESC lines were obtained from disaggregated blastomeres, so the 

3.3  Embryo Stages 
for Derivation of hESC
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embryo was “destroyed” during the derivation process. In an effort 
to obtain hESC from isolated blastomeres of cleavage stage 
embryos, one or two blastomeres were biopsied from 8-cell 
embryos and cultured to form ESC. The initial efforts did not 
result in a hESC line [ 56 ]. However, recently the generation of a 
hESC line from individual human blastomeres isolated from an 
8-cell embryo was reported when the single blastomere was cocul-
tured with the parent embryo [ 64 ]. Later, single blastomere—
hESC were derived in the presence of laminin and minimal 
xenomaterials without coculture [ 65 ]. The basis behind using lam-
inin is to mimic the natural ICM niche, which prevents polariza-
tion of the blastomeres into TE cells. In another study, blastomeres 
from 4-cell embryos were used to derive two hESC lines that 
exhibited limited cell proliferation and chromosomal abnormalities 
[ 66 ]. Blastomere-derived hESC represent an interesting technical 
advancement and solve the inherent ethical issues we face by 
“destroying the embryo.” It also provides the potential insight 
into possible differences in hESC lines derived from totipotent 
blastomeres versus pluripotent blastocyst ICM cells. However, it is 
unlikely that this technique will be soon applied clinically since it is 
unclear whether the biopsied embryo will in fact survive. Our own 
mice studies showed that successful blastomere–mESC derivation 
depend on cell stage and culture conditions. Two-cell stage blasto-
meres require a two-step protocol using blastocyst culture followed 
by stem cell culture. In contrast, 4–8 cell stage blastomeres benefi t 
from the one-step protocol which placed blastomeres directly in 
stem cell culture [ 67 ].  

  Embryos donated after preimplantation genetic screening (PGS) 
analysis, including those that fertilized normally but carry chromo-
somal abnormalities (monosomy, trisomy, and mosaics) comprise a 
large group available for hESC research. The procedure involves 
biopsy of one or two blastomeres at the 6–8 cell stage (day 3) for 
analysis of chromosomal status. If the analysis reveals a chromo-
somal abnormality, the embryo is not transferred and can be 
donated for ESC derivation. Initial attempts to generate stem cell 
lines from such embryos achieved only limited success [ 68 ]. It has 
been suggested that “self-correction” of chromosomally abnormal 
embryos in ESC culture can occur as reported with hESC lines 
derived trisomic embryos [ 68 ]. One possible explanation for “self- 
correction” is trisomic zygote rescue, where an extra chromosome 
is lost during mitosis and duplication of a single chromosome may 
occur by uniparental disomy (UPD) [ 69 ]. Besides triploid rescue, 
UPD can also occur in cases with monosomy rescue, where haploid 
chromosomes can be duplicated [ 70 ]. Recently, there was a report 
of derivation of hESC lines with chromosomal abnormalities, e.g., 
trisomies and monosomies that originated in the embryo [ 71 ]. 

3.4  Embryos from 
Preimplantation 
Genetic Screening/
Diagnosis
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 hESC can also be derived from embryos carrying specifi c 
genetic diseases. After preimplantation genetic diagnosis (PGD), 
affected embryos can be used for ESC derivation and represent an 
excellent in vitro model of specifi c genetic diseases [ 71 – 73 ]. hESC 
lines for diseases such as Huntington’s Disease, Cystic Fibrosis, 
Fanconi Anemia, Myotonic Dystrophy, and others have been 
derived [ 71 ,  73 ]. 

 To date, there are over 1,000 hESC lines worldwide and the 
majority have been characterized [ 74 ]. However, most of the pub-
lished hESC research is based only on a handful of cell lines. It is 
unclear how many cell lines are needed to fulfi ll the need for diverse 
genetic, ethnic, HLA, and epigenetic variations for possible future 
tissue regeneration and transplantation. In addition, only a small 
number of lines are derived and cultured under xeno-free and GMP 
conditions (clinical grade). There are concrete guidelines and ethi-
cal standards from the European Union (  http://www.hescreg.eu    ), 
the ISSCR (  http://www.isscr.org    ), and the NIH (  http://stemcells.
nih.gov    ) for derivation of the new cell lines. In order to qualify as 
GMP quality cell lines, the cell lines need to be cultured in defi ned 
and control conditions by trained staff and with full documentation 
[ 75 ]. The NIH registry (October 2013) currently lists 234 
approved hESC lines, number 211 Weill Cornell Medical College 
cell line (  http://grants.nih.gov/stem_cells/registry    ).   

4    hESC Culture Methods 

  The basic culture conditions for hESC include MEF as feeder cells 
to provide a matrix and a source of growth factors. The medium is 
supplemented with fetal bovine serum (FBS) or fetal calf serum 
(FCS) known to be a rich source of growth factors [ 17 ,  42 ]. Methods 
have been adapted from mouse ESC culture protocols [ 10 ,  11 ], and 
cultures require daily maintenance, including media changes, regu-
lar passaging (4–6 days), and cell cryopreservation. Passaging meth-
ods for prevention of hESC differentiation include: (1) mechanical 
dissociation with needles, pipette tips, or roller cutter (EZ passage 
tool, Invitrogen) and (2) enzymatic dissociation by collagenase IV, 
dispase, or xeno-free accutase and TrypLE™ Express Enzyme [ 76 ]. 
All protocols include dissociation of hESC colonies into cell clumps 
(50–100 cells) to prevent cell differentiation (Fig.  6 ).

   Within the stem cell research community, there is a large effort 
to optimize conditions for derivation and culture of hESC. One 
future application of hESC is their therapeutic use in regenerative 
medicine. hESC will need to be derived and cultured in defi ned 
conditions and free of animal products (xeno-free). In addition, 
these hESC lines must show proliferative capacity, cell-specifi c dif-
ferentiation and have phenotypic stability after transplantation. 

4.1  Basic Procedures
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The ideal culture conditions include a defi ned matrix, defi ned 
media components with recombinant protein supplements (if nec-
essary), and a consistent cell passaging method [ 77 ]. Optimal con-
ditions are required to maintain phenotypically and karyotypically 
stable hESC for prolonged periods of culture. To establish this 
well-defi ned culture milieu, various studies were conducted to test 
human feeder cells or feeder-free culture systems, as well as serum- 
free and animal-free culture media [ 78 – 80 ]. 

 Mouse ESC can be cultured on gelatin instead of MEF feeder 
layers, with medium supplemented with leukemia inhibitory factor 
(LIF) [ 81 ,  82 ]. LIF acts through the activation of STAT3 to main-
tain pluripotency [ 83 ]. Despite its essential role in mice, LIF/STAT3 
activation is not required for pluripotency in hESC [ 84 ]. Therefore, 
it is essential to identify the growth factors that are required to main-
tain the undifferentiated hESC pluripotent state. While the molecu-
lar mechanisms underlying hESC derivation and self-renewal are 
unclear at this time, it has been suggested that the Wnt signaling 
pathway and/or bFGF pathway are important [ 85 ,  86 ]. In addition, 
it was recently suggested that TGFß signaling is required for the 
maintenance of hESC at the undifferentiated stage [ 87 ]. 

 Most hESC lines have been derived on MEF feeder cells [ 17 , 
 42 ,  88 ]. In addition, MEF cell lines that were immortalized can be 
used and as they are easy to propagate [ 89 ,  90 ]. The growth of 
hESC on MEF feeder layers represents a hazard because xenobi-
otic pathogens may be transferred from animals to human cells 
[ 91 ]. Therefore, improvements in hESC cultures are necessary to 
optimize conditions for therapeutic application. Interestingly, no 
evidence of infection of hESC by MEF feeder cell-derived murine 
leukemia viruses has ever been reported [ 92 ].  

  Recently, improvements in methods for culturing hESC have been 
introduced [ 33 ,  93 ,  94 ], as follows:

    (a)     Using feeder cells of human origin instead of animal origin  [ 95 ] 
 To avoid animal cell contamination, human feeder cells of vari-
ous sources were successfully used to replace MEFs [ 96 – 99 ]. 

4.2  Refi nements in 
ESC Culture Technology

  Fig. 6    hESC culture—colony morphology       
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These include foreskin fi broblasts [ 95 ,  100 ], placental 
 fi broblast feeders [ 101 ], endometrial cells [ 102 ], and adult 
marrow cells [ 97 ]. In addition, fi broblast-like cells derived 
from hESC cultures have been used for hESC derivation [ 99 , 
 103 – 105 ]. Furthermore, various cells such as fetal and adult 
muscle and skin cells and adult fallopian tube epithelial cells 
were tested as well [ 98 ,  105 ]. From these reports we can con-
clude that the factors that support undifferentiated hESC 
growth can be found in various tissues and are neither species 
specifi c nor tissue specifi c.   

   (b)     Growing hESC in serum-free conditions using serum replace-
ment (SR) with basic fi broblast growth factor (bFGF)  [ 88 ] 
 Traditionally, hESC culture medium contained FBS as a pro-
tein supplement [ 17 ,  42 ]. To avoid animal derived serum, 
human serum can be utilized [ 104 ]. Serum is a complex mix-
ture of compounds, including some that are inhibitory to 
hESC growth. To optimize serum-free cultures and to over-
come the problem of variability of serum lots, defi ned serum 
replacement (knockout serum replacement—KOSR) was used 
in combination with bFGF [ 88 ,  106 ,  107 ].   

   (c)     Feeder-free conditions on matrix with conditioned medium  
 The feeder-free culture system was developed using Matrigel, 
laminin-coated or fi bronectin-coated dishes with the addition 
of the MEF conditioned medium (MEF-CM) [ 108 – 110 ]. 
Matrigel is a matrix derived from a mouse sarcoma cell line and 
contains many extracellular molecules, including laminin, col-
lagen IV, and growth factors such as FGFs [ 111 ]. The advan-
tages of this system are that it is feeder-free and highly 
reproducible, but cells are still exposed to animal matrix pro-
teins and animal-derived medium (MEF-CM). To replace 
Matrigel, laminin [ 109 ] or fi bronectin [ 106 ] can be used to 
culture hESC.   

   (d)     Feeder-free conditions with media supplemented with only 
selected growth factors  [ 106 ,  112 ,  113 ] 
 To reduce exposure of hESC to feeder cells and animal culture 
media products, feeder-free systems cultured in medium with 
selected growth factors and without MEF-CM were devel-
oped. Matrigel was successfully used as a matrix with addition 
of KOSR, bFGF, Noggin, or TGF-ß1 [ 113 ,  114 ]. Recently, 
the maintenance of hESC in the undifferentiated stage in 
feeder-free conditions was achieved by BMP signaling antago-
nist Noggin and a high concentration of bFGF [ 112 ,  114 , 
 115 ]. On the other hand, the addition of bFGF, lithium chlo-
ride, GABA, pipecolic acid, and TGF-ß to the defi ned  culture 
medium also fosters undifferentiated hESC growth [ 116 ]. 
Finally, extracellular matrices from human serum can also be 
used to maintain hESC in culture [ 117 ].    

Nikica Zaninovic et al.



133

  In recent years, various xeno-free and feeder-free stem cell 
media have been developed [ 118 ,  119 ]. Some are commercially 
available: Nutristem (Biological Industries), mTeSR2 (Stem Cell 
Technology), StemPro (Invitrogen), SBX (AxCell), and VitroHES 
(Vitrolife). 

 A recent paper from the Thomson group described that simple 
media containing only eight xeno-free components in serum-free 
DMEM F12 base medium is suffi cient for hESC cultures [ 120 ]. 

 To completely eliminate animal or human feeder cells and 
matrices, bioactive polymers (hydrogels) have been tested for 
hESC culture and differentiation. These polymers can support 
hESC culture and represent a promising tool in ESC cell differen-
tiation as three-dimensional (3D) culture systems [ 121 – 123 ].  

  In an attempt to derive hESC in defi ned conditions, including serum-
free and animal-free, serum replacement in combination with human 
foreskin fi broblast (HFF) [ 124 ], human placental fi broblast [ 101 ], 
and MEF [ 125 ,  126 ] have been used successfully. hESC was also 
derived in feeder-free conditions using a mouse- derived matrix and 
animal-free culture medium supplemented with KOSR and bFGF 
[ 127 ]. In addition, hESC lines were derived on human matrix com-
ponents (collagen IV, laminin, fi bronectin, and vitronectin) in a 
defi ned culture medium composed of recombinant or human sources 
[ 116 ]. Unfortunately, two lines from this derivation expressed abnor-
mal karyotypes: 47, XXY and trisomy 12. It is unclear if these chromo-
somal abnormalities are a direct consequence of the culture conditions, 
since abnormal copy number of chromosomes 12 and 17 have been 
reported in long-term hESC cultures observed after over 30 passages 
[ 128 ]. Recently, an hESC line was derived in complete animal-free 
conditions using human laminin as a matrix- and serum-free media 
containing purifi ed human or recombinant proteins [ 129 ]. 

 In order to optimize the hESC culture conditions, efforts have 
been made to identify components of the conditioned media 
needed for hESC self-renewal. Analysis of the protein composition 
of feeder-conditioned media of animal (MEF) and human origin 
reveals bFGF as a key factor in hESC self-renewal [ 130 – 132 ]. 
Indeed, the importance of bFGF for hESC self-renewal has recently 
been confi rmed [ 98 ], and bFGF without serum components is suf-
fi cient to maintain undifferentiated hESC cells in culture [ 101 ]. In 
addition, an extracellular matrix and bFGF without other serum 
components are suffi cient to derive hESC from human ICM [ 116 ].  

  When hESC are derived from blastocysts, the ICM is a heteroge-
neous population of cells comprising of pluripotent (epiblast) cells 
surrounded by primitive endoderm (hypoblast) cells [ 31 ]. This 
heterogeneity is also refl ected in the hESC cultures, where clonal 
isolation of hESCs reveals heterogeneity within the pluripotent 
stem cells [ 133 ]. In addition, clonally derived embryonic stem 
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cells from a single mouse ICM differ in their gene expression and 
developmental capacity, further supporting the idea of a heteroge-
neous population of cells within the ICM [ 134 ]. There are no 
reports to date of individual human ICM cells forming ESC by 
clonal expansion. 

 hESC sublines have been clonally derived from existing lines, 
but at a very low effi ciency of 2–4 % [ 88 ,  133 ,  135 ,  136 ]. This is 
in contrast to the mouse ESC, where clonal propagation is a stan-
dard method of mESC culture. It seems that cell–cell interaction is 
critical for effi cient hESC propagation, since the loss of gap junc-
tions between hESC can increase apoptosis and inhibit growth 
[ 137 ]. For this reason, hESC are almost always passaged in clumps 
of 50–100 cells. It was shown recently that clonal effi ciency can be 
increased by up to 30 % when hESC were cultured in low oxygen 
(2 %) [ 138 ]. Furthermore, addition of the ROCK inhibitor 
Y-27632 and protein kinase C inhibitor can increase clonal effi -
ciency through E-cadherin stabilization of cell–cell interaction 
[ 139 ,  140 ,  173 ].  

  Standard culture methods for hESC proliferation include two- 
dimensional cultures where colonies adhere on MEF or human 
feeders or matrices. These culture methods are not able to produce 
large numbers of cells which will be required for the potential ther-
apeutic treatments. To generate large amounts of identical cell types 
at a relevant clinical scale, suspension cultures utilizing controllable 
bioreactors may be required. Several groups have reported using 
suspension hESC cultures in fl oating aggregates [ 141 – 143 ]. Media 
for suspension cultures varied between groups and contained dif-
ferent growth factors (Activin A or IL6), +/− Y-27632 inhibitor 
with or without components of extracellular matrix (laminin, fi bro-
nectin). Additionally, new hESC lines were derived in these condi-
tions by using fl oating ICM in suspension cultures [ 143 ]. Derivation 
and cell proliferation appeared to be reduced compared to mono-
layer cultures, and the long-term genetic stability of these cells 
needs to be confi rmed. However, it does question the dogma that 
hESC line derivation cultures require ICM attachments. 

 Several studies described improved methods to scale up hESC 
cultures in bioreactors [ 144 ,  145 ], microcarriers [ 146 ,  147 ], or 
automated cultures [ 148 ]. Future studies are necessary to demon-
strate the relevance of these systems for rapid expansion and clini-
cal application.  

  hESC have been successfully cultured for extended periods through 
numerous passages while maintaining a normal diploid karyotype 
[ 17 ,  42 ,  88 ]. However, hESC lines can develop abnormal karyo-
types after long-term culture [ 149 ]. Long-term culture of mouse 
ESC can lead to diminished pluripotency and increased aneuploidy 
(a phenomenon which may be the major cause of failure to 
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 differentiate all tissues of the adult chimera) [ 150 ,  151 ]. In hESC, 
it was observed that karyotypic changes usually involved the addi-
tion of chromosome 12 and 17q and to a lesser extent chromo-
some X [ 128 ,  149 ,  152 ]. Chromosomal changes in hESC have 
appeared in multiple cell lines and at many different laboratories, 
mostly after extended passages (over 30) [ 149 ]. In addition, 16 of 
30 initially diploid hESC lines showed chromosomal instability 
when cultured using the same conditions in the same laboratory 
[ 149 ]. This rate of chromosomal abnormalities in hESC is low 
compared to most other cell lines and surprising given the high 
rate of aneuploidy observed in the preimplantation human embryos 
from which they were derived [ 153 ]. 

 Intriguingly, human embryonic carcinoma cells are typically 
aneuploid, with trisomies of chr12 and chr17q [ 154 ,  155 ]. Further, 
the pluripotency gene NANOG is located on chr12p and this 
region is frequently amplifi ed in testicular germ cell tumors [ 156 ]. 
Overexpression of the NANOG gene, promoting self-renewal, 
may provide cells with an advantage in adapting to culture condi-
tions as aneuploid hESC have a tendency to grow faster. Most 
chromosomal abnormalities, aneuploidies in particular, can be a 
refl ection of the progressive adaptation of pluripotent hESC to 
culture conditions. It has been proposed that the chromosomal 
changes observed in hESC in vitro refl ect in vivo tumorogenic 
events [ 149 ]. Specifi c culture conditions may contribute to chro-
mosomal instability such as the method for passaging cells 
(mechanical vs. enzymatic) [ 157 ,  158 ]. A recent report also sug-
gested that a feeder-free culture system is associated with more 
chromosomal instability then a feeder system [ 158 ]. In addition, 
hESC cultured in low oxygen showed reduced chromosomal 
abnormalities [ 138 ,  159 ].  
 
 When grown on MEFs, hESC exhibit a high proliferative capacity, 
chromosomal stability in long-term culture, and the ability to dif-
ferentiate into somatic cell types of all three germ layers, both in 
vitro and in vivo [ 17 ,  42 ] There are several molecular and cellular 
criteria by which hESC lines are assessed: self-renewal capability 
(indefi nite proliferation), pluripotency in vitro and in vivo, differ-
entiation into somatic and germ cells, karyotype, and good survival 
rates after freeze/thaw [ 160 ]. Recently, an international survey of 
hESC lines was established that provided a benchmark for com-
parison of hESC derived in different laboratories [ 161 ]. It showed 
that despite unique genetic backgrounds, a range of derivation 
techniques and various culture methods, hESC lines manifest a 
high degree of phenotypic similarities and molecular markers that 
characterize hESC identity [ 161 ]. 

 One of the fundamental characteristics of hESC is their ability 
to differentiate into the cells of all three germ layers: ectoderm, 
mesoderm, and endoderm. This provides an opportunity to 
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 validate the cell line in vitro and in vivo (teratomas) using molecu-
lar markers of differentiated progeny, e.g., ß-tubulin III, cytokera-
tin, and nestin for ectoderm, brachyury and actin for mesoderm, 
and HNF3beta, GATA6 and GATA4 for endoderm [ 162 ]. It is 
necessary to perform in vivo studies of teratoma formation to eval-
uate the pluripotent nature of hESC. To do that, hESC are usually 
injected into non-obese diabetic/severe combined immuno- 
defi cient (NOD-SCID) mice that are known to form teratomas 
rather than reject human cells [ 17 ]. To enhance the teratoma for-
mation, approximately 1–5 million hESC cells are injected together 
with Matrigel [ 163 ]. Histological analysis should reveal formation 
of all three germ layers.  
 
 Oct-4 is a key pluripotency regulator in the early embryo as well as 
in the self-renewing ESC. Studies in mouse and human ESC indi-
cate that Oct-4 is a component of a network of transcription fac-
tors including NANOG and Sox2 that cooperatively maintain 
pluripotency in ESC [ 164 – 167 ]. By using RNAi to suppress Oct- 
4, several genes that are positively (NANOG, Sox2) or negatively 
(Cdx-2, GATA6) regulated by Oct-4 were identifi ed in hESC 
[ 167 ]. The balance between a minimal set of lineage-specifi c tran-
scription factors might drive early cell-fate decisions in embryos in 
vivo and ESC in vitro [ 168 ]. To date, it is unclear how ICM and 
other embryonic cells transform into ESC, but it is evident that 
molecular and epigenetic changes occur during transition of these 
cells [ 169 ].   

5    hESC Lines at Weill Medical College of Cornell University 

 The hESC derivation program at WCMC started in 2006 with col-
laboration of the Department of Reproductive Medicine (CRM) 
and Department of Genetic Medicine. Forty-three hESC lines were 
derived until recently (October 2013). Human ESC lines were 
derived from donated surplus embryos after IVF and PGD treat-
ment. The majority of lines were derived in standard conditions on 
MEF. The fi rst line (WCMC-1) was derived in xeno-free conditions 
on HFF in collaboration with the Technion, Israel. Two recent 
lines were derived in feeder-free conditions on Matrigel (WCMC-
38, 39). Out of 43 lines, 5 lines were derived from IVF embryos 
and 38 from PGD embryos. Of the PGD group, 13 came from 
aneuploid embryos, 5 from unbalance translocation embryos, and 
20 from various single gene disorders (Fig.  7 ). Surprisingly, lines 
derived from aneuploid embryos all show a normal karyotype. 
Other groups have reported similar results [ 170 ,  171 ]. Aside from 
the karyotypes, we further attempted to evaluate these lines for 
potential UPD-self-correction rescue [ 68 ]. Our results showed a 
high level of heterozygosity in these lines, indicating that UPD did 
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not occur [ 172 ]. It is unclear how aneuploid embryos generate 
euploid hESC lines, although a high level of embryo masaicism may 
explain the PGD results. In addition, it was suggested that in the 
initial cultures of these cell lines, where there is a mixture of aneu-
ploid and euploid cells, normal cells have proliferative advantages 
over abnormal cells, suppressing abnormal cell proliferation [ 170 ].

WCMC lines Disease
WCMC 1

51oM2CMCW
12,8oM3CMCW
XeligarF4CMCW
XeligarF5CMCW

WCMC 6
WCMC 7

2ACRB8CMCW
2ACRB9CMCW

WCMC 10
1ACRB11CMCW

81irT21CMCW
XeligarF31CMCW

aimessalahT-ateB41CMCW
31irT,notgnitgnuH51CMCW

?31irT/N-notgnitgnuH61CMCW
sisorbiFcitsyC71CMCW

])31.22q;33.42q()12:219t,XX64[,TBU81CMCW
])31.22q;33.42q()12:219t,XX64[q21onoM12irT,TBU91CMCW
])31.22q;33.42q()12:219t,XX64[q21onoM12irT,TBU02CMCW

amotsalboniteR12CMCW
amotsalboniteR22CMCW

31irT32CMCW
])3.41q;2.2q()31:7(t,XX,64[12noM,TBU42CMCW

81irT,YYX52CMCW
?71irT62CMCW

]noisrevni,8F[AaillihpomeH72CMCW
FFA]A8311G3RFGF[aisalpordnohcA82CMCW

seimosonomelpitlum,XX,nbAllec1;YXlamronllec1,BNM92CMCW
FFA1TYD,ainotsyD03CMCW

OX31irT,lamroN1TYD,ainotsyD13CMCW
FFA]A8311G3RFGF[aisalpordnohcA23CMCW
FFA]A8311G3RFGF[aisalpordnohcA33CMCW

31irT43CMCW
TBU53CMCW

81irT,71irT63CMCW
FFA,emordnysXeligarF73CMCW

LEGIRTAM;22irT,81irT51onoM,XX83CMCW
LEGIRTAM;)?lamroN(?81irT,XX93CMCW

FFA]A8311G3RFGF[aisalpordnohcA04CMCW
WCMC 41 Tri13
WCMC 42 Gaucher' s disease, GBA(N370S & 84GG) AFF
WCMC 43

  Fig. 7    hESC lines at WCMC of Cornell University       
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   Optimization of hESC derivation comes with experience and 
technical advancements. Improving ICM isolation and optimiza-
tion of culture conditions are paramount in establishing a success-
ful hESC derivation laboratory. We have found ICM isolation with 
laser (XY clone-Staccato, Hamilton Thorne, USA) to be techni-
cally advantageous to ICM isolation with needles. The addition of 
serum-free hESC medium and condition medium (hESC-CM) 
was another critical improvement. Clearly, the effi ciency of hESC 
derivation is critically dependent on the preservation of a healthy 
ICM, the ICM isolation technique, and the hESC culture condi-
tions [ 40 ]. These derived cells have been successfully used to gen-
erate hESC-derived endothelial cells (lentiviral transduction and 
clonal selection of hESC) [ 173 ,  174 ]. 

 The combined use of laser ICM isolation and the use of condi-
tioned medium allowed a hESC-line derivation rate which exceeds 
50 % per blastocyst. As in every other area of medical research, 
experience, perseverance, and serendipity lead to advancements 
and success.     
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    Chapter 7   

 The Endocrinology of the Menstrual Cycle 

           Robert     L.     Barbieri     

    Abstract 

   The ovulatory menstrual cycle is the result of the integrated action of the hypothalamus, pituitary, ovary, 
and endometrium. Like a metronome, the hypothalamus sets the beat for the menstrual cycle by the pul-
satile release of gonadotropin-releasing hormone (GnRH). GnRH pulses occur every1–1.5 h in the fol-
licular phase of the cycle and every 2–4 h in the luteal phase of the cycle. Pulsatile GnRH secretion 
stimulates the pituitary gland to secrete luteinizing hormone (LH) and follicle stimulating hormone 
(FSH). The pituitary gland translates the tempo set by the hypothalamus into a signal, LH and FSH secre-
tion, that can be understood by the ovarian follicle. The ovarian follicle is composed of three key cells: 
theca cells, granulosa cells, and the oocyte. In the ovarian follicle, LH stimulates theca cells to produce 
androstenedione. In granulosa cells from small antral follicles, FSH stimulates the synthesis of aromatase 
(Cyp19) which catalyzes the conversion of theca-derived androstenedione to estradiol. A critical concen-
tration of estradiol, produced from a large dominant antral follicle, causes positive feedback in the hypo-
thalamus, likely through the kisspeptin system, resulting in an increase in GnRH secretion and an LH 
surge. The LH surge causes the initiation of the process of ovulation. After ovulation, the follicle is trans-
formed into the corpus luteum, which is stimulated by LH or chorionic gonadotropin (hCG) should 
pregnancy occur to secrete progesterone. Progesterone prepares the endometrium for implantation of the 
conceptus. Estradiol stimulates the endometrium to proliferate. Estradiol and progesterone cause the 
endometrium to become differentiated to a secretory epithelium. During the mid-luteal phase of the cycle, 
when progesterone production is at its peak, the secretory endometrium is optimally prepared for the 
implantation of an embryo. A diagrammatic representation of the intricate interactions involved in coordi-
nating the menstrual cycle is provided in Fig.  1 .  

  Key words     Menstrual cycle  ,   Estradiol  ,   Progesterone  ,   Kisspeptin  ,   Amphiregulin  ,   Theca cells  , 
  Granulosa cells  ,   Oocyte  

1      Characteristics of the Human Menstrual Cycle: Cycle Length 
and Menstrual Flow 

 Treloar and colleagues reported on menstrual cycle length in 
275,000 cycles reported by Caucasian women who had attended 
the University of Minnesota [ 1 ]. In this population, the mean age 
of menarche was 13 years and the mean age of menopause was 
53 years. Menstrual cycle length was most regular in women between 
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  Fig. 1    Diagrammatic representation of the menstrual cycle showing the temporal 
relationships of the pituitary secretion of follicle stimulating hormone (FSH), 
luteinizing hormone (LH) with ovarian follicular estradiol production and luteal 
progesterone and estradiol production. The progressive response of the endome-
trium to the sequential changes in steroids is portrayed in the  bottom panel        
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20 and 40 years of age, and the average menstrual cycle length was 
28 days (Table  1 ). The median menstrual cycle length decreased 
from 29 days at age 20–27 years to 27 days at age 40 years. This 
decrease in cycle length was caused by a decrease of 2 days in the 
length of the follicular phase of the cycle. The length of the luteal 
phase remained stable. Menstrual cycle length demonstrates sig-
nifi cant variability in the 5 years after menarche and the 5 years 
before menopause. In the 5 years after menarche, cycle length was 
reported to range from 22 to 45 days. In the 5 years before meno-
pause cycle length ranged from 15 to 55 days. These fi ndings have 
been replicated in a more contemporary study [ 2 ]. Polymenorrhea 
is present if the cycle length is shorter than 22 days and oligomen-
orrhea is present if the cycle length is longer than 35 days.

   The normal duration range of menstrual bleeding is between 3 
and 7 days. Menstrual bleeding lasting less than 3 days is defi ned as 
hypomenorrhea. Menstrual bleeding that is longer than 7 days is 
hypermenorrhea. The normal quantity of blood loss with menses is 
80 ml or less. When menstrual bleeding exceed 80 ml in one cycle 
it is defi ned as menorrhagia and is correlated with depleted iron 
stores and an increased risk of anemia.  

2    The Hypothalamus: The Metronome of Reproduction 

  The hypothalamus is bounded at its anterior border by the optic 
chiasm and extends caudad to the mamillary bodies. The dorsal 
portion of the hypothalamus constitutes the fl oor of the third 
ventricle and its lateral walls. The base of the hypothalamus, or 
infundibulum, contains the infundibular stalk and the hypotha-
lamic-hyophyseal portal vascular system perfusing the pituitary 
gland. The hypothalamus contains approximately 10,000 gonad-
otropin releasing hormone (GnRH) neurons that drive the men-
strual cycle by secreting GnRH in a pulsatile manner [ 3 ]. 

2.1  Neuroanatomy of 
the Hypothalamus

   Table 1 
  Median and 5 % upper and lower bounds on menstrual interval in days 
from 275,947 menstrual cycles   

 Chronologic 
age in years 

 Menstrual interval in days 

 5 % Lower bound  Median  5 % Upper bound 

 17  22  28  40 

 25  23  28  37 

 33  22  27  34 

 41  22  26  32 

 49  15  27  >80 
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 The embryonic precursors of the GnRH neurons develop in 
the olfactory bulb and migrate to the arcuate and preoptic nuclei. 
GnRH neuronal development and migration are controlled by 
anosmin-1, fi broblast growth factor-8 and prokineticin, and their 
receptors [ 4 ,  5 ]. Abnormal development of the olfactory bulb at 
an early stage of embryogenesis can result in both anosmia and 
amenorrhea because of the absence of the GnRH neurons. Kallman 
syndrome is the combination of anosmia and hypogonadotropic 
hypogonadism caused by the abnormal embryonic development of 
the olfactory and GnRH neuronal systems.  

  There are two GnRH molecules termed GnRH I and GnRH II. 
GnRH I was discovered and sequenced by Schally and Guillemin 
and plays a dominant role in reproduction [ 6 ]. GnRH II is present 
in most mammalian species, but its function is not clearly established 
in the human. GNRH II and its receptors may be critically impor-
tant in checking of the LH surge (There are two GnRH receptors 
with GnRH I having greater affi nity for the GnRH I receptor and 
GnRH II having greater affi nity for the GnRH II receptor. This 
chapter focuses on GnRH I, hence referred to as GnRH. 

 GnRH is a decapeptide with a short half-life (5 min) in the 
circulation. GnRH is secreted into the pituitary portal circulation 
in neurosecretory bursts. Endocrine information is contained in 
both the pulse frequency and amplitude of the pulse. The release 
of GnRH in neurosecretory bursts and the short half-life of GnRH 
ensures that each pulse is sharp and crisp. During the follicular 
phase of the cycle, GnRH pulses are characterized by a high fre-
quency, with a pulse occurring every 60–90 min and a small pulse 
amplitude. During the luteal phase of the cycle, GnRH pulses 
are characterized by low frequency, with a pulse occurring every 
120–240 min and a large pulse amplitude. 

 The main function of the hypothalamic GnRH neurons is to 
receive neural signals from the brain and transform these neural 
signals into an endocrine output, the pulsatile release of GnRH. 
The arcuate nucleus is a neuroendocrine transducer that converts a 
series of electrical signals into an endocrine signal. GnRH is released 
into the pituitary portal circulation in a pulsatile manner. The fre-
quency and amplitude of GnRH pulses are determined by multiple 
neuroendocrine modulators including kisspeptin, leptin, ovarian 
steroids, and peptides. These signals provide a link between the 
environment and reproductive status. 

 The hypothalamus monitors numerous environmental cues 
including body composition and body mass, nutritional status, 
energy expenditure (exercise), stress, and emotional state to deter-
mine the frequency and amplitude of GnRH pulses. When environ-
mental conditions are adverse and energy expenditure chronically 
exceeds calorie intake, GnRH pulse frequency slows and pulse 
amplitude decreases resulting in low LH and FSH secretion, no 
growth of a dominant follicle, anovulation, and  amenorrhea. 

2.2  Gonadotropin 
Releasing Hormone 
(GnRH)
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From a teleologic perspective, it is biologically ineffi cient to ovulate 
and reproduce if the environment is hostile to the nurturing of a 
newborn. 

 GnRH is the hypothalamic factor that is necessary and suffi -
cient to drive the menstrual cycle. In classic experiments in the 
rhesus monkey, Knobil [ 7 ] demonstrated that if the arcuate nucleus 
is destroyed, resulting in the loss of GnRH secretion, the pituitary 
gland ceases to secrete LH and FSH, no ovarian follicles grow, and 
anovulatory amenorrhea ensues. The exogenous replacement of 
GnRH in hourly intravenous pulses restarts the reproductive sys-
tem by stimulating the release of LH and FSH, thereby stimulating 
ovarian follicle growth, subsequent ovulation, and regular men-
strual cycles. 

 Early investigators hypothesized that if GnRH was given at a 
high dose in a continuous infusion, superovulation could be 
achieved. Surprisingly, continuous infusion of GnRH results in the 
cessation of gonadotropin secretion, profound hypoestrogenism, 
and amenorrhea. These unexpected fi ndings are thought to be due 
to downregulation and desensitization of the pituitary GnRH 
receptor and have been exploited by the synthesis of GnRH ago-
nist analogues with a long half-life. These long-acting GnRH ana-
logues acutely stimulate the release of LH and FSH (agonist 
effect), but when given over an interval of weeks, profoundly sup-
press LH and FSH, resulting in hypoestrogenism and amenorrhea. 
Subsequently, GnRH antagonists were synthesized which acutely 
suppress pituitary LH and FSH secretion. GnRH agonist and 
antagonist analogues are used for the treatment of breast and pros-
tate cancer, endometriosis, and uterine leiomyoma. They are also 
used to prevent the LH surge in assisted reproduction cycles 
involving the administration of high doses of FSH.  

  The factors that control GnRH pulse frequency and amplitude are 
not fully characterized. Neuroendocrine factors that likely play a 
major role in regulating GnRH secretion include kisspeptin and 
leptin. Other factors that likely play an important role in regulating 
GnRH secretion include the gonadal steroids, estradiol, progester-
one, and testosterone.  

  Estradiol, progesterone, and testosterone act on both the hypo-
thalamus and pituitary. It is generally believed that gonadal steroid 
feedback on LH pulse frequency is largely modulated through 
hypothalamic mechanisms regulating GnRH secretion. In the 
absence of estradiol, GnRH pulse frequency is generally increased 
[ 8 ] resulting in an increase in LH and FSH secretion. Estradiol 
replacement reduces GnRH pulse frequency. Progesterone decreases 
GnRH pulse frequency [ 9 ]. The combination of estradiol and pro-
gesterone markedly suppresses GnRH pulse frequency and is the 
cause of the anti-ovulatory contraceptive action of estrogen–pro-
gestin steroid contraceptives. 

2.3  Regulation 
of GnRH

2.4  Steroid Negative 
and Positive Feedback 
on GnRH
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 Steroid infl uences on LH amplitude may occur through steroid 
action on both the hypothalamus and/or pituitary. Acute adminis-
tration of estradiol reduces GnRH pulse amplitude and also decreases 
LH responsiveness to GnRH resulting in pulses of LH with smaller 
amplitude for any given stimulus of GnRH [ 10 ]. However, when 
estradiol is maintained at levels >200 pg/ml for at least 2 days, LH 
secretion dramatically increases in response to a fi xed amount of 
GnRH resulting in an “LH surge” [ 11 ]. In humans the ability of 
estradiol to stimulate an LH surge is likely mediated by events at 
both the hypothalamus and pituitary gland [ 12 ,  13 ].  

  Estradiol action on GnRH likely occurs “at a distance,” not directly 
on the GnRH neuron. A developing consensus is that estradiol acts 
on neurons containing ER-alpha receptors that regulate the tran-
scription of  kiss1  the gene that encodes the peptide kisspeptin. In 
turn, the kisspeptin releasing neuron infl uences the secretion of 
GnRH by acting through KISS1 receptors that are present on the 
GnRH neurons. Kisspeptin stimulates GnRH release. In humans the 
administration of an intravenous bolus of the C-terminal decapep-
tide of kisspeptin (amino acids 112–121) results in an immediate 
LH pulse, with an amplitude that is twice as large as LH pulses 
observed prior to the administration of kisspeptin. A single dose of 
kisspeptin stimulates LH secretion for approximately 17 min [ 14 ]. 
In humans loss of function mutations in genes that code for GnRH 
or the GnRH receptor, kisspeptin or the kisspeptin receptor are asso-
ciated with hypogonadotropic hypogonadism [ 15 ,  16 ]. The pheno-
type includes low circulating levels of LH and FSH, low levels of 
estradiol and progesterone, absent ovulation and amenorrhea. 

 In the arcuate nucleus of the rat, estradiol inhibits kisspeptin 
secretion which in turn holds gonadotropin at basal levels. 
Following castration, the low levels of estradiol cause the arcuate 
nucleus to release more kisspeptin, thereby increasing GnRH 
secretion. In the rat, the anteroventral periventricular nucleus 
(APVP) responds to elevated estradiol levels by increasing kiss-
peptin secretion, and when triggered by the suprachiasmatic 
nucleus, the APVP releases its kisspeptin causing an LH surge and 
ovulation [ 17 ]. Mice with kisspeptin knockouts are capable of 
demonstrating an LH surge in response to chronically elevated 
estradiol levels, suggesting that there are additional pathways of 
regulation of the LH surge.  

  The brain is uniquely adapted to integrate environmental signals 
pertaining to energy expenditure (exercise) and caloric intake in 
order to determine if the environment will support successful 
reproduction. Many non-equatorial mammals display seasonal 
breeding patterns which is based on the onset of anovulation 
when calorie intake is below energy expenditure. In the female 
monkey regular ovulatory cycles are observed with routine activity 
and a steady calorie intake at 300 kcal daily. When calorie intake is 
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maintained at 300 kcal daily, but activity is increased to include 6 
miles of additional exercise daily, anovulation and amenorrhea 
ensue. Increasing caloric intake to up to 600 kcal daily while main-
taining 6 miles of exercise daily results in resumption of ovula-
tion and menses. In the exercising monkey, resumption of 
ovulation can also be initiated without an increase in calorie intake 
by administering pulses of GnRH [ 18 ]. 

 Similar findings have been observed in women. Women 
who exercise regularly have more anovulatory cycles than 
women who are sedentary [ 19 ]. In a study of sedentary women 
assigned to exercise plus calorie restriction or exercise plus a euca-
loric diet, the exercise plus calorie restriction intervention was 
associated with greater declines in ovarian steroid production than 
exercise plus a eucaloric diet [ 20 ]. Hormones that help the brain 
assess the relative levels of calorie intake and energy expenditure 
include: leptin, insulin, thyroid hormones (thyroxine and triiodo-
thyronine), growth hormone, insulin-like growth factor 1, chole-
cystokinin, glucagon-like pepetide-1, and ghrelin.  

  Leptin is secreted by adipocytes and its concentration in the circu-
lation correlates with total body adipocyte mass. Leptin acts on the 
brain and causes a reduction in appetite. Genetic disruption of 
leptin secretion or the leptin receptor results in increased food con-
sumption and results in obesity if food is available to the animal. 
Leptin acts on neurons in the hypothalamus that secrete kisspeptin 
[ 21 ]. In very lean animals, leptin levels are low and it is believed 
that this results in reduced secretion of kisspeptin, in turn, causing 
a decrease in GnRH secretion and anovulation. In very lean ani-
mals, exogenous leptin administration is capable of increasing 
GnRH secretion and stimulating ovulation. 

 Women with hypothalamic amenorrhea (hypothalamic hypo-
gonadism) often have low levels of leptin. Two clinical trials 
reported that the administration of exogenous leptin or a leptin 
analogue (metreleptin) to these women, resulted in the resump-
tion of ovulatory menses in some of the subjects [ 22 ,  23 ]. In addi-
tion, metreleptin administration for 36 weeks increased free 
triiodothyronine, IGF1, and osteocalcin [ 23 ]. Leptin may exert its 
effect on GnRH secretion by a direct action on kisspeptin releasing 
neurons [ 24 ].   

3    The Pituitary Gland: The Major Link Between the Brain and the Ovary 

  As noted above, the brain is uniquely adapted to integrate envi-
ronmental cues and to attempt reproduction only when the environ-
ment is suitable to nurture a newborn. The pituitary gland is the 
major link between the brain and ovarian function. Pulsatile 
GnRH secretion stimulates the pituitary to secrete LH and FSH. 
The pituitary gland translates the tempo set by the hypothalamus 
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into a gonadotropin signal that controls ovarian follicular activity 
and ovulation. 

 During embryonic development, the anterior lobe of the pitu-
itary gland is derived from a pinching off of a portion of the oral 
cavity, Rathke’s pouch. The posterior lobe of the pituitary gland 
consists of neural tissue with direct projections from the hypothala-
mus. The two lobes come into apposition to form the defi nitive 
adenohypophysis attached to the median eminence by the infun-
dibular stalk. The adult pituitary weighs about 0.5 g and measures 
10 by 12 by 6 mm. The anterior pituitary comprises 75 % of the 
total gland volume. The pituitary gland resides within the sphe-
noid bone cavity known as the sella turcica and it is separated from 
the cranial cavity by the dura mater, which is penetrated by the 
pituitary stalk. The hypothalamic-hypophysial portal system con-
nects the brain to the anterior pituitary and transports the hypo-
thalamic releasing hormones (GnRH, TRH, CRH, and growth 
hormone releasing hormone) and hypothalamic inhibitory hor-
mones (dopamine, somatostatin) to the pituitary. The portal sys-
tem is a low pressure system, with two capillary beds, one in the 
hypothalamus and one in the anterior pituitary. 

 The anterior lobe contains unique cell types that secrete 
gonadotropins (LH and FSH), thyrotropin, growth hormone, 
corticotropin, or prolactin. Gonadotropes likely differentiate in 
response to cellular expression of steroidogenic factor 1 (SF-1), a 
zinc fi nger nuclear receptor, and GATA-2. It is believed that one 
pituitary cell secretes both LH and FSH. Approximately 5–15 % of 
the cells in the anterior pituitary are gonadotropes. The pituitary 
gonadotrope receives signals from the hypothalamus in the form of 
pulses of GnRH. In response, the pituitary synthesizes and secretes 
FSH and LH in pulses that match the GnRH signal. GnRH stimu-
lates multiple pathways in the pituitary gonadotrope, including 
protein kinase C, mitogen-activated protein kinase, calcium infl ux, 
and calcium–calmodulin kinase. The secretion of gonadotropins by 
the pituitary is also modulated by the negative feedback of steroid 
hormones, including estradiol progesterone and testosterone and 
the negative feedback of protein hormones, inhibin A and B.  

  Gonadotropins are glycoproteins, each composed of two subunits 
associated by noncovalent bonds and designated alpha and beta. 
The same 92 amino acid alpha subunit is present in TSH, hCG, 
LH, and FSH. It is the beta-subunit of each glycoprotein pituitary 
hormone that confers biological and immunological specifi city. 
Gonadotropins are highly elongated molecules with intertwining 
of the alpha- and beta-subunit. The gonadotropins are conforma-
tionally related to the cystine knot growth factor family that 
includes transforming growth factor-beta, activin, and nerve 
growth factor. Differing carbohydrate moieties create isoforms of 
LH and FSH. Sulfonated forms of LH are more rapidly cleared by 
the liver than sialyated molecules. 

3.2  Gonadotropins
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 Although GnRH stimulates both LH and FSH release, the 
two gonadotropins are differentially released throughout the men-
strual cycle. Differential release is modulated by GnRH pulse fre-
quency (LH secretion favored by moderately rapid pulse frequencies 
and FSH secretion by slow pulse frequencies), inhibin A and B 
(which are secreted from the ovary and inhibit FSH secretion), and 
the activins (which stimulate FSH secretion). Much of the negative 
feedback effects of estradiol and progesterone are mediated 
through changes in the hypothalamic release of GnRH rather than 
directly at the pituitary level. The positive feedback effects of estra-
diol are likely mediated at the level of both the pituitary and the 
hypothalamus. 

 LH, FSH, and hCG stimulate target cells by binding to 
G-protein coupled receptors. The LH receptor binds both LH and 
hCG. The LH receptor is expressed in thecal, granulosa, and cor-
pus luteal cells of the ovary and Leydig cells of the testis. The FSH 
receptor is expressed in granulosa cells of the ovary and the Sertoli 
cells of the testis. 

 An overview of the changes in LH, FSH, total inhibin, estra-
diol, and progesterone throughout the menstrual cycle is provided 
in Fig.  2 . During menses, estradiol, progesterone, and inhibin lev-
els are low. In the absence of signifi cant negative feedback from 
ovarian steroids and proteins, the hypothalamic-pituitary unit 
increases the secretion of GnRH, LH, and FSH, thereby stimulat-
ing the growth of a cohort of small follicles. Among the cohort of 
growing small follicles, one follicle will achieve more rapid growth 
and secrete increasing quantities of estradiol and inhibin A and B. 
This will result in the suppression of FSH and the cessation of 
growth in all but the largest, dominant follicle. A rising level of 
estradiol will eventually trigger an LH surge initiating the ovula-
tory process. Within 12 h of the initiation of the LH surge, proges-
terone levels start to rise due to luteinization of the follicle and 
estradiol levels begin to fall. During the luteal phase of the cycle, 
FSH levels are low, preventing the growth of a new cohort of the 
follicles, LH pulse frequency slows considerably and progesterone 
levels peak during the mid-luteal phase. If pregnancy does not 
occur, the corpus luteum begins to undergo luteolysis with a decrease 
in inhibin, estradiol, and progesterone production and a subse-
quent rise in pituitary secretion of LH and FSH, initiating a new 
round of follicle growth.

4         The Ovary 

  During embryonic development, primordial germ cells migrate 
from the yolk sac to the mesonephric ridge, where the defini-
tive ovary develops. Germ cell development is under the influ-
ence of bone morphogenetic proteins (BMP)-4, -8b, and -2 [ 25 ]. 

4.1  Embryonic 
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The primitive germs cells, or oogonia, divide by mitosis and 
increase their numbers to several million until about 6 months 
of intrauterine development when mitotic division stops. 
Starting at 8–13 weeks of gestation, oogonia continually enter 
meiosis until they are all converted to oocytes which are arrested 
in the dictyate stage. The process is completed by 6 months after 
birth. Oocytes remain arrested in the meiotic prophase until 
stimulated to resume meiosis during the LH surge of each ovu-
latory cycle. The number of oocytes continually declines dur-
ing life. At puberty only 300,000 oocytes remain of which only 
several hundred will be ovulated in a woman’s lifetime.  

  Fig. 2    Overview of the changes in luteinizing hormone (LH), follicle stimulating 
hormone (FSH), total inhibin, estradiol (E2), and progesterone (P4) throughout the 
menstrual cycle       
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  The primordial follicle represents the earliest stage of follicular 
development. The primordial follicle consists of the oocyte sur-
rounded by a basal lamina and a few spindle shaped (pregranulosa) 
cells. The primordial follicle develops into a primary follicle when 
the oocyte is surrounded by cuboidal granulosa cells. In the pri-
mary follicle, cuboidal granulosa cells secrete glycoproteins that 
surround the oocyte in a shell, the zona pellucida. These develop-
mental steps can occur in the absence of gonadotropin stimulation. 
The primary follicle becomes a secondary follicle when the granu-
losa cells divide and develop into multiple layers surrounding the 
oocyte. Secondary follicles have a band of fi broblast like cells, the 
theca interna, that surround the granulosa cells. During each men-
strual cycle, secondary follicles are recruited into a rapid growth 
phase, and in ovulatory cycles, one follicle will gain dominance and 
go on to ovulate [ 26 ]. 

 Both LH and FSH are necessary for the secondary follicle to 
fully develop into a dominant preovulatory follicle. LH stimulates 
the thecal cells to divide and produce androgens, which are con-
verted to estrogens by the granulosa cells. FSH stimulates the 
granulosa cells to divide and to synthesize the enzymes that con-
vert thecal androgens to estrogens, including the aromatase 
enzyme (Cyp19). At the beginning of the menstrual cycle (day 1 
of the cycle is the fi rst day of menstrual bleeding), only a few small 
antral follicles (2–6 mm in diameter) are present in each ovary. 
One antral follicle will gain dominance and start to grow rapidly, 
achieving a preovulatory diameter of approximately 20–25 mm. 
The granulosa cell complement of a large follicle is in the range of 
50 million cells, a refl ection of the rapid cell division occurring 
during this phase of follicle growth. Advanced in vitro systems per-
mit the maturation of preantral follicles to antral follicles with an 
associated mature oocyte [ 27 ]. These experimental systems will 
advance our understanding of the factors involved in follicle growth 
and maturation.  

  The follicle has three main components: theca and granulosa cells 
and the oocyte. Theca cells express LH receptors and secrete 
androgens, and a small amount of progesterone, in response to LH 
stimulation. Granulosa cells from small follicles express FSH recep-
tors and respond to FSH stimulation by synthesizing aromatase, 
the enzyme which converts thecal androstenedione to estrone. 
Granulosa cells from large follicles also have LH receptors, in prep-
aration for responding to the LH surge [ 28 ]. 

 There is a delicate balance between LH and FSH stimulation 
of the thecal and granulosa cell compartments. In polycystic ovary 
syndrome, excessive pituitary secretion of LH (evidenced by an 
elevated ratio of LH to FSH) results in excess stimulation of andro-
stenedione production from the theca and insuffi cient conversion 
of the androstenedione to estrone. Consequently the follicular 
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microenvironment is characterized by excessive androstenedione 
and low estradiol concentration in the follicular fl uid. These androgen 
dominant follicles contain a suboptimal number of granulosa cells 
for their size and an oocyte that has diffi culty resuming meiosis. 

 Follicle growth is directly dependent on FSH stimulation. 
In women with amenorrhea due to hypothalamic hypogonadism 
(insuffi cient calorie intake, excessive exercise, excessive stress), the 
pituitary secretion of FSH is very low. In the absence of FSH stim-
ulation, the small secondary follicles do not grow and no dominant 
follicle develops. In the absence of a dominant follicle, estrogen 
secretion is insuffi cient to trigger an LH surge, thereby resulting in 
anovulation and amenorrhea. 

 In the ovary, the key steroidogenic pathways involve converting 
cholesterol to progesterone, androgens, and estrogens. The cyclo-
pentanophenanthrene-ring structure is the basic carbon skeleton 
for all steroid hormones. There are three physiologically important 
gonadal steroid nuclei: estrane (18 carbon atoms), androstane 
(19 carbons atoms), and pregnane (21 carbon atoms). Outside of 
pregnancy, the quantitatively important sources of steroid produc-
tion are the ovaries, the testes, and the adrenals. Each of these 
glands makes a pattern of steroid hormones unique to the gland. 
The ovary secretes large quantities of estradiol and progesterone. 
The testes secretes testosterone. The adrenal secretes cortisol and 
aldosterone. In addition, each gland produces some common core 
steroids, such as progesterone, 17- hydroxyprogesterone, and 
androstenedione (Fig.  3 ).

   Cholesterol is the parent steroid from which all gonadal ste-
roids, glucocorticoids, and mineralocorticoids are derived. 
Circulating lipoproteins provide signifi cant quantities of cholesterol 
for metabolism to gonadal steroids. Once the lipoprotein packet is 
metabolized within the gonadal cell, cholesterol is transported to 
the mitochondira where it is converted to pregnenolone by the 
cholesterol cleavage enzyme. Pregnenolone is then  metabolized to 
the other core steroids (progesterone, 17- hdroxyprogesterone, and 
androstenedione) by cyp17 and 3beta hydroxysteroid dehydroge-
nase. In turn, progesterone can either be secreted or, in the adrenal, 
metabolized to aldosterone. 17-Hydroxyprogesterone can be 
secreted or metabolized in the adrenal to cortisol. Androstenedione 
can be secreted or metabolized to testosterone or estradiol (Fig.  3 ).  

  The oocyte is maintained in prophase of meiosis I until the LH 
surge signals the oocyte to resume meiosis. The factors that cause 
and maintain the arrest of meiosis are not well characterized. 
cAMP may play an important role in the arrest of meiosis and 
G-protein coupled receptors likely maintain intracellular cAMP 
concentrations in the oocyte. Oocytes in mature antral follicles 
resume meiotic maturation following exposure to the LH surge. 
One potential mechanism for this effect is that LH induces the 
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secretion of EGF- like growth factors, including amphiregulin, that 
stimulate the oocyte to resume meiosis (see below section on 
amphiregulin). The resumption of meiosis by the oocyte can be 
observed with the light microscope and involves the sequential loss 
of the nuclear envelope (germinal vesicle breakdown) followed by 
the extrusion of one half of the chromosomes in the fi rst polar 
body. The oocyte proceeds to metaphase of meiosis II and becomes 
arrested in metaphase II before it is physically released from the 
ovary. Completion of meiosis occurs following fertilization. 

 The oocyte secretes proteins, including growth-differentiation 
factor-9 (GDF-9) and bone-morphogenic protein-15 (BMP-15), 
that infl uence granulosa cell function. Growth differentiation fac-
tor- 9 (GDF-9) is a member of the TGF-beta superfamily and is 
highly expressed in oocytes. In rodent models, GDF-9 stimulates 
granulosa cell differentiation and the secretion of multiple 
granulosa- derived glycoproteins that form the cumulus. GDF-9 
suppresses granulosa cell LH receptor expression which reduces 
the risk of premature luteinization of the cumulus cells. BMP-15 
is a member of the TGF-beta superfamily and produced in high 
concentrations by the oocyte. It is structurally related to GDF-9. 
In sheep a point mutation in the receptor for BMP-15 is associated 
with an increased ovulation rate [ 29 ,  30 ].  

  Fig. 3    The core reactions in steroidogenesis. The ovary, testis, and the adrenal produce six common core steroids. 
The core delta-5 steroids are pregnenolone, 17-alpha hydroxypregnenolone, and dehydroepiandrosterone. 
The core delta-4 steroids are progesterone, 17-alpha hydroxyprogesterone, and androstenedione. The core ste-
roids are important precursors for the production of aldosterone, cortisol, testosterone, and estradiol. Enzyme1 
is 3-beta hydroxysteroid dehydrogenase isomerase. Enzyme 2 is 17-alpha hydroxylase CYP17. Enzyme 3 is the 
17, 20-layse. Enzyme 4 is 21-hydroxyase. Enzyme 5 is 11-beta hydroxylase. Enzyme 6 is aromatase       
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  An important feature of the ovarian follicle is that granulosa cells 
and oocytes are separated from the systemic circulation by a base-
ment membrane between the theca cells and the granulosa cells. 
All proteins entering the follicle must pass through the basement 
membrane to reach the inner follicle. This feature permits two 
adjacent follicles to develop unique intrafollicular microenviron-
ments. Many studies suggest that follicles that have a mircroenvi-
ronment with high concentrations of FSH and estradiol are the 
follicles that are most likely to grow rapidly, gain dominance, and 
ovulate. This is not surprising because FSH and estradiol are potent 
stimulators of granulosa cell mitosis. Follicles that contain low con-
centrations of FSH and estradiol grow poorly and eventually 
undergo atresia. The follicle destined to ovulate can be identifi ed 
by the following characteristics: it has an optimal number of granu-
losa cells for its size and it contains large amounts of estradiol and 
low amounts of the androgens, androstenedione, and testosterone. 
The follicles destined for atresia have low numbers of granulosa 
cells for their size and more androgens than estrogens in the fol-
licular fl uid [ 31 ]. 

 The development of the dominant follicle creates an environ-
ment in which the oocyte matures and is ready to resume meiosis. 
Suffi cient estradiol is secreted from its granulosa cells to trigger the 
LH surge which will cause the follicle to ovulate when it is ripe. 
The estradiol produced by the same follicle induces endometrial 
proliferation which prepares the uterus for embryo implantation. 
It has been demonstrated that if the preovulatory follicle is surgi-
cally destroyed, the circulating concentration of estradiol drops 
quickly, the FSH level rises and it takes about 14 days for another 
follicle to develop to the same stage [ 32 ]. 

 Proteomic studies of human follicular fl uid indicate the  presence 
of approximately 400 unique proteins. Computational analysis sug-
gests that these proteins are involved in the following pathways: 
(1) steroidogenesis, (2) cell to cell signaling, (3) antioxidative 
homeostasis, (4) interleukin signaling, (5) liver X receptor/retinoid 
X receptor activation, (6) insulin-like growth factor signaling, and 
(7) lipid metabolism [ 33 ]. With regards to the insulin-like growth 
factor signaling system, the proteomic studies demonstrated the 
presence of IGF-2 and the IGF-binding proteins 2, 3, 5, and 7.  

  At the beginning of the follicular phase of the cycle there are 
approximately fi ve antral follicles (range 0–15 follicles) measuring 
approximately 4 mm in diameter (range 2–9 mm in diameter) pres-
ent in each ovary [ 34 ]. By day 12 of the cycle one follicle of 
approximately 18–20 mm in diameter dominates one ovary and is 
the follicle destined to ovulate. The process by which one small 
antral follicle is selected from amongst its peers to develop into the 
large preovulatory follicle is called selection. The mechanisms sub-
serving selection are not full characterized, but the status of the 
follicle microenvironment is crucial to the process of selection. 
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 On day 4 of the follicular phase no single follicle has achieved 
dominance. By day 8 of the cycle a dominant follicle has emerged. 
Once a dominant follicle is established, no new large antral follicles 
will grow until the dominant follicle undergoes ovulation, and the 
resulting corpus luteum undergoes atresia (if pregnancy is not 
established). The dominant follicle prevents the growth of other 
new large follicles by secreting inhibin-B inhibin-A and estradiol, 
which markedly suppress FSH secretion, thereby blocking the con-
temporaneous growth of a new large follicle. The processes of 
selection and dominance help ensure that for primates, on average, 
only one follicle ovulates each cycle. From a teleological perspec-
tive, the tremendous energy demands of a primate pregnancy, 
birth, and feeding of a newborn make it preferable to make single-
ton pregnancy the norm. 

 During follicular development the surface area of the follicle 
doubles approximately 19 times [ 35 ]. The increase in follicle size 
is due both to an increase in granulosa and theca cell number and 
a marked increase in follicle fl uid. The aquaporins (AQPs) are a 
family of cell membrane proteins that allow water to pass through 
cell membranes at a rate approximately 100 times greater than the 
passage of water by diffusion. The expression of AQPs increase in 
granulosa and theca cells as the follicle grows, with a marked 
increase in AQP2 and AQP3 during the early ovulatory phase and 
an increase in AQP1 in the late ovulatory phase [ 36 ]. The increase 
in AQP expression likely mediates the fl uid increase in the follicle 
as it gains dominance and prepares for ovulation.  

  The timing of ovulation is determined by the dominant ovarian 
follicle. When the dominant ovarian follicle produces enough 
estradiol to sustain levels in the range of 200–300 pg/ml for 48 h 
the hypothalamus responds by increasing kisspeptin and GnRH 
secretion resulting in a surge in pituitary secretion of LH and FSH. 
The gonadotropin surge is characterized by an increase in LH 
pulse frequency and amplitude resulting in a marked increase in 
serum LH. Before the LH surge, estradiol concentration rises rap-
idly, with a doubling time of approximately 60 h, concomitant 
with the growth of the follicle. The mean duration of the LH surge 
is approximately 48 h with an ascending limb of 14 h, a plateau of 
14 h, and descending limb of approximately 20 h. The gonadotro-
pin surge is characterized by smaller increases in FSH, with a simi-
lar time course. 

 The LH surge stimulates four events in the ovary that result in 
ovulation: (1) an increase in intrafollicular proteolytic enzymes 
(e.g., plasmin) which destroy the basement membrane of the fol-
licle and allows follicular rupture, (2) luteinization of the granulosa 
and theca cells which results in a marked increase in progesterone 
production, (3) resumption of oocyte meiosis in preparation for 
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fertilization, and (4) the growth of blood vessels into the follicle 
which prepares it to become a corpus luteum. The beginning of 
the LH surge precedes ovulation by about 36–44 h.  

  Substantial evidence from multiple species indicates that the LH 
surge stimulates cAMP signaling pathways and the expression of 
EGF-like growth factors, including amphiregulin, epiregulin, and 
betacellulin. In turn, amphiregulin activates EGF receptors within 
the follicle which trigger oocyte nuclear maturation and prepares 
the oocyte for fertilization [ 37 ]. In humans, amphiregulin is the 
dominant EGF-like molecule. Amphiregulin is not present in 
human follicle before the LH surge, but levels increase markedly 
after the onset of the LH surge. Amphiregulin appears to stimulate 
cumulus expansion and oocyte maturation [ 38 ]. Human germinal 
vesicle oocytes obtained from small follicles and exposed to amphi-
regulin or epiregulin in vitro are much more likely to progress to 
metaphase II than control oocytes. Supplementation of in vitro 
maturation medium with amphiregulin or epiregulin may be an 
effective intervention to enhance oocyte competence [ 39 ].  

  The main purpose of the corpus luteum is to secrete progesterone 
to prepare the endometrium for embryo implantation. Corpus 
luteum secreted progesterone maintains a developing pregnancy 
until the placenta becomes the main source of progesterone, at 7–8 
menstrual weeks of gestation [ 40 ]. During the luteal phase, pitu-
itary LH stimulates the corpus luteum to make progesterone. 
During early pregnancy hCG secreted from the conceptus stimu-
lates the corpus luteum to make progesterone and support the 
growth of the conceptus within the endometrium [ 41 ]. 

 The corpus luteum is derived from both theca and granulosa 
cells. In the corpus luteum the small cells are thought to be derived 
from the theca and the large cells from the granulosa cells. Both 
cell types produce progesterone. Theca-derived luteal cells pro-
duce androgen precursors that are aromatized to estradiol by the 
granulosa-derived luteal cells [ 42 ]. 

 The luteal cells obtain cholesterol for progesterone synthesis 
from circulating lipoprotein cholesterol through endocytosis. 
Cholesterol is transported to the inner membrane of the mito-
chondria and converted to pregnenolone by the P450scc, choles-
terol side chain cleavage enzyme. The rate limiting step in 
progesterone production by the corpus luteum appears to be the 
translocation of cholesterol from the outer mitochondrial mem-
brane to the inner membrane where the P450scc is located [ 43 ]. 
Steroidogenic acute regulatory protein (StAR) is essential to the 
effi cient translocation of cholesterol to the inner mitochondrial 
membrane. StAR synthesis is controlled by LH, progesterone, and 
three transcription regulatory factors: steroidogenic-factor 1, 
GATA-4, and CCAAT/enhancer-binding protein beta. Prior to 
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the LH surge, StAR is present in very low levels in the human 
granulosa cell, consistent with the low level of progesterone pro-
duction. In the periovulatory interval, the theca cells contain high 
concentrations of StAR, suggesting that the increase in progester-
one secretion observed at the time of the LH surge is derived from 
the theca cells [ 44 ]. In the non-fertile cycle, the corpus luteum 
undergoes luteolysis, a process of regression that results in a 
decrease in progesterone and estradiol secretion. An early molecu-
lar event in luteolysis is a decrease in intracellular StAR protein 
concentration [ 45 ].  

  Estradiol secreted by the ovary suppresses pituitary gland secretion 
of FSH. The ovarian granulosa cells also secrete potent protein 
inhibitors of FSH secretion, inhibin A, and inhibin B. Inhibins are 
dimeric proteins that contain an alpha-subunit with a disulfi de 
linkage to either a beta-A subunit (inhibin A) or a beta-B subunit 
(inhibin B). In the follicular phase of the menstrual cycle, the small 
developing follicles predominantly secrete inhibin B. In the pre-
ovulatory and luteal phases of the menstrual cycle, the granulosa 
cells of the large dominant follicle and the luteinized granulosa 
cells in the corpus luteum predominantly secrete inhibin A. The 
feedback of the inhibins on pituitary FSH secretion is critical to the 
development of a single dominant follicle. Once a dominant folli-
cle is selected, it secretes suffi cient quantities of inhibin A and 
inhibin B to suppress FSH and prevent the growth of other folli-
cles, during that cycle. Of note, in the pituitary gland there is an 
intraglandular paracrine system whereby the combination of two 
subunits of inhibin as homodimers (beta-A/beta-A) activin A or 
beta-B/beta-B (activin B) are capable of stimulating FSH secre-
tion. Follistatin, a protein present in the pituitary and follicular 
fl uid binds the activins, inactivating them, and therefore can act to 
suppress FSH secretion.  

  Anti-mullerian hormone (AMH) is a dimeric glycoprotein member 
of the TGF-beta superfamily. The classical role of AMH is to 
induce the degeneration of the mullerian ducts during male sexual 
differentiation. In addition, AMH is produced by granulosa cells of 
small follicles and acts in the ovary through two receptors, type II 
which is specifi c for AMH and type I which is also binds other 
members of the BMP family. As follicles grow, the antral fl uid con-
centration of AMH decreases, while the concentration of inhibin-
 B increases [ 46 ]. In mice, loss of AMH results in a reduction in the 
FSH-responsiveness of growing follicles and an increased rate of 
follicle atresia. In the human loss of all follicles is associated with 
very low circulating AMH levels. In girls with Turner syndrome, 
AMH levels are below normal at all ages, from birth to adult-
hood [ 47 ]. AMH levels are relatively stable throughout the men-
strual cycle. Unlike FSH, which must be measured during menses 
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(cycle day 2, 3, or 4) to predict the likelihood of fertility treatment 
success, AMH is a useful predictor of ovarian reserve when mea-
sured at any time in the menstrual cycle [ 48 ]. 

 In clinical practice, the ovarian follicle pool can be assessed by 
measuring cycle day 3 FSH or inhibin B, AMH or by counting the 
number of secondary follicles by transvaginal ultrasound. Of these 
methods for assessing the ovarian follicle pool, measurement of 
AMH and ultrasound determination of antral follicle count appear 
to be superior to the measurement of cycle day 3 FSH or inhibin B 
[ 49 ]. In addition both AMH and antral follicle count are good 
predictors of the risk of developing ovarian hyperstimulation in 
response to FSH treatment for infertility [ 50 ]. Based on this obser-
vation it has been proposed that AMH levels could be used to 
assign women to optimal regimens of controlled ovarian hyper-
stimulation based on the AMH assessment of their oocyte pool 
size [ 51 ]. For example, women with normal AMH concentrations 
might be best treated with moderate doses of gonadotropin, while 
women with elevated AMH concentrations, suggesting a large 
ovarian follicle pool, might be best treated with a lower gonado-
tropin dose to prevent excess ovarian response to FSH [ 52 ]. In 
addition, markers of the size of the oocyte pool (AMH, antral fol-
licle count, age of female) are predictive of the magnitude of the 
ovarian response to fertility treatments involving ovarian stimula-
tion [ 53 ].  

  An immutable feature of human ovarian biology is a relentless 
decline in the number of ovarian follicles with aging. Statistical 
models that have been used to describe the decline include: power, 
differential, biphasic, Gompertz, and exponential. The power and 
differential equation models have been reported to best model the 
rate of follicle loss observed with aging assessed by counting folli-
cles in the ovarian surgical specimens [ 54 ]. The basic observation 
governing follicle loss over time is that a relatively fi xed  percentage  
of follicles are lost during every time interval. This exponential loss 
of ovarian follicles is similar to the rate of decay in radioactive 
materials, over each time period, a fi xed percentage of the radioac-
tive atoms decay. Some investigators have reported the presence of 
ovarian follicle stem cells in murine model systems that could lead 
to a regeneration of the ovarian follicle pool. Other investigators 
doubt that ovarian stem cells play an important physiological role 
in regenerating oocytes during adult life [ 55 ].   

5    The Endometrium 

  The reproductive purpose of the primate menstrual cycle is to 
generate a single oocyte for fertilization and to simultane-
ously prepare the endometrium for implantation of an embryo. 

4.12  Ovarian Follicle 
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The endometrium has classically been divided into two main layers, 
the upper functionalis layer and the lower basalis layer. The func-
tionalis layer is the layer in which endometrial proliferation, secre-
tory changes, implantation, and menstrual sloughing occur. The 
functionalis layer consists of a compact zone adjacent to the lumen 
and a spongy zone abutting the basalis. The basalis lies between 
the spongy zone and the myometrium and can repopulate all the 
cells in the functional zone following menstrual sloughing. The 
basal zone likely contains stem cells [ 56 ]. The endometrium is 
responsive to steroid hormones and local protein factors.  

  Estradiol stimulates endometrial epithelial cell proliferation, gland 
growth, and vascularization of the glands. Estradiol increases the 
endometrial synthesis of its own intracellular receptor, augmenting 
its effect, and the production of progesterone receptors, preparing 
the endometrium to respond to the luteal production of progester-
one. Estrogen likely achieves many of its effects on the endome-
trium by stimulating the epithelium and stroma to secrete protein 
products that create cross-talk between glands and stroma. After 
ovulation, the endometrium responds to the rapid rise in proges-
terone with secretory changes in the luminal cells, further gland 
development, decidualization of the stromal cells, and the develop-
ment of spiral vessels. If no pregnancy occurs, the decrease of estra-
diol and progesterone that follows atrophy of the corpus luteum 
results in the collapse of the endometrial glands, constriction of the 
blood vessels, and the sloughing of the endometrium. 

 Protein factors that regulate endometrial growth include 
WNT7A, Frizzled (FZD) receptors, and Dishevelled (Dsh) [ 57 ,  58 ]. 
Estradiol stimulates WNT7A production in the luminal epithe-
lium. WNT7A diffuses in a gradient towards the basal layer and 
stimulates cell proliferation. The sequence of events that subserves 
WNT7A control of endometrial proliferation includes WNT7A 
binding to the FZD receptor which phosphorylates the protein 
Dsh, which turns off glycogen synthase kinase-beta, thereby reduc-
ing the degradation of beta-catenin and increasing intracellular 
beta-catenin concentrations. Beta-catenin is a transcription factor 
that stimulates cell proliferation [ 59 ]. 

 During the luteal phase of the cycle, endometrial cell proliferation 
is reduced by progesterone stimulation of Dickkopf-1 (DKK- 1) 
which binds to LRP6, blocking the FZD receptor, thereby block-
ing WNT7A action [ 60 ]. This reduces beta-catenin levels and 
reduces cell proliferation. Knockdown of the progesterone recep-
tor prevents the induction of DKK-1 [ 61 ]. 

 Progesterone stabilizes the endometrium and prevents 
unscheduled bleeding by infl uencing the production of key pro-
teins. Progesterone blocks stromal cell production of matrix metal-
loproteinase (MMP) 1, 3, and 9. MMP 1, 3, and 9 degrade 
extravascular and stromal matrix. By blocking production of the 
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MMPs, progesterone stabilizes the stromal and vascular supporting 
matrix. Progesterone also stimulates stromal cell production of 
tissue factor (TF), a cell surface protein that participates in the 
extrinsic pathway of coagulation through the binding of activated 
Factor VII [ 62 ]. By stimulating TF production, progesterone 
helps reduce the risk of unscheduled bleeding from the endome-
trium. Progesterone also stimulates stroma cell production of 
plasminogen activator inhibitor 1 (PAI-1). PAI-1 blocks fi brinolysis, 
thereby stabilizing clots [ 63 ]. 

 In anovulatory menstrual cycles, the absence of a progesterone 
stimulus results in excessive production of MMP 1, 3, and 9, 
decreased production of TF and PAI-1, thereby leading to unpre-
dictable menstrual bleeding in both timing and amount. In ovula-
tory cycles with excessively high estradiol and abnormally low 
progesterone secretion (commonly observed in perimenopausal 
women), a similar pattern of dysfunctional protein secretion and 
bleeding may occur. Women with heavy menstrual bleeding, even 
in ovulatory cycles, have been demonstrated to have elevated 
endometrial concentrations of tissue plasminogen activator and 
plasmin, which reduce the stability of the clots. Tranexamic acid is 
an inhibitor of plasminogen and the plasminogen activator–plasmin 
complex. Administration of tranexamic acid to women with heavy 
menstrual bleeding results in the stabilization of fi brin and reduces 
the amount of menstrual bleeding [ 64 ,  65 ].  

  Classical dating of the endometrium involves histological observa-
tion of changes that occur on 8 dimensions in the functional layer 
of the endometrium [ 66 ]. The endometrium of the lower uterine 
segment is not as hormonally responsive as the epithelium of the 
uterine fundus, and it should not be used for histological dating. 
Three dimensions: gland mitoses, stromal mitoses, and pseu-
dostratifi cation of nuclei are prominent in the follicular phase of 
the cycle. Three dimensions: basal glandular vacuolation, secretory 
changes, and stromal edema are prominent in the luteal phase of 
the cycle. Two dimensions: pseudodecidual reaction and leukocyte 
infi ltration are prominent in the peri-menses phase of the cycle. 

 In a 28 menstrual day cycle, ovulation typically occurs on cycle 
day 14. The fi rst day of the menstrual cycle is considered to be the 
fi rst day of bleeding. Menses typically lasts 4–7 days. The prolifera-
tive phase of the menstrual cycle begins at the termination of men-
ses and extends to ovulation at cycle day 14. The postovulatory or 
secretory phase extends from cycle day 14 to cycle day 28 and the 
onset of menstrual bleeding.  

  Following menses, under the stimulation of estrogen, the endome-
trium gradually regrows. The early proliferative phase extends from 
cycle day 4–7. The middle proliferative phase from cycle 8–11 and 
the late proliferative phase from cycle day 11–14. 
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 In the early proliferative phase, the endometrium is less than 
3 mm thick. The glands are short, narrow, tubular, and straight 
and lined by low columnar cells that have round nuclei near the 
base. A few mitoses are present in the glands. The endoplasmic 
reticulum and Golgi apparatus are not well developed. The stroma 
is compact and has few mitoses. In the middle proliferative phase, 
the glands are longer and have a slightly curved effect. There is 
early pseudostratifi cation of the nuclei that appear superimposed in 
layers. There are numerous mitoses in the glands. In the late pro-
liferative phase, the glands are tortuous as a result of active growth. 
The luminal cells increase in height and become pseudostratifi ed. 
There are numerous mitoses and pseudostratifi cation of the nuclei. 
The stoma is dense and has numerous mitoses.  

  Ovulation heralds the beginning of the secretory phase. In the 
secretory phase the endometrium that has been primed by expo-
sure to estradiol differentiates under the infl uence of progesterone. 
The fi rst 7 days of the secretory phase are characterized by the fol-
lowing sequential changes: the appearance of basal vacuoles and 
continuing mitoses in the glands and stroma (for up to 3 days after 
ovulation), an increase in glandular tortuosity with prominent sub-
nuclear vacuoles, initial accumulation of glycogen-rich vacuoles at 
the base of the luminal cells and the onset of prominent acidophilic 
secretions in the gland lumen. In the last 7 days of the secretory 
phase stomal changes become prominent including the following 
sequential changes: maximal stromal edema, development of 
highly coiled spiral arteries, condensation of the stroma around the 
spiral arterioles, lymphocytic infi ltration of the stroma, and focal 
necrosis of the stoma around the spiral arterioloes. NK lymphocyte 
cells encircle arterioles and develop cell to cell connections with 
stromal cells [ 67 ].  

  A detailed discussion of implantation is beyond the scope of this 
review. Implantation requires the coordinated development of a 
blastocyst stage embryo and a prepared luteal-phase endome-
trium [ 68 ]. In the human the implantation window is from days 
19–24 of an idealized 28-day menstrual cycle. Implantation 
involves the interaction of microvilli on the surface of the hatched 
syncytiotrophoblasts and microprotrusions on the apical surface 
of endometrial glands called pinopodes. Shortly thereafter, the 
syncytiotrophoblasts penetrate the endometrial epithelium and 
the endometrium then regrows to cover the site of penetration. 

 The autocrine, paracrine, and endocrine mechanisms involved in 
implantation vary signifi cantly among species. Progesterone is essen-
tial for implantation and pregnancy maintenance in most mammals. 
In the murine model, leukemia inhibitory factor (LIF), an interleu-
kin 6-like cytokine, plays an important role in implantation. In LIF 
defi cient mice embryos do not implant in the endometrium [ 69 ]. 
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In the mouse, treatment with an LIF-antagonist blocks embryo 
implantation [ 70 ]. Similarly, interleukin-11 (IL11) appears to play a 
key role in mouse implantation. In female mice lacking the receptor 
for interleukin-11 the endometrium is not receptive for embryo 
implantation [ 71 ]. In humans LIF is primarily expressed in the mid-
luteal phase at the apical pole of endometrial glandular cells [ 72 ]. In 
both the human and mouse, endometrial expression of CD98, a cell 
surface ligand that is induced by LIF, epidermal growth factor, estra-
diol, and hCG appears to play a role in regulating endometrial 
receptivity [ 73 ]. CD98 may associate with galectins, which are capa-
ble of binding carbohydrate moieties. 

 Perpetuation of a species requires effi cient and successful 
reproduction. In primates, successful reproduction is dependent 
on an ovulatory menstrual cycle. In turn an ovulatory menstrual 
cycle requires the intricate integration of the hypothalamus, pitu-
itary, ovary, and endometrium. The hypothalamus is the conductor 
of the menstrual cycle, setting the beat through the pulsatile release 
of GnRH. The pituitary gland translates the beat set by the hypo-
thalamus into a signal, LH and FSH secretion, that can be under-
stood by the ovarian follicle. The ovarian follicle is composed of 
three key cells: theca cells, granulosa cells, and the oocyte. In the 
ovarian follicle, LH stimulates theca cells to produce androstenedi-
one. In the granulosa cells from small antral follicles, FSH stimu-
lates the cells to aromatize theca-derived androstenedione to 
estradiol. A critical quantity of estradiol, produced from a large 
dominant antral follicle, causes positive feedback in the hypothala-
mus, likely through the kisspeptin system, resulting in an increase 
in GnRH secretion and an LH surge. The LH surge causes the 
initiation of the process of ovulation. After ovulation, the follicle is 
transformed into the corpus luteum, which, stimulated by LH, 
secretes progesterone. Progesterone prepares the endometrium for 
implantation of the conceptus. During the mid-luteal phase of the 
cycle, when progesterone production is at its peak, the secretory 
endometrium is optimally prepared for the implantation of an 
embryo. In turn, implantation of an embryo and successful preg-
nancy permits perpetuation of the species.      
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    Chapter 8   

 Assisted Reproductive Techniques 

           Jack   Yu   Jen   Huang     and     Zev   Rosenwaks       

  Abstract 

   Assisted reproductive technologies (ART) encompass fertility treatments, which involve manipulations of 
both oocyte and sperm in vitro. This chapter provides a brief overview of ART, including indications for 
treatment, ovarian reserve testing, selection of controlled ovarian hyperstimulation (COH) protocols, 
laboratory techniques of ART including in vitro fertilization (IVF), and intracytoplasmic sperm injection 
(ICSI), embryo transfer techniques, and luteal phase support. This chapter also discusses potential compli-
cations of ART, namely ovarian hyperstimulation syndrome (OHSS) and multiple gestations, and the 
perinatal outcomes of ART.  

  Key words     Assisted reproductive technology (ART)  ,   Ovarian reserve  ,   Follicle stimulating hormone 
(FSH)  ,   Anti-Müllerian hormone (AMH)  ,   Controlled ovarian hyperstimulation (COH)  ,   In vitro fer-
tilization (IVF)  ,   Intracytoplasmic sperm injection (ICSI)  ,   Embryo transfer  ,   Ovarian hyperstimulation 
syndrome (OHSS)  ,   Luteal phase support  

1      Introduction 

 Since the fi rst reports of pregnancies and live births following in 
vitro fertilization (IVF) by Steptoe and Edwards [ 1 ,  2 ], there have 
been tremendous improvements in the fi eld of assisted reproduc-
tive technologies (ART). Today, several million babies have been 
born using ART [ 3 ] and IVF or “test-tube baby” has become a 
household term. 

 ART encompasses fertility treatments which require manipula-
tions of both oocyte and sperm in vitro [ 4 ]. The objective of this 
chapter is to provide an overview of ART, including indications for 
treatment, ovarian reserve testing, and selection of controlled ovar-
ian hyperstimulation (COH) protocols, laboratory aspects of ART, 
embryo transfer (ET) techniques, and luteal phase support. We 
also discuss the ART protocols utilized at Weill Cornell. Lastly, 
complications, namely ovarian hyperstimulation syndrome (OHSS) 
and multiple gestations, and the perinatal outcomes of ART are 
discussed. Detailed discussion of the specifi c ART techniques are 
provided in subsequent chapters. 



172

 The most commonly performed ART procedure is IVF. IVF 
involves a sequence of events starting with COH with exogenous 
administration of gonadotropins to stimulate the development of 
ovarian follicles, followed by transvaginal ultrasound (US)-guided 
retrieval of oocytes, fertilization of oocytes with sperm in vitro, cul-
ture of the resultant embryos, and transfer of embryos to the recipi-
ent. An important innovation in ART is assisted fertilization by 
intracytoplasmic sperm injection (ICSI), which involves the injec-
tion of a single sperm into the cytoplasm of a mature oocyte. Other 
modalities of ART include embryo assisted hatching (AH), autolo-
gous endometrial coculture (AECC), preimplantation genetic diag-
nosis (PGD) or screening (PGS), cryopreservation of gametes, 
embryos, and ovarian tissue, frozen-thawed embryo transfer (FET), 
the use of donor gametes and gestational carriers. Prior to the 
advent of ART, other less often utilized procedures include laparo-
scopic tubal transfer of gametes (gamete intrafallopian transfer; 
GIFT), zygotes (zygote intrafallopian transfer; ZIFT), and embryos 
(tubal embryo transfer; TET). Due to their invasiveness and the 
necessity to utilize general anesthesia during these procedures, they 
have become almost obsolete. They are only utilized when transcer-
vical embryo transfer is technically diffi cult to perform.  

2    Indications 

 IVF was fi rst reported as a treatment option for patients with severe 
tubal disease [ 1 ,  2 ]. With improvement in the effi cacy of IVF and 
the introduction of ICSI, the indications for IVF have expanded to 
include infertility due to severe male factor, severe endometriosis, 
ovulatory dysfunction, diminished ovarian reserve, and unex-
plained infertility, especially where conventional treatments have 
failed (Fig.  1 ). IVF is also the best treatment option for couples 
with multifactorial infertility problems.

    Tubal factor infertility accounts for 30 % of cases of female infertil-
ity and 14 % percent of diagnoses among couples who undergo 
ART treatments in the USA [ 5 ]. The etiologies of tubal obstruc-
tion can be intrinsic (ascending salpingitis and salpingitis isthmica 
nodosa) or extrinsic (surgical sterilization, endometriosis, and peri-
tonitis). Tubal damage is often caused by Chlamydia trachomatis, 
gonorrhea, and multi-bacterial infections. 

 Prior to the introduction of IVF, reconstructive tubal surgery 
had been the only treatment option for patients with tubal obstruc-
tion. At present, IVF is the treatment of choice for women over the 
age of 35 years with signifi cant tubal disease and those with other 
coexisting infertility problems [ 6 ,  7 ]. IVF should also be offered to 
patients who remain infertile 1 year following tubal surgery. 

  The presence of communicating hydrosalpinx is associated with a 
50 % reduction in pregnancy rate in patients undergoing IVF 

2.1  Tubal Factor

2.1.1  Hydrosalpinx
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treatment [ 8 ,  9 ]. Hydrosalpingeal fl uid has been shown to be 
embryotoxic and may adversely affect embryo implantation [ 10 ]. 
For women with hydrosalpinx, laparoscopic salpingectomy resulted 
in a twofold increase in ongoing pregnancy rates [ 8 ,  11 ] and, 
therefore, should be considered prior to undergoing IVF treat-
ment [ 9 ,  12 ]. Alternatively, laparoscopic or hysteroscopic tubal 
occlusion can be performed to improve IVF pregnancy rates [ 9 , 
 13 – 16 ]. Other less well-studied surgical options are salpingostomy 
[ 17 ] and drainage at the time of oocyte retrieval [ 18 ]. The latter 
approach may lead to infectious complications.   

  Abnormal semen parameters may be a contributing factor in up to 
40 % of infertile couples and represents approximately 36 % of 
infertility diagnoses among couples who undergo ART treatments 
[ 5 ,  19 ]. After the advent of ICSI, the proportion of male factor 
infertility cases presenting for ART has been increasing. For 
patients with mild male factor infertility, whose semen parameters 
are not improved despite medical or surgical treatments, timed 
intrauterine insemination (IUI) may be offered [ 20 ]. Parameters 
associated with successful IUI treatment include greater than ten 
million total motile sperms and 14 % normal morphology based on 
strict Kruger criteria [ 21 ,  22 ]. Total sperm count of less than one 

2.2  Male Factor

  Fig. 1    CDC/SART 2011 report: diagnoses among couples who had ART cycles using fresh nondonor eggs or 
embryos       
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million and 4 % normal morphology have been shown to be associ-
ated with poor success with IUI [ 21 ,  23 ]; IVF is indicated in these 
cases. IVF is also the treatment of choice in couples with previous 
unsuccessful IUI treatment and other coexisting infertility factors, 
such as advanced maternal age and tubal obstruction.  

  Endometriosis is found in 9–50 % of patients undergoing  laparoscopy 
for the evaluation of infertility [ 24 ,  25 ]. Clinical manifestations 
include dysmenorrhea, chronic pelvic pain, and dyspareunia. Some 
patients may be asymptomatic and present only with a history of 
infertility. The manner by which endometriosis causes infertility 
remains enigmatic, particularly in instances where no tubal disease 
or pelvic distortion exist. Proposed mechanisms include distortion 
of adnexal anatomy, an adverse peritoneal environment character-
ized by increased infl ammatory cytokines and oxidative stress [ 3 ], 
which in turn may interfere with follicular development [ 26 ], ovum 
pick up, fertilization, and embryo development. 

 Laparoscopic excision or ablation of endometriosis has been 
shown to alleviate infertility in symptomatic patients with minimal or 
mild (stage I-II) endometriosis [ 27 ,  28 ]. Asymptomatic patients 
with known or suspected stage I–II endometriosis may be treated 
empirically with clomiphene citrate (CC) or gonadotropin and IUI 
[ 29 ]. Patients with known or suspected moderate and severe endo-
metriosis (stage III–IV) may be treated with either surgery or IVF 
[ 30 ]. There is no prospective randomized controlled trial (RCT) 
comparing the effi cacy of the two treatment modalities. Surgical 
treatment is preferred in patients who are symptomatic and those 
with endometriomas greater than 4 cm [ 31 ]. IVF is indicated if there 
are coexisting causes of infertility, such as tubal obstruction, advanced 
maternal age, and abnormal semen parameters or when conventional 
treatment is unsuccessful [ 31 ]. A 3-month course of gonadotropin 
releasing hormone (GnRH) agonist administered before starting 
IVF has been shown to improve the ongoing pregnancy rate [ 32 ].  

  Ovulatory dysfunction is the most common etiology of female 
infertility, accounting for 25 % of cases [ 5 ]. Most of these patients 
present with either oligomenorrhea or amenorrhea. The most 
common etiology of anovulation is polycystic ovary syndrome 
(PCOS), characterized most frequently by the triad of polycystic 
ovaries (PCO), oligo- or amenorrhea, and clinical and biochemical 
signs of androgen excess [ 33 ]. Ovulatory dysfunction may also be 
caused by endocrinopathies, such as thyroid disorders and hyperp-
rolactinemia. Thyroid stimulating hormone (TSH) should be 
screened and thyroxin replacement should be administered if 
hypothyroidism is the underlying etiology. Hyperprolactinemia 
alone or when associated with elevated TSH, as a result of primary 
hypothyroidism, may cause anovulation and should be corrected 
with bromocriptine, cabergoline after exclusion of pituitary mac-
roadenomas, or thyroid replacement, respectively. 

2.3  Endometriosis

2.4  Ovulatory 
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 Patients with WHO group 1 (hypogonadotropic- 
hypogonadism) ovulatory disorder respond to exogenous gonado-
tropins or to pulsatile GnRH infusion [ 34 ]. Patients with 
normogonadotropic-normogonadal ovulatory disorders (WHO 
group 2), including those with PCOS, can be successfully treated 
with ovulation induction (OI) combined with timed intercourse or 
IUI. OI is usually successful following treatment with CC [ 35 ], 
exogenous gonadotropins, aromatase inhibitors (letrozole, anas-
trazole) [ 36 ], metformin (in women with insulin resistance) [ 37 ], 
or selective estrogen receptor modulators (tamoxifen) [ 38 ]. 

 Patients with PCO seen on US, even in the absence of clinical 
features of PCOD, have an increased risk of over-responding to 
gonadotropins and of developing OHSS and high order multiple 
gestations [ 39 ,  40 ]. In patients who exhibit high responsiveness to 
OI with gonadotropins, conversion to IVF represents an effective 
yet safe alternative to proceeding with IUI or cycle cancellation 
[ 41 ]. IVF is also indicated in patients who do not conceive follow-
ing conventional OI treatments [ 42 ] and couples with other coex-
isting infertility factors.  

  Unexplained infertility is defi ned as the absence of an identifi able 
cause of infertility despite a thorough investigation demonstrating 
tubal patency, normal semen parameters, ovulation, normal ovar-
ian reserve, and a normal endometrial cavity. The incidence of 
unexplained infertility ranges from 10 to 30 % [ 43 ]. 

 Treatment options include expectant management, IUI, 
empiric treatment with CC, CC combined with IUI, gonadotropins/
IUI, and IVF. IVF is the most effective treatment option for cou-
ples with unexplained infertility, resulting in the highest per cycle 
pregnancy rate in the shortest time interval [ 44 ]. In one reported 
study, the pregnancy rates following IVF, gonadotropin and IUI, 
CC and IUI, and expectant management were in the ranges of 
20–30 %, 10–15 %, 7–9 %, and 1–3 %, respectively [ 44 ]. 

 Empirical treatment algorithms for couples with unexplained 
infertility typically involves three cycles of CC/IUI, followed by three 
cycles of gonadotropin/IUI, and by IVF if the patients remain unsuc-
cessful. In a recent prospective RCT involving women with unex-
plained infertility between the ages of 21 and 39 years, patients were 
randomized to either an accelerated treatment algorithm (IVF fol-
lowing three unsuccessful CC/IUI treatment cycles) or the conven-
tional treatment algorithm (IVF following three unsuccessful CC/
IUI and three unsuccessful gonadotropin/IUI treatment cycles). 
The time to pregnancy was signifi cantly shorter in the accelerated 
arm compared with the conventional arm (hazard ratio 1.25; 95 % 
CI, 1.00–1.56) [ 45 ]. The accelerated treatment algorithm was also 
more cost-effective, compared to the conventional treatment group. 
Age appears to be the single most important determining factor of 
success. Patients over 40 years of age should proceed with IVF fol-
lowing three unsuccessful gonadotropin/IUI treatment cycles [ 46 ]. 

2.5  Unexplained 
Infertility
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Recent experience suggests that IVF should be utilized sooner than 
later in women older than 37 years (personal communication).  

  Biopsy can be performed on the polar bodies of oocytes, blastomere(s) 
of day 3 embryos or trophectoderm of day 5 blastocysts. The cell(s) 
can then be analyzed for single gene defects (known as PGD) or be 
screened for aneuploidy (known as PGS) [ 47 ]. PGD allows the 
detection of signifi cant genetic diseases, such as cystic fi brosis or 
sickle cell anemia, before embryo transfer and conception [ 48 ,  49 ]. 
The embryos can also be screened for aneuploidy using fl uorescent 
in situ hybridization (FISH), microarray, and polymerase chain reac-
tion (PCR) technologies [ 50 ]. PGS may be benefi cial in the evalua-
tion of patients with advanced maternal age, history of recurrent 
abortions, especially if a balanced translocation has been identifi ed in 
one of the parents, or when there is a history of repeated implanta-
tion failure despite good embryo morphology [ 47 ].  

  In recent years, there is greater awareness among reproductive 
endocrinologists, oncologists, and patients of the impact of cancer 
treatment on fertility [ 51 ]. Women at risk of premature ovarian 
failure due to gonadotoxic chemotherapy or radiation treatment 
should be offered the possibility of fertility preservation. The only 
strategy of female fertility preservation recognized by the American 
Society of Clinical Oncology (ASCO) and the American Society of 
Reproductive Medicine (ASRM) is COH followed by retrieval and 
cryopreservation of oocytes, or COH followed by IVF using sperm 
from a male partner or a donor, and cryopreservation of the resul-
tant embryos [ 52 ,  53 ]. According to ASRM, oocyte vitrifi cation 
(rapid freezing) is no longer considered experimental and repre-
sents an attractive fertility preservation option for women without a 
male partner [ 54 ]. Other fertility preservation procedures include 
in vitro maturation (IVM) and cryopreservation of ovarian tissue 
[ 55 ,  56 ].   

3    Ovarian Reserve Testing 

 Predicting patient response to COH represents a signifi cant  clinical 
challenge. A sensitive predictive marker of ovarian reserve could be 
helpful in designing optimal COH protocols for anticipated high 
and low responders, for determining the starting dose of gonado-
tropins, and in efforts to avoid adverse events such as OHSS and 
cycle cancellation. However, a single sensitive marker of ovarian 
reserve has yet to be developed, albeit anti-Müllerian hormone 
(AMH) measurements appear to show promise. 

  Ovarian reserve refers to the genetically predetermined pool of 
female germ cells or primordial follicles. The pool of ovarian germ 
cells peaks at 16–20 weeks of fetal gestation, containing 
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approximately 6–7 million oogonia. From this point onward, 
depletion in the germ cells occurs in a bi-exponential fashion [ 57 ]. 
At birth, the ovary contains 1–2 million primordial follicles decreas-
ing to 300,000–500,000 at puberty. The decline in the primordial 
follicles remains constant until the age of 37. From this point 
onward, there is a dramatic increase in follicular atresia, leading to 
menopause 10–15 years later [ 58 ]. During the reproductive period, 
only 400–500 oocytes ovulate. The fate of the majority of primor-
dial follicles is atresia, presumably via apoptosis [ 59 ]. 

 Given the relationship between advanced maternal age and the 
decline in fertility [ 58 ], it is not surprising that age is the most 
important determining factor of success in women undergoing 
IVF (Fig.  2 ). Although ART may overcome infertility in younger 
women, it does not reverse the age-dependent decline in fertility 
[ 60 ]. In fact, among patients undergoing IVF for various indica-
tions, diminished ovarian reserve appears to be associated with the 
poorest prognosis. According to the 2011 Centers for Disease 
Control (CDC) and Society for Assisted Reproductive Technology 
(SART) report, the percentages of IVF cycles that resulted in live 
births were comparable by diagnoses with the exception of dimin-
ished ovarian reserve: tubal factor 29 %, ovulatory dysfunction 

  Fig. 2    CDC/SART 2011 report: pregnancy and live birth rates by age of woman following ART cycles using fresh 
nondonor oocytes or embryos       
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37 %, male factor 33 %, endometriosis 30 %, unexplained cause 
32 %, and diminished ovarian reserve 17 % [ 5 ].

   Advanced maternal age is associated with a decline in the num-
ber of oocytes retrieved, embryos available for transfer and embryo 
quality [ 61 – 63 ], ultimately resulting in lower implantation [ 63 ], 
pregnancy, and live birth rates [ 5 ]. Among patients of 30 years of 
age, the pregnancy and live birth rates per cycle stated were 48 and 
42 %, respectively [ 5 ]. The corresponding rates decreased to 43 
and 36 %, respectively in patients who were 35 years of age [ 5 ]. 
Among patients of 40 years old age, the corresponding rates sig-
nifi cantly decreased to 25 and 17 % [ 5 ]. In fact, the cumulative live 
birth rates after six cycles of ART was 86 % in patients younger 
than 35 years of age; the corresponding rate was only 42 % in 
patients over the age 40 years [ 60 ]. 

 In addition to the decline in fertility, the incidence of spontane-
ous miscarriages also increases with advanced maternal age (Fig.  3 ) 
[ 64 ]. Aging is associated with a decline in the both the pool of pri-
mordial follicles and the quality of oocytes. The increased miscarriage 
rate is attributed to a higher prevalence of aneuploidy in aging oocytes 
as a result of meiotic nondisjunction [ 65 ]. In a review of 288 patients 
over the age of 45 years who underwent IVF treatment at our institu-
tion, 20 % of patients did not start because of an elevated FSH or 

  Fig. 3    CDC/SART 2011 report: miscarriage rates following ART treatments using fresh nondonor eggs or 
embryos       
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ovarian cyst and 30 % of cycles were cancelled due to poor response 
to COH. The pregnancy rate per transfer was 21 %. Of these, 85 % 
resulted in miscarriage. The overall delivery rate was 3 % per retrieval. 
Only fi ve patients had live births; all were age 45 years [ 66 ].    

 Assessment of ovarian reserve can be divided into serum endocrine 
markers, ultrasonographic markers, and dynamic evaluations. 
Numerous ovarian reserve markers have been proposed and evalu-
ated. Endocrine parameters include basal follicle-stimulating hor-
mone (FSH), estradiol (E 2 ), inhibin B, and, more recently, 
anti-Müllerian hormone (AMH) levels. Ultrasonographic 
 assessment of the ovaries, including antral follicle count (AFC), 
ovarian volume, ovarian blood fl ow, has also been extensively eval-
uated. Less commonly used dynamic evaluations of ovarian reserve 
include CC challenge testing (CCCT) [ 67 ], exogenous FSH ovar-
ian test (EFORT) [ 68 ], and gonadotropin releasing hormone 
(GnRH) agonist stimulation test (GAST) [ 69 ,  70 ]. 
  
 Depletion of primordial follicles with aging results in a decline in 
inhibin B production by their associated granulosa cells. The lack 
of inhibin B negative feedback in turn results in an increase in pitu-
itary FSH production [ 71 ]. It has been shown that serum FSH 
level begins to rise one or two decades before menopause [ 72 ]. To 
date, there is no absolute consesus as to the cut off which defi nes 
what constitutes an abnormal early follicular phase FSH level on 
day 2 or 3 of menstrual cycle. Reported abnormal FSH levels range 
from 12 to 15 mIU/L [ 73 ,  74 ]. Indeed, elevated serum FSH level 
during the early follicular phase of the menstrual cycle has been 
associated with poor IVF treatment outcomes, including lower 
peak E 2 , higher cycle cancellation rate, decreased number of 
oocytes retrieved, and reductions in fertilization rate, number of 
embryos available for transfer, and pregnancy rates [ 73 ,  74 ]. 

 The impact of elevated FSH on the reproductive outcomes of 
young women is less clear. A study from our institution found that 
women under the age of 40 with elevated serum FSH levels had 
lower oocyte yield compared to those with normal FSH levels. 
However, the implantation and pregnancy rates were unaffected. 
In women over the age of 40 years, elevated FSH levels were 
associated with decreased implantation and clinical pregnancy rates. 
Other studies have found reductions in implantation rates among 
young women with elevated FSH [ 74 – 76 ]. A single elevated FSH 
level may not be suffi ciently accurate to predict outcomes since 
there are intercycle fl uctuations in FSH levels. However, one study 
reported that no pregnancies occurred in patients with a history of 
three or more elevated FSH levels regardless of age [ 77 ].  

  Abnormal basal E 2  levels on cycle day 2 or 3 have been defi ned as 
greater than 75 pg/ml [ 78 ,  79 ]. Premature luteal FSH elevation 
can result in early follicular recruitment, manifested by elevated 

3.2  Ovarian Reserve 
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basal E 2  level. Patients with an elevated basal E 2  level were noted to 
have fewer oocytes retrieved, lower pregnancy rates, and a higher 
cancellation rates compared with those with normal basal E 2  levels 
[ 78 ,  79 ]. One study found that no pregnancies occurred in patients 
with E 2  greater than 75 pg/mL [ 79 ]. Similar to basal FSH levels, 
there is intercycle and intracycle variability in E 2  levels. The E 2  val-
ues may also vary depending on the types of quantitative assays. In 
fact, a recent meta-analysis found basal E 2  to have a very low pre-
dictive accuracy for poor response and non-pregnancy [ 80 ].  

  AMH, a member of the transforming growth factor-β superfamily, 
is produced by granulosa cells surrounding preantral and early 
antral follicles [ 81 ]. The advantage of AMH compared to the other 
serum ovarian reserve markers is that AMH can be measured at 
anytime of the menstrual cycle. Serum AMH levels have been 
shown to be cycle independent and consistent throughout men-
strual cycles [ 82 ,  83 ]. Serum AMH levels have also been shown to 
positively correlate with antral follicle counts (AFC) and the num-
ber of oocytes retrieved [ 84 ,  85 ], making it a reasonable predictor 
of ovarian response and OHSS risk [ 40 ,  86 ]. Lee et al. found AMH 
and serum E 2  on day of hCG as the two most reliable predictors of 
OHSS [ 86 ]. Using a cut-off value for AMH of greater than 
3.36 ng/ml, the sensitivity was 90.5 % and specifi city was 81.3 %. 

 There is no defi ned AMH cut-off level for predicting dimin-
ished ovarian response [ 87 ]. Using a cut-off of AMH level 
≤1.26 ng/ml, Gnoth et al. reported a sensitivity of 97 and 41 % 
specifi city in detecting poor response [ 88 ]. Another study found a 
cut-off of AMH <0.1 ng/ml to be associated with 76 % sensitivity 
and 88 % specifi city in predicting poor response and 22 % sensitiv-
ity and 89 % specifi city in predicting non-pregnancy [ 89 ].  

  Inhibin is a heterodimeric glycoprotein of the TGF-β superfamily, 
consisting of alpha and beta subunits, that is secreted by the granu-
losa cells. Inhibin B rises in the early follicular phase and then pro-
gressively decreases until after the midcycle LH surge [ 90 ]. In 
women with diminished ovarian reserve, inhibin secretion is low in 
the early follicular phase. 

 Day 3 levels of inhibin B have been proposed as markers of 
ovarian reserve. Inhibin B concentrations of less than 45 pg/ml 
were shown to be associated with lower responses to COH, fewer 
oocytes retrieved, higher cancellation rates, and reduced clinical 
pregnancy rates [ 91 ]. However, a recent meta-analysis found that 
the accuracy of serum inhibin B as a predictor of poor response and 
non-pregnancy to be modest at a very low threshold level [ 80 ].   
  
 The number of 2–10 mm diameter follicles seen on transvaginal 
US on the cycle day 2 or 3 has been shown to be a good predictor 
of ART success [ 92 ]. AFC was found to be superior to chronologi-
cal age, total ovarian volume, and basal FSH, E 2 , and inhibin B 

 Anti-Müllerian Hormone
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levels in predicting poor ovarian response to gonadotropins [ 93 ]. 
More recently, a meta-analysis showed that AFC was as good as 
AMH in predicting response to ovarian stimulation for IVF [ 84 ]. 
In experienced hands, AFC is an excellent if not the best predictor 
of ovarian response (Personal Communications)  

 
 The volume of the ovaries diminishes with advancing maternal age 
corresponding with the age-related diminishing pool of primordial 
follicles [ 94 ]. An ovarian volume less than 3 cm 3  has been associated 
with higher basal FSH level, total gonadotropin  requirement, and 
cycle cancellation rate and fewer oocytes retrieved [ 95 ]. A meta-anal-
ysis found ovarian volume to be inferior to AFC in predicting poor 
response [ 96 ]. Ovarian and uterine blood fl ow have also been inves-
tigated as potential predictors of success [ 97 ]. Ovarian stromal peak 
systolic velocity has been reported as an important predictor of ovar-
ian response in patients with a normal basal serum FSH level [ 98 ].   
  
 CCCT involves measurement of baseline FSH level on cycle day 3, 
followed by administration of 100 mg CC on cycle day 5–9, and 
FSH measurement on cycle day 10 [ 67 ]. Women with low ovarian 
reserve exhibit diminished pituitary inhibin B and E 2  negative 
feedback after the CC challenge manifested by abnormally elevated 
pituitary secretion of FSH [ 91 ]. An elevated FSH value greater 
than two standard deviations above the mean is defi ned to be 
abnormal and is indicative of diminished ovarian reserve [ 67 ]. 
Abnormal CCCT has been associated with decreased IVF success 
[ 67 ,  99 ,  100 ]. The cost-effectiveness of using CCCT in the evalu-
ation of infertile patients has been questioned. A meta-analysis 
showed that CCCT offered no additional prognostic value [ 101 , 
 102 ]. In fact, basal FSH and the CCCT are similar in predicting 
clinical pregnancy in women undergoing infertility treatment.  

 
 EFORT involves measurement of basal serum FSH and E 2  levels on 
cycle day 3. Following administration of 300 IU FSH, serum E 2  
level is repeated 24 h later [ 68 ]. Ninety percent of the women 
whose EFORT parameters were considered to be normal (basal 
FSH <11 mIU/ml and Δ E  2  >30 pg/ml) had adequate response to 
ovarian stimulation. Eighty-one percent of women in whom both 
parameters were considered to be abnormal (basal FSH >11 mIU/ml 
and Δ E  2  <30 pg/ml) had poor response to ovarian stimulation.  

 
 Administration of GnRH agonists initially evokes a surge in pitu-
itary gonadotropins and is followed by desensitization gonadotro-
pin receptors and down-regulation of gonadotrope function. The 
surge in FSH results in an increased production of E 2  by the granu-
losa cells. The GnRH stimulation test (GAST) evaluates changes in 
serum E 2  levels on cycle day 2 and 3 following administration of 
0.1 mg triptorelin [ 69 ]. Changes in serum E 2  levels less than 
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80–180 pmol/l have been shown to be associated with poor 
response to COH [ 69 ,  103 ,  104 ]. GAST is dependent on the 
 pituitary production of gonadotropins and the ovarian response to 
the subsequent increase in pituitary secretions of FSH and LH. 
A meta-analysis found that the accuracy of GAST is comparable to 
that of AFC in predicting poor response [ 80 ].     

4    Evaluation of Couples Undergoing IVF 

  The general health of all couples undergoing IVF should be 
 evaluated prior to treatment. Evaluation should include a thor-
ough review of the medical and surgical history, as well as out-
comes of previous pregnancies and fertility treatments, including 
COH-IUI and IVF. A complete physical examination should be 
performed with particular attention paid to body mass index (BMI) 
and evidence of hirsutism, thyroid, and prolactin dysfunction. 
A thorough pelvic exam should be performed with attention paid 
to any cervical, uterine, or ovarian abnormal fi ndings. 

 In addition, all patients should undergo baseline laboratory 
evaluation, including complete blood counts, blood type and 
screen, thyroid function tests, prolactin, and rubella and varicella 
immune status. Additional tests may be required for patients with 
existing medical conditions, such as hypertension, diabetes melli-
tus, cardiac disease, and any inherited or acquired thrombophilias. 
These patients should receive preconception evaluation by internal 
medicine subspecialists and obtain medical clearance prior to start-
ing ART treatment.  
 
 Patient should have updated ovarian reserve testing, such as a basal 
serum FSH, AMH, E 2  levels, or AFC, as it is particularly helpful in 
determining the appropriate gonadotropin starting dosage and 
predicting the response to COH treatment.  
 
 Assessment of the uterus and the adnexa should include a biman-
ual examination and pelvic US. Previous hysterosalpingogram 
(HSG) studies if available should be reviewed for the presence of 
uterine fi lling defects and hydrosalpinges. Additional evaluation of 
the uterine cavity by a mid-cycle pelvic ultrasound or saline infu-
sion sonogram (SIS) may be warranted prior to starting IVF to 
rule out submucosal myomas or polyps. Submucosal myomas, 
adversely impact implantation, lowering clinical pregnancy, and 
live birth rates by as much as 70 % and by increasing miscarriage 
rates threefold [ 105 – 107 ]. 

 Patients with abnormal radiological fi ndings on HSG or SIS 
should be evaluated with a hysteroscopy. Hysteroscopy is the gold 
standard for the investigation of the uterine cavity, permitting 
direct visualization of the cavity and resection of any submucosal 
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myomas, polyps, or adhesions. The cost-effectiveness of routine 
diagnostic hysteroscopy prior to IVF is controversial. In one retro-
spective review, endometrial pathology was found in 23 % of infer-
tile patients who underwent diagnostic hysteroscopies [ 108 ]. 
Endometrial polyps and submucosal myomas accounted for 8 and 
4 % of the pathological fi ndings, respectively. Although some ART 
programs include offi ce hysteroscopy as part of the evaluation prior 
to IVF, clear benefi ts to this approach have not been shown in 
large prospective RCTs. The ESHRE guidelines concluded that 
hysteroscopy is only indicated to confi rm and treat suspected intra-
uterine pathology [ 109 ].  
 
 A trial transfer should be performed in order to determine the 
length and contour of the uterine cavity. Trial transfers also identify 
patients with potentially diffi cult embryo transfers (ET) due to cer-
vical stenosis or an acute cervical-uterine angle. Information 
obtained from the trial transfer aids physicians in selecting the 
appropriate ET catheter and determining the need for US guid-
ance during ET. Performing trial transfers has been shown to 
improve IVF success [ 110 ]. 

 Trial transfers are usually performed during the mid-cycle, on 
menstrual cycle days 10–12, prior to the start of IVF treatment. 
Alternatively, trial transfers can be performed at the time of an SIS, 
hysteroscopy, or during oocyte retrievals. Performing the trial 
transfer at the time of oocyte retrieval does not appear to have a 
deleterious effect on the endometrium. In fact, the timing of trial 
transfers does not appear to affect implantation or pregnancy rates 
[ 111 ]. At our institution, a semi-rigid catheter (Cook, Ob/Gyn, 
Spencer, IN, USA) is used to ascertain the depth and position of 
the uterine cavity. The depth of the cavity is determined by mea-
suring the distance from the top of the fundal cavity to the external 
cervical os. Since the uterine cavity may be enlarged or distorted 
following a pregnancy, the trial transfer is usually repeated follow-
ing a live birth [ 112 ]. 

 Patients who are noted to have cervical stenosis should be 
counselled about the potential negative impact of a diffi cult trans-
fer and be offered cervical dilatation. The ideal time to perform 
cervical dilation is before the start of the IVF cycle as an elective 
procedure or during the oocyte retrieval procedure [ 113 ,  114 ]. 
Alternatively, placement of laminaria stents or a Malecot catheter 
may be offered for patients with a history of diffi cult ET or refrac-
tory cervical stenosis [ 115 ,  116 ].  
 
 The evaluation of the male partner is addressed in more details in 
the subsequent chapter. A recent semen analysis should be avail-
able to ensure that there is adequate sperm concentration for IVF 
insemination and to facilitate the decision whether there is a need 
for assisted fertilization by ICSI.  

4.4  Trial Transfer
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  The patient and partner should be screened for sexually transmitted 
diseases, including hepatitis B and C (hepatitis B surface antigen and 
hepatitis C antibody), HIV 1/2 (ELISA), syphilis (RPR or VDRL), 
Chlamydia, and gonorrhea (nucleic acid amplifi cation tests).   

5    Controlled Ovarian Hyperstimulation (COH) 

 The success of IVF treatment can be optimized by adopting an 
individualized, patient-directed approach to COH. Key compo-
nents involve selection of an appropriate COH protocol and dos-
age of gonadotropins, close monitoring of follicular growth and 
serum E 2  levels, adjustment of gonadotropin dosage to avoid 
hyper-response, and individualized timing of human chorionic 
gonadotropin (hCG) injection. This approach to COH monitor-
ing improves oocyte and embryo quality, pregnancy and implanta-
tion rates, and most importantly, minimizes the risk of complications, 
especially OHSS. 
 
 The fi rst IVF live birth was achieved following retrieval of a single 
oocyte from an unstimulated, natural menstrual cycle [ 2 ]. However, 
natural cycle IVF is ineffi cient as it is associated with high cancella-
tion rates due to the risk of spontaneous ovulation and low implan-
tation and pregnancy rates following transfer of a single embryo 
[ 117 ]. With the introduction of gonadotropins, natural cycle IVF 
has been largely abandoned in favor of the more effi cient approach 
with COH using gonadotropins [ 118 ,  119 ]. 

 The basic principle of contemporary COH protocols involves 
pituitary suppression with either a GnRH agonist or antagonist 
and ovarian stimulation with exogenous gonadotropins [ 120 ]. 
The use of human menopausal gonadotropin (hMG) and FSH 
promotes the development of multiple follicles, resulting in 
increased oocyte yield, number of embryos available for selection 
and transfer, and improved pregnancy rates. 

 An important step in choosing an appropriate COH protocol 
is to be able to anticipate patient response, i.e., will she be a nor-
mal, high or low responder to gonadotropins? 
 
 Normal responders are characterized by favorable prognostic fac-
tors including young maternal age (<35 years), normal BMI, ade-
quate ovarian reserve (AFC between 6 and 10), normal AMH 
level, normal basal FSH and E 2  levels (FSH <10 mIU/ml, E 2  
<75 pg/ml), short duration of subfertility, a history of previous 
live birth, or previous successful IVF treatment [ 121 ]. 

 
 The most commonly used COH protocol has been the mid-luteal, 
GnRH agonist down regulation or “long” protocol (Fig.  4 ) [ 122 ]. 
Daily injection of a GnRH agonist, most commonly 1.0 mg 
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leuprolide acetate (LA), is initiated in the mid-luteal phase of the 
preceding cycle. Patients present on day 3 of the subsequent men-
strual cycle for baseline serum and ultrasound (US) assessment. 
Upon determining adequate pituitary suppression, appropriately 
suppressed E 2  levels, and a thin endometrial stripe by US, daily 
exogenous gonadotropin stimulation is initiated. Daily LA  injection 
is often reduced to 0.5 mg.

   Administration of GnRH agonists has several disadvantages. 
These include side effects of hot fl ushes and headaches and develop-
ment of ovarian cysts. GnRH agonist COH protocols may also cause 
excessive pituitary suppression, which may require longer gonado-
tropin stimulation and increased exogenous gonadotropin doses.  

 
 More recently, the introduction of GnRH antagonists for ART has 
simplifi ed COH protocols. GnRH antagonist protocols are also 
commonly known as “short” protocols (Fig.  5 ). GnRH antago-
nists compete with endogenous GnRH binding to the pituitary 
GnRH receptors, thereby rapidly inhibiting secretion of gonado-
tropins [ 123 ,  124 ]. Proposed advantages of GnRH antagonists 
include a more physiological follicular recruitment process, absence 
of the suppressive effects of GnRH agonists, and reduction in the 
duration of COH and gonadotropin requirement. Moreover, the 
use of GnRH antagonists improves patient compliance, reduces 
the physical and psychological treatment burden, and has been 
shown to lead to a lower patient dropout rate [ 125 ].

 GnRH Antagonist “Short” 
Protocol

FSH
OCP

hMG

GnRH-a luteal suppression
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  Fig. 4    GnRH agonist “long” protocol       
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   GnRH antagonists can be administered either in single doses 
or in multiple doses. In the single-dose GnRH antagonist COH 
protocol, a 3 mg dose of the GnRH antagonist, cetrorelix, is typi-
cally administered on cycle day 7 of the COH cycle. This dosage 
has been shown to effectively prevent premature LH surges [ 126 ]. 
If hCG injection is not administered 4 days following the single 
dose of cetrorelix, a low-dose GnRH antagonist, 0.25 mg cetrore-
lix or ganirelix, should be given daily until the day of hCG. 
Approximately 10 % of single-dose GnRH antagonist COH cycles 
require additional daily GnRH antagonist administration [ 127 ]. 

 In the multiple-dose protocol, GnRH antagonist  administration 
can be fi xed or fl exible. In the fi xed protocol, administration of 
0.25 mg, ganirelix or cetrorelix is typically started on cycle day 6 
and is continued daily until the day of hCG. In the fl exible proto-
col, daily GnRH antagonist is administered upon reaching a prede-
termined designated E2 threshold or a follicular diameter is 
reached. We administer daily ganirelix when serum E 2  levels reach 
300 pg/ml or when the leading follicle attains a diameter of 13 mm 
or greater. A recent meta-analysis found no difference in pregnancy 
rates between fl exible and fi xed GnRH antagonist protocols [ 128 ]. 
The fl exible GnRH antagonist protocols require fewer ampoules of 
gonadotropins than the fi xed protocol.   

hCG or
GnRHa

Oocyte
retrieval

hMG

FSH

OCP 21-28+ days GnRH antagonist

US/E2 and LH monitoring

154 53 6 7 8 9 12 13 14Day 2 10 11
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  Fig. 5    Ovarian stimulation with GnRH antagonists       

 

 Jack Yu Jen Huang and Zev Rosenwaks



187

  The management of patients who are at risk of developing an 
 exaggerated response to COH represents a formidable challenge. 
An important consideration is the prevention of OHSS. Known 
risk factors for OHSS include young age, lean body weight, and a 
past history of OHSS. Women with PCO seen on US, irrespective 
of having other clinical features of PCOS, are at greater risk of 
developing OHSS. OHSS incidence has been reported to be as 
high as 30 % in patients with PCOS. In patients undergoing COH 
treatment, high gonadotropin doses, high absolute levels (greater 
than 3,000 pg/ml) or rapidly rising E 2  levels also represent risk 
factors for the development of OHSS. 

 Strategies for the prevention of OHSS include identifying 
patients at risk, individualization of COH protocols, and judicious 
use of gonadotropins. Our general philosophy has been to utilize 
moderate stimulation protocols aiming at retrieving 5–15 oocytes, 
while maintaining peak E 2  levels at less than 2,500 pg/ml on the 
day of the ovulatory trigger. 

 
 A COH protocol that is applicable to patients at risk of developing 
OHSS is the oral contraceptive pill (OCP)-GnRH agonist dual 
suppression protocol [ 129 ]. Patients are pretreated with OCP for 
28 days. LA 1 mg is started on day 21, overlapping the OCP for 7 
days. Once adequate suppression has been documented, low dose 
of hMG or FSH is initiated in a combination tailored to the indi-
vidual patient; LA is reduced to 0.5 mg daily. 

 In a retrospective analysis of the complications among 973 
donor egg cycles using the OCP-GnRH agonist dual suppression 
protocol at CRMI, there was only one case of moderate OHSS 
requiring admission to hospital for observation, intravenous hydra-
tion, and prophylactic subcutaneous heparin [ 130 ]. No paracente-
sis or other interventions were required. An additional benefi t of 
OCP-GnRH-agonist dual suppression is a reduction in incidence 
of functional ovarian cysts that may develop because of the initial 
stimulatory effect of the GnRH agonist.  

 
 GnRH antagonist protocols have traditionally been used for the 
treatment of poor responders. Recently, this protocol has been 
extended to include younger women at risk of developing OHSS. 
In the setting of high responders, the use of GnRH antagonist has 
been shown to decrease the incidence of OHSS compared to 
GnRH agonist-based COH protocols [ 131 ,  132 ]. In fact, patients 
treated with GnRH antagonist COH protocols were less likely to 
require interventions to prevent OHSS, such as coasting and 
cycle cancellation [ 131 ,  132 ]. GnRH antagonist cycles also per-
mit the use of GnRH agonists to trigger an endogenous LH ovu-
latory surge, which further reduces the incidence of moderate and 
severe OHSS [ 133 ]. Our fi rst line protocol for patients at risk of 
OHSS and for all oocyte donors is the OCP-GnRH antagonist/
gonadotropins protocol. 

5.1.2  High Responders

 Oral Contraceptive 
Pill-GnRH Agonist Dual 
Suppression Protocol

 GnRH Antagonist Protocol/
GnRH Agonist Ovulatory 
Trigger
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 Compared to the long GnRH agonist protocols, GnRH 
 antagonist cycles were initially thought to be associated with lower 
clinical, ongoing pregnancy, and live-birth rates [ 131 ,  132 ]. 
A recent meta-analysis did not confi rm these early observations 
[ 134 ]. The observed reduction in pregnancy rates was thought to 
be due, in part to the use of GnRH agonist for the ovulatory trig-
ger, which had been shown to result in premature luteolysis of the 
corpora lutea and poor luteal steroid production [ 135 ,  136 ]. In 
the oocyte donor population, COH stimulation with GnRH ago-
nist and antagonist protocols resulted in comparable ongoing 
pregnancy rates in the donor oocyte recipients [ 137 ].   
 
 Diminished ovarian reserve has become increasingly common 
among patients undergoing in IVF with the reported prevalence 
ranging from 10 to 25 % [ 5 ,  138 ]. The variations in the prevalence 
rate can be attributed to a lack of a universally accepted defi nition 
of poor responders. Most defi nitions of poor response are based on 
arbitrary levels of peak serum E 2  or oocyte yield. The term poor 
responder was fi rst proposed by Garcia et al. in 1983 and was 
defi ned as peak E 2  concentration less than 300 pg/ml following 
COH with 150 IU of hMG [ 139 ]. Others defi ned poor response 
as peak serum E 2  concentration less than 500 pg/ml [ 140 ,  141 ] or 
E 2  less than 100 pg/ml following 5 days of COH [ 142 ]. Poor 
response has also been defi ned by advanced age (>40 years) [ 143 ], 
elevated basal FSH level (over 10–15 mIU/L) [ 143 – 146 ], previ-
ous cancelled cycle, abnormal clomiphene challenge test (CCCT) 
[ 67 ], prolonged duration of COH [ 147 ], increased daily and total 
gonadotropin ampoules used (>44) [ 146 ,  148 ], and the harvest of 
less than 3–5 oocytes [ 149 ]. 

 Recently, ESHRE defi ned poor ovarian response as having at 
least two of the following three features: (1) Advanced maternal 
age (≥40 years) or any other risk factor for diminished ovarian 
reserve; (2) previous history of poor ovarian response (fewer than 
3 oocytes retrieved with a conventional COH protocol); (3) an 
abnormal ovarian reserve test (AFC <5–7 follicles or AMH <0.5–
1.1 ng/ml) [ 150 ]. It should be noted, however, that there are 
women who appear to respond adequately in spite of having the 
above characteristics (personal communication). 

 The management of patients with diminished ovarian reserve 
remains a major challenge. IVF treatment among poor responders 
is associated with poor clinical outcomes, including high no-start 
rates due to abnormally elevated baseline serum FSH level, high 
cycle cancellation rate due to poor response, and low fecundity 
rates. The optimal COH protocol for poor responders remains elu-
sive. The ultimate goal of COH protocols for poor responders is to 
prevent premature follicle selection and to optimize uniform fol-
licular development. 

5.1.3  Poor Responders
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  It has been shown that older women have premature elevation of 
FSH during the antecedent luteal phase of the menstrual cycle 
[ 72 ]. Among this patient population, ovarian antral follicles may 
respond to the prematurely rising levels in FSH, resulting in pre-
mature dominant follicle selection and accelerated development of 
one or two dominant follicles [ 151 – 153 ]. 

 Administration of either oral estradiol (E 2 ) tablets or GnRH 
antagonist injections in the preceding luteal phase has been shown 
to effectively inhibit the premature rise in FSH; thus preventing 
premature follicular recruitment and allowing for a greater unifor-
mity of antral follicle development [ 154 ,  155 ]. We reported a 
novel IVF protocol for poor responders involving luteal adminis-
tration of both transdermal E 2  patches and GnRH antagonists fol-
lowed by a fl exible GnRH antagonist COH protocol using 
high-dose gonadotropins [ 156 ]. Patients applied 0.1 mg E 2  patch 
on alternate day, starting 10 days following LH surge. One day 
after starting the fi rst E 2  patch, 0.25 mg GnRH antagonist is also 
administered for 3 consecutive days. Stimulation with gonadotro-
pins is begun on day 2 of their ensuing menstrual cycle after assess-
ment of baseline serum FSH, LH, and E 2  levels and US examination. 
Compared to prior unsuccessful IVF treatment cycles, the luteal E 2  
patch/GnRH antagonist COH protocols resulted in improved 
clinical outcomes, including a lower cancellation rate and higher 
oocyte retrieved and embryos transferred [ 156 ]. We have utilized 
E 2  patches alone for a number of years and have shown it to be as 
effective as administration of E 2  patches with a GnRH antagonist. 
A recent study has confi rmed this observation [ 157 ].  

 
 Other commonly used treatment strategies include the use of 
GnRH agonist fl are (co-fl are) or microdose GnRH agonist (micro- 
fl are) COH protocols in combination with high dose of gonado-
tropins [ 158 – 160 ]. 

 The co-fl are COH protocol takes advantage of the initial 
stimulation of GnRH receptors and consequent “fl are up” secre-
tion of endogenous gonadotropins which enhances the effect of 
 exogenously administered gonadotropins. The co-fl are COH pro-
tocol involves administration of 1 mg LA from cycle day 2 to cycle 
day 4 and 0.5 mg LA from cycle day 5 onwards [ 161 ]. High-dose 
gonadotropin (300–450 IU) stimulation is usually begun on cycle 
day 3. The fl are response appears to be a good predictor of clinical 
outcomes. Doubling of serum E 2  level from cycle day 2 to 3 was 
associated with a lower cancellation rate and higher peak serum E 2 , 
oocyte yield and live birth rates [ 161 ]. Theoretical concerns about 
the co-fl are protocol relate to the enhanced ovarian androgen pro-
duction, corpus luteum rescue, and the luteinization effect, all of 
which may adversely affect oocyte quality and pregnancy rates. 

 The OCP-microdose fl are protocol is another commonly 
applied COH strategy for poor responders [ 149 ,  159 ]. OCP is 

 Luteal Estradiol Patch/
GnRH Antagonist Protocol

 Co-Flare and Micro-Flare 
Protocols
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administered for 14–21 days. Twice daily microdose Lupron 
(MDL) (40 μg) is started on the third day following the last dose 
of OCP. High-dose gonadotropins (300–450 IU) are started on 
the third day of MDL. The proposed advantage of MDL, which is 
equivalent to 1/50th the concentration of commonly utilized LA, 
is the ability to stimulate endogenous FSH release without increas-
ing ovarian androgen production, corpus luteum rescue, and the 
luteinization effect. 

 Modifi cation of the co-fl are and MDL protocols by the addi-
tion of estrogen patches and GnRH antagonists in the antecedent 
luteal phase have also been proposed and may improve the ovarian 
response to COH [ 162 ].  

 
 An attractive COH protocol for young patients with a history of 
poor embryo quality or poor response is a combination of either 
CC or letrozole with gonadotropins [ 163 – 165 ]. Administration of 
CC and letrozole leads to a decrease in E 2  negative feedback at the 
level of the pituitary. The resulting increase in endogenous gonad-
otropin secretion may enhance the ovarian response [ 166 ]. Other 
advantages include reduced hMG requirements and enhanced 
luteal phase progesterone (P4) secretions. The CC/hMG and 
letrozole/hMG protocols entail starting a 5-day course of 100 mg 
CC or 2.5–5 mg letrozole on cycle day 2. Stimulation with gonad-
otropins is started on cycle day 4.  

 
 In recent years, especially since the introduction of GnRH antago-
nists, there is a resurging interest in modifi ed natural cycle IVF as 
a treatment option for poor responders [ 167 ]. Modifi ed natural 
cycle IVF involves utilizing ganirelix 0.25 mg and 150 IU hMG 
when the leading follicle reached 13 mm. Compared to natural 
cycle IVF, modifi ed natural IVF cycles for IVF were more likely to 
result in ET when compared to natural IVF cycles [ 168 ,  169 ]. In 
the setting of poor responders, particularly those who develop less 
than three follicles despite aggressive high-dose gonadotropin pro-
tocols, modifi ed natural-cycle IVF may represents a cost-effective 
alternative [ 170 ,  171 ].    
 
 The dose of gonadotropins should be individualized based on 
patient characteristics, including age, BMI, previous response to 
COH, and ovarian reserve markers, namely basal AFC, FSH, E 2 , and 
AMH levels [ 84 ]. In normal responders, the usual starting gonado-
tropin dose ranges between 150 and 225 IU of FSH either alone or 
in combination with LH (either recombinant LH or urinary LH). 
Patients who are at risk of developing OHSS should be started with 
relatively low dose of gonadotropins (100–112.5 IU per day as 
75 IU per day does not appear to be adequate for most women). 
In poor responders, the starting doses of gonadotropins are usually 
300 IU FSH alone or in combination with 150–300 IU of hMG. 

 Clomid and Letrozole 
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 Modifi ed Natural Cycle 
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In a RCT comparing starting dose of 300, 450, and 600 IU FSH 
along with the MDL fl are protocols, there were no differences in 
cancellation and pregnancy rates in poor responders, suggesting that 
300 IU of FSH is a suffi cient dose for most women [ 172 ]. However, 
the fl are FSH response may partly explain the lack of differences 
observed.  
  
 Baseline hormonal assays and pelvic US are performed on men-
strual cycle day 2 for patients treated with the GnRH antagonist 
short protocol and on menstrual cycle day 3 for women who are 
down regulated with the long GnRH agonist protocol. Patients 
pretreated with OCP or E 2  patches are instructed to present on 
cycle day 2 of the withdrawal bleed, while women who are on the 
OCP/MDL protocol present for baseline blood works and US on 
the third day following the last dose of OCP. 

 Baseline hormonal evaluations include FSH, LH, E 2 , beta 
hCG, and P4 determinations. E 2  is measured by radio immune 
assay (RIA) as it is more accurate and sensitive for quantitative 
assessment of E 2  levels below 100 pg/ml. Newly automated ELISA 
(DPC) assays accurately assess E 2  at concentrations over 100 pg/ml. 
Normal baseline parameters include FSH of <13 mIU/ml, RIA E 2  
<less than 75 pg/ml, and P4 <1 ng/ml. Pelvic US is performed to 
evaluate endometrial thickness e (ES), AFC quantifi cation and to 
ensure that no ovarian cysts or pathology exists. 

 Management options for patients with elevated baseline FSH 
and E 2  levels include cancellation of cycle or treatment with OCP 
for 2–4 weeks. Luteal priming with estrogen patches alone or E2 
patches and GnRH antagonists should be considered in subse-
quent IVF cycles. 

 The management of an ovarian cyst is based on its size, appear-
ance, and E 2  level. The presence of functional ovarian cysts, espe-
cially when associated with high E 2  level, have been shown to 
adversely affect IVF outcomes. Management options include cycle 
cancellation, administration of GnRH antagonists for 3–5 days or 
until resolution of the cyst, or treatment with OCP for 2–4 weeks. 
The fi nding of a nonfunctional, simple cyst with E 2  level of 
<75 pg/ml generally does not warrant delaying controlled ovarian 
stimulation. 

 We have recently shown that a thickened baseline ES, defi ned 
as being greater than 5 mm, on day 3 following luteal GnRH- 
agonist down regulation is associated with reduced implantation, 
clinical pregnancy, and live birth rates. Compared to cycles that 
started COH on day 3 (in the presence of thickened ES), cycles 
that were delayed for 3–4 days on LA had signifi cantly higher clini-
cal pregnancy (49 % vs. 37 %) and live birth (39 % vs. 22 %) rates 
[ 173 ]. The optimal management of thickened ES on cycle day 2 of 
GnRH antagonist protocols remains to be determined. Management 
options include delaying the starts with administration of GnRH 
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antagonists for 2–3 days or simply repeating the evaluation in the 
following 2 days to ensure that the endometrium has shed.  
 
 Patient E 2  response to COH is assessed following 2–3 days of 
gonadotropin stimulation to allow for delicate adjustment. 
Monitoring of daily LH concentrations is only necessary in patients 
undergoing GnRH antagonists cycles, whereas monitoring of LH is 
unnecessary in patients undergoing long GnRH agonist protocols. 

 In the setting of high E 2  (over 300 pg/ml), the gonadotropin 
dose is reduced. E 2  level is repeated and US is performed the fol-
lowing day. In the setting of low E 2  (RIA value under 100 pg/ml), 
serum FSH level is verifi ed to ensure gonadotropin injection is 
done properly. The gonadotropin dose usually remains unchanged 
for the fi rst 4–5 days of stimulation in order to allow the gonado-
tropin threshold to reach a steady state. Repeat serum E 2  level and 
US are usually performed on cycle day 5 or 6 when the leading 
follicles reach 13 mm in diameter, monitoring of serum E 2  and US 
is performed daily. 

 In most ART centers, the follicle diameter is assessed using 
two-dimensional US. There is no standard approach to measuring 
follicular diameters [ 174 ]. Some ART programs use the single 
largest diameter, whereas others calculate the mean of two, three, 
or four diameters, measured in one or two planes as a surrogate of 
the true follicular size. Sonography-based automated volume cal-
culation (SonoAVC) is a promising new technology that provides 
rapid and accurate automated measurements of the mean follicular 
diameter and a volume-based diameter for each follicle in the ova-
ries [ 175 ]. There appears to be an excellent correlation between 
SonoAVC-calculated follicular volume and true follicular volume 
[ 176 – 178 ].   
 
 Once a gonadotropin threshold is established and E 2  levels reach 
250–300 pg/ml while at the same time several follicles of 
11–12 mm in average diameter are observed by US, the dose of 
gonadotropin can be reduced in a step-down manner. On the 
other had for high responders, a step-up approach for titrating 
gonadotropin dosage may be considered. In the step-up up proto-
col, patients are started on very low doses of gonadotropins (75–
112.5 IU). The gonadotropin dose is gradually increased until the 
follicles reach 12 mm in diameter at which point one can begin to 
reduce the dosage in a step-down fashion. 

 For most patients, gonadotropin dose is reduced by 25–50 % 
during the course of stimulation. This step-down protocol appears 
to pharmacologically mirror the FSH dynamics of the natural cycle 
[ 179 ], allowing the larger follicles to continue to develop in a rela-
tively low gonadotropin milieu. This step-down approach also 
improves synchronization of follicular maturation [ 180 ]. For high 
responders, an important advantage of the step-down protocol is 
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the reduction in incidence of OHSS. The step-down protocol is 
also applicable to poor responders. In an RCT comparing step- 
down versus high fi xed dose (450 IU FSH) regimens in GnRH 
agonist COH protocol, no difference was observed in clinical out-
comes [ 181 ]. The step-down protocol conferred the additional 
benefi ts of reduced gonadotropin dosage and cost of medications. 
 
 In the presence of high or rapidly rising serum E 2  level (2,500–
3,000 pg/ml) and multiple immature follicles (greater than 20), a 
commonly applied strategy to prevent OHSS is coasting [ 182 ]. 
This strategy involves withholding gonadotropins while the GnRH 
agonist and antagonist are continued. By withholding the FSH 
stimulatory effect on the granulosa cells, coasting reduces the 
growth of FSH-dependent small and intermediate size follicles 
without affecting the growth of the larger dominant follicles. 
Coasting is presumably most effective when the leading follicles 
reach 15 mm in diameter before gonadotropins are withheld. 
When coasting is initiated before follicles reach 15 mm diameter, 
an abrupt arrest in follicular growth associated with rapid declines 
in the plasma estradiol level and oocyte quality is often observed. 

 A disadvantage of coasting is the risk of cycle cancellation. We 
usually delay hCG administration until the E 2  level decreases to less 
than 3,000 pg/ml [ 182 ]. However, consideration should be given 
to cancel the cycle if the E 2  concentration drops by more than 30 % 
or if the patient is coasted for four or more days. Oocyte quality is 
often poor under these circumstances. It has also been shown that 
prolonged coasting resulted in signifi cantly lowered implantation 
and pregnancy rates [ 183 ].   
 
 The timing of hCG injection should be individualized based on 
several factors, including follicle diameter, E 2  levels, prior cycle 
response and embryo quality, and the particular COH protocol. In 
normal responders, we typically administer hCG when at least two 
follicles measuring over 17 mm in average diameter are observed 
on US. Ideally, the E 2  level should be greater than 400 pg/ml for 
3 or 4 days. 

 When there is a history of retrieval of predominantly immature 
oocytes, consideration should be given to administering hCG at 
greater follicular diameters (i.e., 19–20 mm). Similarly, when 
patients utilize CC or letrozole COH protocols, hCG injection is 
usually given when the leading follicles reach 19–21 mm in average 
diameters. Conversely, in patients with a history of poor embryo 
quality despite retrieval of mostly mature oocytes, consideration 
should be given to administer hCG earlier than the prior IVF cycle 
or at smaller follicular diameters. hCG administration should also 
be considered when there is a plateau or drop in E 2  once the lead-
ing follicle has reached 17–18 mm on US. 

5.4.1  Coasting

5.5  Timing of hCG 
Injection
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  In efforts to reduce the risk of OHSS in high responders, we have 
followed a fl exible approach to hCG dosage administration tai-
lored to patient response. For patients who are at risk of develop-
ing OHSS, the dose of hCG for triggering ovulation should be 
reduced to 3,300–5,000 IU. It has been our policy to administer 
5,000 IU when E 2  is between 1,500 and 2,500 pg/ml. hCG dose 
is reduced to 4,000 IU if the E 2  is between 2,500 and 3,000 pg/ml. 
The decision to administer hCG is individualized in patients with 
E 2  of 3,000 pg/ml. hCG is withheld if the E 2  signifi cantly exceeds 
3,000 pg/ml if the patient has more than 12 follicles and com-
plains of bloating discomfort. Alternatively, if the patient has six or 
fewer follicles and is asymptomatic, a reduced dose of 3,300 IU 
hCG can be administered.  
 
 An important advantage of GnRH antagonist COH protocols is 
the possibility of using GnRH agonists to induce the LH surge. 
A single injection of 1–2 mg LA is usually adequate to trigger an 
LH surge. The mechanisms by which a GnRH agonist trigger pre-
vents OHSS is related to the shorter half-life of the elicited endog-
enous LH, subsequent pituitary suppression, and withdrawal of LH 
support for the corpora lutea, all of which results in early luteolysis 
[ 135 ,  136 ]. LH remains in the circulation for less than 24 h and has 
very little luteotrophic effect [ 184 ]. In contrast, serum hCG levels 
remain 7–10 days following intramuscular injection [ 185 ]. 

 There are drawbacks to using GnRH agonists to trigger ovula-
tion. The GnRH agonist may not be effective in patients with 
overly suppressed LH secretion or those with hypothalamic amen-
orrhea. Moreover, the use of GnRH agonists to trigger ovulation 
appears to be associated with low clinical and ongoing pregnancy 
rates and an increase in pregnancy loss. The above observations are 
believed to be related to the associated luteal dysfunction and 
impaired steroid secretion following administration of GnRH 
 agonists [ 135 ,  136 ]. 

 Several investigators explored using hCG in doses of 1,000–
2,500 IU to supplement the GnRH-induced ovulatory trigger. In 
an effort to reduce the pregnancy loss rate associated with the ago-
nist trigger, Humaidan et al. examined the effects of administering 
1,500 IU hCG either 12 or 35 h after the GnRH agonist and 
found that the live birth rates were comparable to those observed 
following hCG trigger [ 186 ]. Shapiro et al. used a combination of 
GnRH agonist with hCG, using hCG doses between 1,000 and 
2,500 IU [ 187 ]. The two groups had similar ongoing pregnancy 
rates. No case of OHSS was observed. Thus, a “dual trigger” using 
a GnRH agonist and 1,500 IU hCG may be effective in promoting 
fi nal oocyte maturation without increasing the risk of OHSS. Based 
on the above fi ndings, we often implement the GnRH agonist-
 1,500 U hCG dual trigger for patients who are at risk of OHSS.  

5.5.1  hCG Trigger in High 
Responders

5.5.2  GnRH Agonist 
Trigger
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  It has been our practice to measure hCG/LH and E 2  levels on the 
morning following the ovulatory trigger hCG injection. Serum 
hCG and LH levels serve as quality assurance measures to ensure 
hCG and GnRH agonist have been administered properly. In the 
rare event that the serum hCG or LH levels are undetectable, a 
repeat hCG dose is given and serum E 2  and hCG levels are repeated 
on the following day. If the post-hCG E 2  level drops by over 30 %, 
consideration should be given to cycle cancellation. A signifi cant 
fall in E 2  levels may be a harbinger of poor follicular integrity and 
may be associated with poor oocyte and embryo quality. 

 Patients with E 2  levels >3,000 pg/ml on the day of hCG or E 2  
levels >4,000 pg/ml on the day after hCG require close monitor-
ing for signs and symptoms of impending OHSS. Patients are eval-
uated on the third and, if necessary, fi fth day following oocyte 
retrieval. The evaluation includes a complete physical examination, 
measurement of waist circumference, weight, pelvic US for ovarian 
size and presence of ascites, blood evaluation of hematocrit, liver 
transaminases, and kidney function tests. In women with symp-
toms indicative of clinical progression of OHSS, all embryos are 
cryopreserved, thus avoiding pregnancy associated OHSS.    

6    Oocyte Retrieval 

 In the early days of IVF, oocyte pick-up (OPU) was performed 
laparoscopically under general anesthesia [ 1 ,  2 ]. Due to the inva-
siveness of the procedure, this approached has been abandoned. 
Today, transvaginal US-guided follicle aspiration has become the 
gold standard for OPU [ 188 – 190 ]. OPU is performed as an out-
patient procedure under conscious sedation, or local, epidural, spi-
nal, and general anesthesia. Conscious sedation is the most 
commonly used method of analgesia and anesthesia during OPU 
[ 191 ] and is performed in 95 % cases in the USA [ 192 ]. In certain 
European countries, such as Germany, OPU is more commonly 
performed under general anesthesia. A recent meta-analysis found 
no single anesthetic method to be superior for pain relief or IVF 
outcome [ 193 ]. 

 OPU is scheduled for 34–36 h following hCG administration. 
In patients with a history of retrieval of mainly immature oocytes, 
it may be benefi cial to schedule the OPU 36–39 h post-hCG injec-
tion in order to allow a greater yield of mature oocytes. 

 OPU is performed with the patient being placed in the dorsal 
lithotomy position. The vagina and perineum are prepped with 
povidone–iodine or hexachlorophene solution to minimize the risk 
of iatrogenic pelvic infection, followed by copious irrigation with 
sterile saline solution. Although the incidence of infection follow-
ing OPU is low (0.4 %) [ 130 ,  194 ], intravenous administration of 
prophylactic antibiotic should be considered for patients with a 
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history of pelvic infl ammatory disease, severe endometriosis, and 
pelvic adhesions following ruptured appendicitis or multiple prior 
pelvic surgical procedures. We administer a course of oral tetracy-
cline following OPU. All oocyte donors receive 2 g of intravenous 
cefoxitin prior to OPU. 

 A high frequency vaginal US transducer (5–7 MHz) is used to 
visualize the ovaries. OPU is accomplished through US-guided 
aspiration with either a single- or double-lumen, 16 or 17-gauge 
disposable needle. Double-lumen needles, composed of one chan-
nel to withdraw follicular fl uid and another to instill isotonic saline 
into the follicle, enable simultaneous or intermittent fl ushing and 
aspiration of ovarian follicles. A consistent vacuum pressure of 
80–100 mmHg assists in the collection of follicular fl uid, which is 
immediately transported to the embryology lab for evaluation. 

 Follicular aspiration followed by fl ushing has been suggested 
in order to increase the number of oocytes recovered [ 195 ]. Recent 
meta-analysis showed that fl ushing was not associated with 
improved clinical or ongoing pregnancy rates or an increase in 
oocyte yield [ 196 ]. In fact, fl ushing of follicles resulted in increased 
operative time and opiate analgesic requirement. Nonetheless, 
occasionally follicular fl ushing may be benefi cial in patients with 
few follicles, such as in natural or minimal stimulation cycles and 
those undergoing IVM treatment [ 197 ].  

7    In Vitro Fertilization 

 In the embryology lab, the follicular aspirates are transferred to a 
HEPES-buffered media, in order to maintain physiologic pH. On 
a heated (37 °C) microscope stage, the cumulus–oocyte complexes 
(COC) are identifi ed in the follicular aspirates and cleared of any 
blood clot or debris. Evaluation of oocyte maturity is based on the 
morphological appearance of the COC. Immature oocytes, germi-
nal vesicle (GV) or metaphase I, have densely packed cumulus and 
coronal layers. Mature, metaphase II (MII) oocytes have highly 
dispersed cumulous cells and a radiating coronal layer. The COCs 
are transferred to culture media, maintained at 37 °C in an atmo-
sphere of 5 % CO 2 . 

 A semen specimen is usually obtained by masturbation imme-
diately prior or following OPU. Sperm preparation is performed 
by either the “swim up” or the density-gradient method to isolate 
a high concentration of motile sperm. The isolated motile sperm is 
incubated in media containing high concentrations of protein for 
30 min to 4 h in order to achieve capacitation. 

 The decision to fertilize the oocyte by insemination or ICSI is 
based on the available post-wash total motile sperm. Conventional 
IVF is performed 4–6 h after OPU. Each mature oocyte is incu-
bated with 50–100,000 sperm/ml for 12–18 h at 37 °C in 5 % 
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CO 2  and 98 % relative humidity. Fertilization is confi rmed by the 
presence of 2 pronuclei (PN) and the extrusion of the second polar 
body 18 h post-IVF. The fertilization rate achieved by IVF is in the 
range of 50–70 %. Oocytes of intermediate maturity, metaphase I 
(MI), may undergo IVM in culture medium for 12–24 h prior to 
fertilization, although pregnancy rates of embryos derived from in 
vitro matured oocytes are suboptimal. 

 It is crucial to identify oocytes with 3 PN due to their inability 
to divide normally as they appear identical to 2 PN embryos on the 
day of transfer. Polypoid embryos are the result of either polysper-
mic fertilization or fertilization of a diploid oocyte (digyny). 
Retention of the second polar body during the second meiotic 
division is the most common cause of digynic triploid embryos but 
may less frequently result from retention of the fi rst polar body 
during the fi rst meiosis division. The estimated incidence of polyp-
oidy is in the range of 5–10 %. The incidence is much higher in 
immature oocyte (up to 30 %) [ 198 ]. Transfer of triploid embryos 
may lead to implantation failure or miscarriage [ 199 ].  

8    Intracytoplasmic Sperm Injection (ICSI) 

 ICSI circumvents the need for the sperm to penetrate the zona 
pellucida (ZP) and may overcome impairment in spermatozoa–
oocyte interaction. In 1992, Palermo et al. reported the fi rst series 
of live births following ICSI for couples with severely impaired 
sperm characteristics, in whom IVF and subzonal insemination had 
failed [ 200 ]. Today, ICSI has become an established procedure 
and an integral part of ART, enabling males previously considered 
infertile to father children [ 201 ]. During the past 10 years, the 
number of fresh IVF cycles performed with ICSI more than dou-
bled, from 28,090 in 1999 to 67,328 in 2008. Today, ICSI is 
performed in 64 % of nondonor, fresh IVF cycles in the USA [ 5 ]. 

      1.    The most common indication for ICSI is severely impaired 
sperm characteristics, including severe oligospermia (fewer 
than fi ve million motile sperm/ml), severe asthenospermia 
(less than 5 % progressive motility), and severe teratospermia 
(less than 4 % normal morphology based on strict Kruger cri-
teria) [ 202 ]. In these settings, poor fertilization rates have 
been observed using conventional IVF [ 202 ]. The use of ICSI 
has enabled the fertilization rates to reach 70–75 % [ 200 ,  203 ] 
rates, which are comparable to the fertilization rates achieved 
by IVF in patients without severe male factor infertility.   

   2.    ICSI is indicated for patients with a history of prior or repeated 
fertilization failure with standard IVF.   

   3.    ICSI is always performed whenever surgically retrieved 
 spermatozoa are recovered either by microsurgical sperm 

8.1  Indications
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 aspiration (MESA) [ 204 ] or testicular sperm extraction (TESE) 
[ 204 ,  205 ]. The advent of IVF-ICSI has also enabled patients 
with Klinefelter syndrome to have biological offspring [ 206 ]. 
There have been sporadic reports of pregnancies following 
 surgically retrieved spermatid injection in the setting of non-
obstructive azoospermia [ 207 ].   

   4.    ICSI is commonly applied to achieve fertilization when sper-
matozoa have been previously cryopreserved, as cryopreserva-
tion may result in deterioration of all semen parameters [ 208 ]. 
In a review of 118 couples who underwent 169 IVF cycles at 
our institution using semen samples that were cryopreserved 
before cancer treatment, fertilization with ICSI resulted in 
signifi cantly higher fertilization and live birth rates compared 
to IVF [ 209 ].   

   5.    The presence of antisperm antibodies may affect sperm motil-
ity and impair fertilization [ 210 ]. ICSI has been highly effec-
tive in increasing fertilization rates in patients with exceedingly 
high sperm antibody titers (greater than 80 %) as detected 
by mixed antiglobulin reaction (MAR) or direct IgG and IgA 
immunobead testing [ 205 ].   

   6.    ICSI is routinely performed to fertilize in vitro matured and 
cryopreserved-thawed oocytes. IVM and cryopreservation 
have been shown to cause hardening of the ZP which may 
impair sperm penetration [ 211 ].   

   7.    ICSI is indicated for patients undergoing IVF and PGD for 
single gene defects. Conventional insemination technique may 
result in extra spermatozoa attaching to the ZP which may 
interfere with the PCR analysis.      

 
 ICSI is performed on mature MII oocytes. The cumulus cells are 
enzymatically removed using hyaluronidase to allow confi rmation 
of maturity. Removal of the cumulus cells also enhances the visual-
ization of the oocyte during the ICSI procedure. When available, a 
motile, morphologically “normal” spermatozoan is selected for 
injection. A holding pipette gently maintains the oocyte position 
with the polar body oriented to the 12 o’clock position. The injec-
tion pipette containing the spermatozoon is introduced sequen-
tially through the ZP and the oolema at the 3 o’clock position until 
a break in the oolema is observed. The sperm is released and the 
pipette slowly removed. ICSI is commonly performed at a 90° 
angle from the fi rst polar body in order to avoid the meiotic spindle 
apparatus, which is usually located adjacent to the fi rst polar body. 

 The meiotic spindle may not always be predicted by the loca-
tion of the fi rst polar body [ 212 ]. There is a theoretical concern 
that the meiotic spindle apparatus may be damaged by the micro-
injection needle. Based on the birefrigent property of the meiotic 
spindles, computer-assisted polarization microscopy systems may 
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be used to monitor the meiotic spindle position during ICSI [ 213 ]. 
The presence of a normal birefrigent meiotic spindle apparatus at 
the time of ICSI has been associated with improved oocyte and 
embryonic developmental capacity [ 214 ,  215 ]. 

 When triploid fertilization is found following ICSI, these rep-
resent digynic embryos. As with dispermic fertilization following 
conventional IVF, these embryos should not be transferred.   

9    Embryo Culture 

 Following fertilization by IVF or ICSI, the zygotes are transferred 
to the embryo culture media. A variety of culture media are avail-
able commercially. They can be broadly categorized into monocul-
ture or sequential culture systems. The monoculture media were 
developed to support zygote development to the blastocyst stage 
without changing the culture media. Traditional monoculture 
embryo media were formulated to mimic human tubal fl uid (HTF). 
At present, most commercially available embryo culture systems 
involve the use of sequential culture media. The formulations of 
the sequential embryo culture system are based on the concept of 
different nutrient and energy requirements of cleavage stage and 
blastocyst stage embryos. Pre-compacting embryos require pyru-
vate and nonessential amino acids as nutrient sources while the 
post-compacting embryos prefer glucose and essential amino acids 
as energy sources [ 216 – 218 ]. The sequential culture system 
involves two different culture media. The fi rst medium provides 
optimal support for the development of cleavage stage embryos. 
These embryos are subsequently transferred to a second culture 
medium to optimize extended culture to the blastocyst stage. 

 The effi ciency of in vitro culture system is not only dependent 
on its chemical formulation, it is also critically affected by pH, gas 
concentration, and temperature. Other factors affecting embryo 
culture system effi ciency include volume of the culture media 
droplet, the type of protein supplement, and the presence of reac-
tive oxygen species [ 219 ,  220 ]. 

 Although the fi rst IVF pregnancy was achieved following the 
transfer of blastocysts, worldwide [ 2 ], the majority of embryo trans-
fers are performed on day 3 cleavage stage embryos. According to 
the 2008 SART registry, only 35 % of all transfers occurred on day 
5 [ 5 ]. The main concern has been the effi cacy of the in vitro culture 
system and the reduced developmental potential of in vitro cul-
tured embryos. Recent advances in cell culture media have led to a 
shift in ART practice from transferring day 3 cleavage ET to day 5 
blastocyst stage embryos. Extended culture to the blastocyst 
stage allows for selection of embryos with the highest implantation 
and developmental potential, therefore reducing the number of 
embryos transferred and decreasing the risk for multiple births. 
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Compared to day 3 transfer of cleavage stage embryos, blastocyst 
transfer on day 5 or 6 was associated with higher implantation (Day 
3: 12–20 % vs. Day 5/6: 30–60 %) and live-birth rates (Day 3: 
29.4 % vs. Day 5/6: 36.0 %) [ 221 ]. In fact, in patients under the age 
of 40, elective single blastocyst transfer signifi cantly reduces the inci-
dence of twins without reducing the overall pregnancy rate [ 221 ]. 

 The benefi cial effects of blastocyst transfer appear to be reduced 
in patients with multiple prior unsuccessful IVF cycles. In patients 
with three or more previous unsuccessful day 3 transfer cycles who 
were randomized to day 3 versus day 5 transfers, the implantation 
rate (21 % vs. 6 %) and clinical pregnancy rate (22 % vs. 13 %) were 
higher with blastocyst transfer, but the live birth rates were compa-
rable between the two groups (10 % vs. 13 % blastocyst) [ 221 ] 

 The decision to proceed with extended embryo culture is 
based on several good prognostic factors, including young age, 
good ovarian reserve, prior successful IVF cycles, and the develop-
ment of six or more, high quality, cleavage stage embryos on day 3 
post-retrieval. 

 There are drawbacks to extended embryo culture, including 
fewer surplus embryos available for cryopreservation, the possibil-
ity of arrested embryo development, and failure to transfer any 
embryo [ 222 ]. These drawbacks are less likely to occur in patients 
with good prognostic factors. A recent meta-analysis found the 
cancellation rates to be comparable between day 3 and day 5–6 
transfers in patient with good prognosis [ 221 ]. Blastocyst culture 
has also been associated with a higher incidence of monozygotic 
twins, altered sex ratio in favor of males [ 223 ], and possibly 
increased incidence of imprinting disorders [ 224 ,  225 ].  

10    Additional Laboratory Procedures 

  The ZP serves as an important barrier to polyspermic fertilization 
and protects the developing embryo from the surrounding female 
genital tract during transport. Upon entry to the uterine cavity, 
the blastocyst secretes an activator of zona lysins, which dissolves 
the ZP [ 226 ,  227 ], allowing the trophoblastic cells to interact 
directly with endometrial cells at the site of implantation. 

 The goal of AH is to improve implantation by creating an 
artifi cial breach in the ZP. AH is performed of day 3 embryos in 
order to permit adequate blastomere adherence just before com-
paction. A variety of techniques have been employed for AH. 
These include mechanical partial zona drilling or dissection (PZD) 
[ 228 ], thinning of the ZP using Tyrode’s acid [ 229 ], Piezo vibro-
accustic manipulators [ 230 ], and lasers [ 231 ]. Cohen et al. fi rst 
reported the benefi cial effects of AH using PZD [ 232 ] and, sub-
sequently, Tyrode’s acid solution in improving the implantation 
rates in patients over the age of 38 and those with elevated basal 
FSH levels [ 228 ]. 

10.1  Assisted 
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 PZD is performed by tangential piercing of the ZP from the 11 
to 1 o’clock position. This segment is then rubbed with the hold-
ing pipette until a slit is made in the zona. With the acid Tyrode’s 
technique, a micropipette containing Tyrode’s acid is positioned 
close to the zona and the solution is gently delivered. In zona thin-
ning, the zona is attenuated without creating an actual gap in the 
zona. Laser AH using both contact and non-contact delivery sys-
tems are the most commonly used AH techniques today. 

 The available evidence does not support universal application 
of AH [ 233 ]. A recent Cochrane meta-analysis of 28 RCTs found 
an increase in pregnancy rate but not in live birth rate following 
treatment with AH [ 234 ]. AH may have a benefi cial effect in 
selected population of patients, namely those with advanced mater-
nal age, diminished ovarian reserve, and repeated implantation fail-
ures following IVF. The use of AH has also been advocated in 
certain conditions, including thickened ZP and in vitro conditions 
which cause hardening of the ZP, such as cryopreservation and 
IVM [ 235 ,  236 ]. 

 Potential complications related to AH include damage to the 
blastomere during micromanipulation and possible compromise to 
the embryo’s developmental potential. AH may also increase the 
incidence of monozygotic twinning [ 237 ,  238 ]. 

 As originally reported, patients who are scheduled to undergo 
embryo AH are treated with a course of oral methylprednisolone 
following oocyte retrieval. It has been shown that  methylprednisolone 
improved implantation of PZD treated embryos possibly through 
an immunosuppressive effect [ 239 ]. However, the exact effect of 
methylprednisolone on the interaction between immune cells and 
the micromanipulated embryos is not well elucidated.  
 
 The main objective of AECC is to improve embryo developmental 
potential. AECC intends to mimic the uterine environment by co- 
incubation of the embryos with endometrial cells in vitro. An 
endometrial biopsy is performed using a Pipelle endometrial suc-
tion curette 5–12 days after ovulation in a preceding cycle [ 240 ]. 
The stromal and glandular cells are isolated and cryopreserved. 
The cells are thawed on the day of hCG administration. Zygotes 
are placed on this reconstituted layer of endometrial cells and are 
cultured until post-retrieval day 3. Proposed mechanisms of action 
of AECC include the release of cytokines (GM-CSF, LIF, and the 
IL-1 system) from the stromal and epithelial cells of the endome-
trium [ 241 – 243 ], secretion of embryotrophic factors [ 244 ], and 
detoxifi cation of the culture medium by removal of heavy metal 
cations, free radicals, or metabolic inhibitors [ 245 ,  246 ]. 

 Patients with a history of poor embryo quality and/or repeated 
implantation failure may benefi t from AECC [ 240 ,  247 – 250 ]. We 
have shown that AECC improved embryo quality and pregnancy 
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outcomes in patients with repeated implantation failure [ 240 ,  247 , 
 251 ]. A recent meta-analysis confi rmed the benefi cial effects of 
AECC in improving embryo quality and increasing implantation, 
clinical, and ongoing pregnancy rates [ 252 ].   

11    Embryo Transfer 

 The ET procedure is considered to be a most critical step in the 
IVF process (See Schattman chapter). ET is usually performed on 
day 3 for replacement of cleavage stage embryo or on day 5 or day 
6 for replacement of blastocysts. The main objective is to transfer 
the embryo(s) to the appropriate location within the uterine cavity 
in an atraumatic manner in an effort to maximize the chance of 
implantation. Variables affecting the outcomes of ET have been 
studied extensively. In particular, pregnancy rates after ET have 
been shown to be infl uenced by the choice of ET catheter, perfor-
mance of trial transfer, use of US guidance, and most recently the 
supplementation of the ET media [ 253 ]. 
 
 Several catheters are commercially available and can be broadly 
 categorized as either “soft” (Cook–Cook, Ob/Gyn, Inc., 
Bloomington, IN; Wallace–Marlow Technologies, Willoughby, OH) 
or “fi rm” (Tomcat and Tefcat–Kendell Health Care, Hampshire, 
MA; TDT and Frydman–Laboratoire CCD, Paris, France). Two 
meta-analyses found that soft catheters are associated with higher 
clinical pregnancy rates compared to fi rm catheters [ 254 ,  255 ]. 
There appears to be little difference in clinical effi cacy between the 
Cook and Wallace soft catheters [ 255 ,  256 ]. One study noted cath-
eter insertion failure to be more common with the Wallace catheter 
than with the Cook catheter [ 256 ]. For patients with a stenotic cer-
vical os or a distorted cervical-uterine junction, fi rm catheters may 
facilitate the ET but may be associated with more bleeding, trauma, 
and stimulation of uterine contractions.  
 
 The use of an appropriate speculum is important in order to achieve 
good visualization of the cervical os and to straighten the cervical- 
utero angle. The cervical-utero angle can also be straightened by 
performing the ET under a full bladder [ 257 ] or applying active 
traction by placing a suture or tenaculum on the cervix [ 258 ]. 

 Following application of a bivalve speculum, the cervix is 
cleansed with saline or culture media to decrease bacterial contami-
nation. Excess mucus on the cervix should be atraumatically 
removed. Mucus in the cervical canal can be aspirated using a 
syringe. Excess cervical mucus may cause ascending bacterial infec-
tion of the uterine cavity and has been shown to adversely affect the 
clinical and ongoing pregnancy and implantation rates [ 259 ]. The 
mucus can also obstruct the tip of the transfer catheter or entrap 
the embryo, thus resulting in misplacement or embryo loss(s).  

11.1  Embryo 
Transfer Catheter
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  We routinely perform a trial transfer immediately prior to the actual 
ET utilizing a soft ET catheter. This trial transfer is performed in 
order to confi rm the depth and direction of the uterine cavity and 
to determine any potential diffi culty that may otherwise occur dur-
ing the actual transfer. Pre-cycle trial transfers may predict diffi cult 
ET but may not accurately predict the length of the uterine cavity 
at the time of the actual ET [ 260 ]. It has been shown that the 
uterine position may change between the time of the trial transfer 
and that of the actual ET [ 261 ,  262 ]. A retrospective study from 
our institution found that 19 % of patients had a discrepancy of 
≥1.5 cm and 30 % had a difference of ≥1 cm in uterine cavity 
length between measurement at the time of the trial transfer and 
the actual ET [ 112 ]. This was more likely to occur in patients with 
a retroverted uterus.  
 
 Since fi rst reported by Strickler et al. in 1986 [ 263 ], the use of US 
guidance for ET has become more prevalent as it facilitates ET and 
reduces the incidence of diffi cult transfers [ 264 ]. A recent meta- 
analysis of 17 RCTs comparing US-guided ET versus ET by clini-
cal touch concluded that US-guided ET improved the clinical and 
ongoing pregnancy rates [ 265 ]. US guidance enables the clinician 
to visualize the catheter depth at the time of transfer, allowing 
proper placement of the embryo(s) and minimizing trauma to the 
endometrial lining. US guidance is particularly helpful in patients 
with uterine myomas and those with previous caesarean section 
scar defects in which the ET catheter can be misplaced. 
Disadvantages of US-guided ET include patient discomfort from 
both maintaining a full bladder and abdominal compression with 
the US probe. US-guided Et also requires a second operator and 
may increase procedure time.  
 
 For patients with a stenotic cervical canal or a distorted cervical- 
uterine angle, adjusting the outer sheath of the catheter to approx-
imate the angle of the cervix may facilitate the navigation of the 
catheter through the cervical canal [ 266 ]. Alternatively, a malleable 
stylet can be used to pass the outer sheath of the soft catheter 
through the cervical canal to the level of the internal os. The inner 
catheter loaded with embryos is then introduced through the outer 
sheath. This technique is known as “embryo afterloading.” 

 Once the length of the endometrial cavity has been determined 
and the appropriate transfer catheter has been selected, the embry-
ologist is instructed to mould the outer sheath of the catheter to 
approximate the angle of the cervix. The transfer catheter is then 
loaded with the embryo(s) and handed to the clinician. The trans-
fer catheter is inserted through the cervical canal into the uterine 
cavity. Attention should be paid to ensure atraumatic passage 
through the cervical canal and to avoid contacting the uterine fun-
dus or causing trauma to the endometrium. Bleeding or disruption 
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of the endometrium leads to prostaglandin release and may induce 
uterine contractions. Blood or cervical mucus at the tip of the ET 
catheter also increases the risk of retained embryo(s) [ 267 ]. 

 The ideal placement of the embryos is 1–2 cm below the fun-
dus of the uterine cavity. Most commonly, ET is performed at 
1–2 cm lower than the distance measured at trial transfer using a 
soft non-tapered Wallace ET catheter. Placement of the embryos 
close to the fundal wall may increase the risk of ectopic pregnancy 
[ 268 ,  269 ]. Conversely, placement of the embryos close to the 
internal cervical os may increase the incidence of cervical preg-
nancy [ 270 ]. 

 Following placement of the embryo(s), the catheter is slowly 
withdrawn from the uterus. Some physicians prefer to wait 30 s 
before withdrawing the catheter, while others remove the catheter 
immediately following transfer. The 30 s delay does not appear to 
improve clinical pregnancy rates [ 271 ]. Pressure on the plunger 
of the syringe should be maintained until the catheter is com-
pletely withdrawn from the cavity in order to minimize negative 
pressure within the ET catheter. After the ET, the catheter is 
returned to the embryologist. Under the microscope, the catheter 
is fl ushed and carefully inspected for possible retained embryos. 
Pregnancy rates do not appear to be compromised when embryos 
are retained and are immediately retransferred into the uterine 
cavity [ 267 ].  
 
 The embryo(s) are typically loaded onto tip of the transfer catheter 
in 20 μl of commercially available ET media, which are most com-
monly composed of synthetic HTF and macromolecules, such as 
albumin or serum substitute supplement. The composition of the 
medium surrounding the embryo(s) at the time of the ET may 
have an important role in embryo implantation. Recent studies 
have focused on supplementation of transfer medium with hyal-
uronan (HA), a glycosaminoglycan found in human fl uid secre-
tions and extracellular matrix of the reproductive tract [ 272 ]. The 
levels of HA have been shown to increase dramatically on the day 
of implantation [ 273 ], supporting its role in embryo implantation. 
Supplementation of ET medium with HA may improve clinical 
outcomes following ET [ 274 – 277 ]. In a RCT involving 1,282 
patients, enrichment of transfer medium with HA signifi cantly 
improved the clinical pregnancy (54.6 % vs. 48.5 %, OR 1.28) and 
implantation (32 % vs. 25 %, OR 1.43) rates. Two other studies of 
a smaller sample size failed to fi nd any improvement in clinical 
pregnancy rates in patients using HA-enriched medium for ET 
[ 278 ,  279 ]. The benefi cial effect of HA-enriched medium may be 
more evident in selected groups of patients, namely those with 
tubal factor infertility and those with recurrent (>4) unsuccessful 
IVF cycles [ 276 ,  278 ].  
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  In many ART programs, patients are advised to have bed rest for 
30 min following ET. The rationale behind this recommendation 
is that decreased physical activity promotes embryo retention 
within the uterine cavity. A recent meta-analysis found insuffi cient 
evidence to support the practice of bed rest following ET in 
improving pregnancy outcomes [ 280 ].  
 
 Although variables affecting the outcomes of ET have been stud-
ied extensively, the effi cacy of ET appears to be most dependent on 
operator experience and skill [ 281 ]. Pregnancy rates have been 
shown to be improved with increased operator experience. A 
recent RCT comparing Cook and Frydman catheters involving 
three experienced physicians showed that variations in pregnancy 
rates between the two ET catheters were mostly operator 
 dependent [ 281 ].   

12    Luteal Support 

 Normal physiologic function of the corpus luteum requires the 
presence of adequate granulosa and theca cell components, which 
in turn require adequate pulsatile LH support during the luteal 
phase [ 282 ]. Estrogen secretion from the granulosa cells promotes 
proliferation of endometrial cells in the basal layer and upregula-
tion of P4 receptors [ 283 ]. P4 secretion from the theca cells 
induces endometrial glandular secretion and decidualization of the 
stromal layer [ 284 ]. Adequate concentrations of both estrogen 
and P4 are essential for optimal endometrial maturation before 
embryo implantation. Withdrawal of LH secretion at the end of 
the menstrual cycle results in regression of the corpus luteum or 
luteolysis. In the event of embryo implantation, hCG secretion by 
the syncytiotrophoblast cells maintains the steroidal production of 
corpus luteum. 

 The importance of P4 in supporting early pregnancy was fi rst 
demonstrated by Csapo et al. in a series of experiments [ 285 ]. 
Removal of the corpus luteum, or luteectomy, prior to 7 weeks 
gestation resulted in pregnancy loss [ 285 ]. Luteectomy performed 
after 7 weeks resulted in a transient decrease in the serum P4 level 
but the pregnancies persisted. In a subsequent study, Csapo et al. 
demonstrated that pregnancy can be maintained by exogenous P4 
supplementation in luteectomized patients [ 285 ]. These studies 
demonstrated that P4 secretion from the corpus luteum is essential 
for maintenance of pregnancy up to 7 weeks gestation. The esti-
mated onset of shift from luteal to placental steroidogenesis, the 
luteoplacental shift, occurs between 7 and 9 weeks gestation. 
Further experiments utilizing the egg donation model suggested 
even an earlier shift at 6–7 weeks [ 286 ]. 
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  Although COH and oocyte retrieval results in the development of 
multiple corpora lutea, in some women there is inadequate steroi-
dal production from the corpora lutea following IVF treatment, 
resulting in luteal phase defects (LPD) [ 287 ]. Although several 
etiologies of LFD have been proposed, the exact mechanism of the 
LPD remains debatable. One proposed etiology in IVF cycles attri-
butes the defect to the removal of large quantities of granulosa 
cells during the oocyte retrieval resulting in impaired P4 synthesis 
by the corpora lutea [ 288 ,  289 ]. Another proposed etiology relates 
to the supraphysiologic levels of steroids secreted by the corpora 
lutea following COH. Fauser and Devroey postulated that the sup-
raphysiologic level of steroids inhibits LH secretion via a long-loop 
negative feedback inhibition at the level of the hypothalamic- 
pituitary axis [ 290 ]. hCG administration for fi nal oocyte matura-
tion may also exert a similar suppressive effect on LH production 
via a short-loop feedback mechanism [ 291 ]. The most widely sup-
ported cause of the LPD relates to the delayed recovery in gonado-
trope functions following prolonged pituitary down-regulation 
with GnRH agonist [ 292 ]. Recovery of gonadotrope functions 
may require 2–3 weeks [ 292 ,  293 ]. Although the duration of pitu-
itary suppression is shorter after treatment with GnRH antago-
nists, GnRH antagonist treatment also predisposes to LPD. Luteal 
serum LH and P4 levels and the duration of the luteal phase were 
shown to be diminished in patients treated with GnRH antagonist 
COH protocols [ 294 ,  295 ]. 

 Based on the current understanding of the LPD in patients 
undergoing COH and IVF, hormonal luteal phase support (LPS) 
has become a standard practice in ART. LPS is given in various 
forms of P4, estrogen, hCG, or in combination. The initiation of 
LPS varies among different ART programs, ranging from the day 
of HCG, the day of oocyte retrieval, and the day following retrieval 
to the day of ET. A RCT evaluated the different time of onset of 
LPS and found no effect on the clinical outcomes in GnRH ago-
nist down-regulated COH cycles [ 296 ]. Typically, we initiate LPS 
on the day following retrieval. The optimal dose, duration, or type 
of treatment also remains to be determined. Nonetheless, two 
meta-analyses confi rmed that treatment outcome improved with 
all forms of LPS when compared to COH-IVF cycles where no 
luteal support was given [ 297 ,  298 ].  
 
 A variety of P4 formulations are currently available, including 
oral, vaginal, rectal, and intramuscular (IM) forms [ 299 ]. IM 
injection of P4 in oil has been widely used for LPS. A typical dose 
is 50 mg daily, which achieves serum P4 concentration at or above 
the physiological range. The main drawbacks of IM P4 injections 
are the commonly associated side effects, including pain at the 
injection site, rash, infl ammatory reactions, cellulitis, and abscess 
formation. 
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 P4 support can also be administered in the form of vaginal 
tablet inserts (Endometrin 100 mg, Ferring Pharmaceuticals, Inc., 
Parsippany, NJ), suppositories of micronized P4 (Prometrium, 
100 mg, Solvay Pharmaceuticals Inc., Marietta, GA) and, most 
recently, gel (Crinone 8 %, Wyeth Laboratories, St. Davids, PA). 
Common daily dosages range from 200 to 600 mg. The clinical 
effi cacy of vaginal P4 gel and other forms of vaginal P4 appear to 
be comparable [ 300 ]. Compared to IM P4, vaginal P4 administra-
tion achieves a lower serum concentration, but the local endome-
trial concentration appears to be greater [ 301 ]. Vaginal P4 
supplementation is favored by many clinicians as it is associated 
with improved patient satisfaction and less discomfort. 

 Orally administered P4 is rapidly metabolized in the hepatobi-
liary system and has been shown to be the least effective method of 
LPS. Compared to IM or vaginal P4, LPS in the form of oral P4 
was associated with reduced implantation rates [ 302 ,  303 ]. 

 Comparison between the effi cacy of IM and vaginal P4 for LPS 
led to confl icting results. Two RCTs comparing IM and vaginal 
P4-favored IM P4. Patients treated with IM P4 had higher preg-
nancy, implantation, and live birth rates [ 304 ,  305 ]. A 2008 
Cochrane meta-analysis found IM P4 to be associated with higher 
ongoing pregnancy and live birth rates than the vaginal route 
[ 306 ]. In recent years, there is increasing evidence in the literature 
to suggest that vaginal and IM P4 have comparable effi cacy. An 
open-label, multicenter RCT involving 1,184 women found vagi-
nal P4 gel and IM P4 to have comparable clinical and ongoing 
pregnancy rates [ 307 ]. A 2009 meta-analysis found no signifi cant 
difference between IM and vaginal P4 forms in terms of clinical 
and ongoing pregnancy rates [ 308 ].  
 
 Optimal endometrial development and maturation require ade-
quate concentrations of both estrogen and P4. Estrogen secretion 
from the granulosa cells promotes proliferation of endometrial 
cells in the basal layer and upregulation of P4 receptors [ 283 ]. It 
has been shown that COH following GnRH agonist down regula-
tion lead to a decline in mid-luteal phase serum E2 and P4 levels 
[ 309 ]. Moreover, low luteal E2 levels have been associated with 
poor IVF outcomes [ 310 ]. 

 Based on the above fi ndings, several RCTs evaluated the clini-
cal benefi t of supplementing luteal phase P4 with E2, in the forms 
of either vaginal suppositories or patches [ 311 – 319 ]. Three meta- 
analyses concluded that the addition of E 2  to P4 for LPS did not 
improve outcomes in both GnRH agonist and antagonist IVF 
cycles [ 320 – 322 ]. 

 Luteal E2 supplementation appears to be crucial in patients 
who received GnRH agonists for the ovulatory trigger. Luteal 
function is compromised following the GnRH agonist trigger, 
resulting in premature luteolysis and poor steroidal production by 
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the corpus luteum [ 135 ,  136 ]. Thus, it is critical to provide these 
patients with luteal E2 in addition to P4 support. This can be 
achieved by administration of daily E 2  and P4 suppositories start-
ing on the day following oocyte retrieval. We prefer to support the 
luteal phase with alternating day application of 0.1 mg E 2  patch 
and 50 mg intramuscular P4. Patients are monitored on a weekly 
basis in order to maintain the serum P4 above 20 ng/ml and serum 
E 2  level above 200 pg/ml.  
 
 hCG administration can be utilized to improve corpora lutea func-
tion by stimulating production of E 2  and P 4  [ 323 ]. For LPS, hCG 
is usually administered in several small doses of hCG (1,500–
2,500 IU) 5–10 days following oocyte retrieval [ 324 ,  325 ]. The 
clinical effi cacy of hCG administration for LPS appears to be com-
parable to P4 [ 298 ]. However, its use can signifi cantly increase the 
risk of OHSS [ 298 ].  
 
 There is no universal consensus on the optimal duration for LPS. 
A survey of 21 ART programs showed great variations in LPS 
protocols, ranging from stopping LPS on the day of positive hCG 
to continuation for up to 12 weeks of pregnancy [ 326 ]. Withdrawal 
of vaginal P4 at the time of a positive pregnancy test did not 
appear to infl uence the miscarriage rate [ 327 ,  328 ] but was associ-
ated with increased bleeding episodes [ 328 ]. A recent RCT com-
pared stopping LPS on the day of the fi rst viability US scan versus 
continuing LPS for three additional weeks following the fi rst US 
scan (up to 9 weeks gestational age) [ 326 ]. No differences in mis-
carriage rates or vaginal bleeding were observed between the two 
groups.   

13    Complications of ART 

 Complications and risks of ART can be related to the use of gonad-
otropin stimulation or the actual retrieval procedures. Common 
side effects of gonadotropins include bloating, weight gain, nau-
sea, mood swings, and breast tenderness [ 130 ]. The incidence of 
serious and minor complications experienced by women undergo-
ing COH and OPU are generally rare [ 130 ,  329 ,  330 ]. Adnexal 
torsion is a rare complication related to COH. In a case series of 
2,495 IVF cycles, there were two cases of adnexal torsion [ 330 ]. 
The incidence may be higher among patients with OHSS. 
Complications related to oocyte retrieval include bleeding, infec-
tion, ovarian abscess, ureterovaginal fi stula, and pseudo-aneurysm 
of the iliac artery [ 130 ,  329 ,  330 ]. In a review 587 donors who 
underwent 973 cycles of COH and 886 OPUs at our institution, 
there were two cases of ovarian torsions (0.2 %), two signifi cant 
infections (0.2 %), and one case of ruptured ovarian cyst 
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necessitating hospitalization (0.1 %) [ 130 ]. Recently, one report 
suggested that woman undergoing COH for IVF have an increased 
prevalence of thromboembolic disease compared to the general 
population [ 331 ]. 

 ART is associated with three notable complications: OHSS, 
multiple pregnancy, and ectopic pregnancy. 
 
 A complication that occurs almost exclusively with the use of 
gonadotropin stimulation is OHSS [ 39 ]. The overall incidence 
of OHSS is estimated to be in the range of 0.4–10 % [ 332 ]. 
Approximately 0.0005–4 % of IVF patients develop severe OHSS 
[ 39 ,  333 ]. 

 OHSS is an iatrogenic medical complication of COH with 
gonadotropins arising because of the exposure of multiple ovarian 
follicles to hCG. The fundamental physiologic changes observed in 
OHSS relate to vascular hyperpermeability secondary to the elabo-
ration of hyperpermeability factors from the overstimulated, 
enlarged ovaries. The resulting transudation of protein rich fl uid 
from the intravascular to the extravascular compartment can lead 
to hemoconcentration, electrolyte imbalance, and hepatic and 
renal dysfunctions. OHSS can also be associated with  life- threatening 
complications in severe cases, including pleural or pericardial effu-
sion, adult respiratory distress syndrome, thromboembolic events, 
myocardial or cerebral infarctions, and even death [ 75 ,  334 – 337 ].  
 
 High-order pregnancy remains the most signifi cant complication 
of ART as it is associated with increased maternal and fetal morbid-
ity and mortality [ 338 ]. ART is associated with a tenfold increase 
in the incidence of multiple-fetal gestations. According to the 2011 
CDC/SART report, the incidence of twin gestations was 29 % and 
the incidence of triplets and higher-order gestations was 3.5 % [ 4 ]. 
The increased risk of multiple gestations is related to the number 
of embryos transferred. Transferring two more embryos not only 
increases the likelihood of live births but also increases the risk of 
multiple pregnancy [ 4 ]. In patients who had a single embryo trans-
ferred, 21 % of transfers resulted in live births. Of these live births, 
2.4 % were twins and 0.1 % were triplets or more. In patients who 
had two embryos transferred, the live birth rate per transfer 
increased to 43 %. However, 33 % were twins and 1 % was triplets 
or more. Among patients who have three embryos transferred, the 
live birth rate was 35 % per transfer. Of these live births, 29 % were 
twins and 4 % were triplets or more. 

 In an effort the reduce the incidence of multiple pregnancy, 
the American Society of Reproductive Medicine (ASRM) and 
Society for Assisted Reproductive Technologies (SART) have 
released guidelines to guide ART programs and patients in deter-
mining the appropriate number of embryos to transfer (Table  1 ) 
[ 339 ]. These recommendations are based on the patient’s age and 
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the presence of favorable characteristics, including fi rst cycle of 
IVF, previous successful IVF outcome, good-quality embryos, and 
surplus embryos for cryopreservation. In patients under the age of 
35 years with favorable characteristics, consideration should be 
given to transferring of a single embryo. Although the risk of mul-
tiple pregnancies is signifi cantly reduced, this risk is not completely 
eliminated. Blastocyst transfer has been associated with an increased 
incidence of monozygotic twins [ 340 ,  341 ].
    
 ART is associated with an increased incidence of ectopic pregnancy. 
The reported incidence of ectopic pregnancy after IVF and ET 
ranges from 2 to 11 % [ 330 ,  342 ], compared to that observed in 
the general population of 1.2–1.4 % [ 343 ]. ART also increases the 
risk of heterotopic pregnancies, a condition where implantation 
can occur simultaneous at multiple sites (e.g., uterus or fallopian 
tubes, cervix or abdomen). In the general population, the occur-
rence of heterotopic pregnancy is extremely rare; the incidence is 
estimated to be 1 in 30,000 [ 344 ]. The incidence of heterotopic 
pregnancy has been reported to be as high as 1 % in patients under-
going IVF [ 345 ,  346 ]. The higher incidence of ectopic and het-
erotopic pregnancies may be related to tubal disease or tubal 
dysfunction in patients undergoing ART.   

14    Perinatal Outcomes from ART 

 Today, more than fi ve million babies have been born using ART 
worldwide [ 347 ]. Numerous studies have evaluated the obstetri-
cal and perinatal outcomes following IVF and ICSI [ 348 – 351 ]. 

13.3  Ectopic 
Pregnancy

   Table 1  
  American Society for Reproductive Medicine and Society for Assisted 
Reproductive Technology guidelines on the number of embryos 
transferred   

 Age 

 <35 years  35–37 years  38–40 years  41–42 years 

  Cleavage stage embryos  
 Favorable  1–2  2  3  5 
 All others  2  3  4  5 

  Blastocysts  
 Favorable  1  2  2  3 
 All others  2  2  3  3 

  Favorable prognosis includes: fi rst IVF cycle, previous successful IVF cycle, 
good embryo quality, surplus embryos available for cryopreservation  
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It has been noted that women with infertility, regardless of whether 
they have undergone ART treatment, have increased risks of 
adverse obstetrical and perinatal outcomes. After adjusting for age 
and parity, subfertile women were found have a twofold increase in 
the risks of pre-eclampsia and placental abruption and a threefold 
increase in developing placenta previa [ 352 ]. They were also more 
likely to require induction of labor, Caesarean section (twofold), 
instrumental delivery (twofold), and deliver low birth weight and 
preterm infants [ 352 ]. 

 After controlling for maternal age, parity, and multiple gesta-
tions, singleton pregnancies conceived following IVF were found 
to have a higher likelihood of obstetrical complications, including 
gestational diabetes (twofold) [ 349 ], gestational hypertension 
(1.6-fold) [ 349 ], and placenta previa (threefold) [ 349 ]. IVF sin-
gleton pregnancies were also more likely to require induction of 
labor (1.6-fold) and Caesarean section (twofold) [ 349 ]. 

 Singleton pregnancies conceived from IVF were also noted to 
be associated with increased perinatal morbidity and mortality 
(1.8-fold) [ 353 ], including preterm delivery (twofold) [ 353 ,  354 ], 
low birth weight (1.8-fold) [ 349 ,  354 ], very low birth weight 
(threefold) [ 349 ,  353 ,  354 ], small for gestational age(1.6-fold) 
[ 349 ,  353 ], and requirement for admission to neonatal intensive 
units (NICU) [ 349 ,  353 ]. 

 Similarly, singleton pregnancies conceived following IVF-ICSI 
were found to be associated with increased risk of gestational dia-
betes (1.3-fold), gestational hypertension (6.4-fold), abruptio pla-
centa (1.8-fold), and placenta previa (1.8-fold) [ 350 ]. Pregnancies 
were also more likely to result in Caesarean section, preterm deliv-
ery, and delivery of low birth weight and very low birth weight 
infants [ 350 ]. 

 The association between ART treatment and congenital mal-
formations is controversial. Most studies are limited by their small 
sample size, varying defi nitions of congenital abnormality, inade-
quate control of possible confounding variables, and a lack of 
appropriate comparison data. The reported prevalence of major 
defects varied from 3.0 to 9.0 % [ 355 ]. Most studies did not dem-
onstrate an increased risk of major birth defects in children con-
ceived with ART [ 356 – 359 ]. Comparing IVF to IVF with ICSI, 
there was no difference in the prevalence of major birth defects 
[ 355 ]. More recently, data from Australian birth registry showed a 
twofold increased risk of major congenital abnormalities in both 
singletons and twins following IVF (9.0 %) and IVF-ICSI (8.6 %) 
compared to spontaneous conceptions (4.2 %) [ 360 ]. A prospec-
tive cohort study from Germany also found increased prevalence of 
major malformations in children conceived with IVF-ICSI(8.7 %) 
compared to a population-based control cohort (6.1 %) (relative 
risk, 1.44 [1.25–1.65]) [ 350 ]. When considering organ-specifi c 
major malformations, the use of ICSI has been associated with an 
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increased risk of hypospadias [ 356 ,  361 ]. The use of ART has also 
been associated with an increased incidence of imprinting disorders 
in the offspring, namely Beckwith–Wiedemann syndrome [ 224 , 
 225 ,  362 ,  363 ] and Angelman’s syndrome [ 364 ,  365 ]. 

 Long-term follow-up studies of children conceived following 
IVF and ICSI appeared reassuring [ 359 ,  366 – 368 ]. No differences 
were observed in terms of psychomotor, cognitive, intellectual, or 
psychological development between IVF, IVF-ICSI, and sponta-
neously conceived children [ 366 – 368 ]. However, children con-
ceived following IVF-ICSI were more likely to require surgical 
interventions, physiotherapy, and dietary therapy than naturally 
conceived children at 5 years of age [ 369 ,  370 ].  

15    Future Directions 

 The fi eld of ART is rapidly evolving. Two areas of ART in particu-
lar that have undergone dramatic improvements in recent years are 
preimplantation genetic diagnosis (PGD) and noninvasive meth-
ods of embryo selection. Traditionally, aneuploidy screening by 
PGS involves blastomere biopsy of day 3 embryos and  chromosome 
analysis using FISH [ 371 ]. The two main drawbacks of this 
approach have been the high incidence of chromosomal mosaicism 
in day 3 embryos and the limited sensitivity of FISH since not all 
23 sets of chromosomes are evaluated [ 372 ,  373 ]. There is a move 
towards performing trophectoderm biopsy on day 5 blastocyst and 
application of more accurate molecular diagnostic technologies, 
including single nucleotide polymorphism (SNP) and comparative 
genomic hybridization (CGH) microarray technologies [ 374 – 376 ]. 
A major limitation of this approach is the time required to com-
plete the analysis (usually 48 h). Therefore, the biopsied embryos 
need to be cryopreserved and transferred in a subsequent FET 
cycle. Recently, the use of quantitative PCR for 24 chromosome 
aneuploidy has reduced the processing time to 4 h, making same 
day ET a feasible option [ 377 ]. 

 Another area of intense research interest is noninvasive meth-
ods of embryo selection using transcriptomic, proteomic, and 
metabolomic technologies. Selection of embryos with optimal 
implantation potential is of great importance to the fi eld of ART. 
Current embryo selection is based on morphological appearance 
and possesses limited sensitivity in predicting implantation and 
pregnancy. There is a pressing need to identify biomarkers of 
embryo developmental potential, which will enhance embryo 
selection, improve the effi cacy of single ET, and reduce the risk of 
multiple gestations. Transcriptomics involves quantitative analysis 
of messenger RNA. An example is transcriptomic profi ling of 
cumulus cells using microarray to identify potential biomarkers of 
oocyte quality and embryo development [ 378 ]. Recent advances in 
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proteomic analysis using mass spectrometry, high performance 
 liquid chromatography, and protein microarray have enabled iden-
tifi cation of amino acids and proteins within limited amounts of 
biological fl uids [ 379 ]. Analysis of spent culture media revealed 
signifi cant correlations between amino acid and protein turnover 
with embryonic developmental potential and clinical pregnancy 
and live birth rates [ 380 ,  381 ]. Metabolomic analysis involves the 
use of spectrophotometric assays, such as Raman and near-infrared 
(NIR), to detect cellular metabolites in the surrounding environ-
ment (also known as secretome or exometabolome) [ 382 ]. 
Metabolomic profi ling of spent embryo culture media using Raman 
and NIR are two promising approaches in predicting the reproduc-
tive potential of embryos [ 383 – 385 ]. Noninvasive imaging of 
human embryos has also been evaluated as potential predictor of 
embryonic development. Using time-lapse image analysis and gene 
expression profi ling, imaging parameters were shown to predict 
blastocyst formation with 93 % sensitivity and specifi city [ 386 ]. 
Further studies are needed to help identify the most viable embryo.     
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    Chapter 9   

 Novel Markers of Male Infertility 

           Michael     Funaro      and     Darius     A.     Paduch     

    Abstract 

   Diagnostic tests should detect disease, have prognostic value, and aid in clinical decision making. Nowhere 
else in laboratory medicine does one have to interpret a subject’s results within the dynamic of a couple as 
in reproductive medicine. Abnormal markers of male reproduction do not necessarily mean sterility, but 
instead indicate problems with spermatogenesis, sperm maturation, transport through epididymis and 
ejaculatory duct, or abnormal ejaculatory function. Decades of research suggest that one test will never fi t 
all scenarios and a battery of assays evaluating different aspects of male reproduction will likely have the 
best prognostic value. There is a strong need for standardization and harmonization of evolving assays to 
establish their clinical relevance. Next-generation genome sequencing and the discovery of small noncod-
ing RNAs in sperm already are changing the fi eld and permit further insight into the biology of male 
reproduction as well as offer new diagnostic tests.  

  Key words     Sperm  ,   Acrosome  ,   Male infertility  ,   microRNA  ,   Genetics  

1      Background 

 Infertility affects approximately 15 % of couples trying to con-
ceive; its prevalence differs between countries and socioeconomic 
and ethnic groups [ 1 ]. In the United States, it is thought that one 
in seven couples will encounter infertility [ 2 ,  3 ]. Male factor infer-
tility is generally thought to be directly accountable for 30 % of all 
infertility cases and partially accountable in another 20 % [ 4 ]. 
Male infertility is attributed to numerous developmental, infec-
tious, vascular, environmental, and genetic factors as well as per-
sonal habits [ 5 ], though a signifi cant number of cases remain 
idiopathic in  origin. Conception and delivery of a healthy child 
depend on  “normal” sperm being able to advance through the 
female reproductive tract, fertilize the egg, and provide genetic 
material to enable optimal embryo development and pregnancy. 
In this case, a man lacks sperm even if testicular sperm extraction 
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is attempted. Such a scenario occurs in men with bilateral anorchia 
or AZFa and AZFb classic deletions. 

 In all other situations, it is most prudent to assume that both 
male and female factors contribute to a couple’s infertility, but to 
different extents. The arbitrary degree to which the male contrib-
utes to the overall infertility depends on the depth and extent of 
the evaluation of both the male and female patient. It is critical to 
remember that an abnormality in any “biomarker” of male repro-
ductive potential is only a probable cause, and not an absolute indi-
cation of infertility; reproduction involves two individuals. The 
immunological and biochemical ecosystem in the female tract can 
modify and impede the abilities of sperm to perform its normal 
functions. One of the best examples for this is the development of 
anti-sperm antibodies in a female partner. Hence, although the 
same man might be fertile with different partners, he may be 
deemed infertile with his current one. 

 The quest for reliable biomarkers in male fertility evaluation 
stems largely from the challenges associated with understanding 
and evaluating spermatogenic function in the testis as well as the 
poor accuracy and specifi city of semen analysis itself. Traditional 
evaluation methods perform suboptimally as predictors of success 
in natural conception, intrauterine insemination, and in vitro 
fertilization. 

 Testicular biopsy was previously the cornerstone in the evaluation 
of many types of infertility [ 6 ]. Testicular biopsy is fundamentally 
problematic in that it is an invasive procedure which requires anes-
thesia and can pose undue risk for the health of the testis; it  typically 
provides a very small sample of tissue; and the associated histology 
is often unable to reveal the true cause of infertility [ 6 ]. Collectively 
these disadvantages render the analysis of sperm and sperm-derived 
biomarkers a superior fi rst-line approach for determining the causes 
of male infertility. 

 The health and characteristics of sperm and their develop-
mental precursors have been proposed and subsequently 
employed as suitable surrogates in the evaluation of reproductive 
fi tness [ 7 ]. Evaluation of spermatozoa is commonly assessed with 
respect to numerous physiological parameters using what are 
now widely developed and standardized semen analysis tech-
niques [ 8 ]. Aside from physical parameters, there are also numer-
ous assays and other methodologies developed and under 
development to determine the quality of the genetic components 
and competency of sperm in the context of achieving fertiliza-
tion, both through spontaneous pregnancy and assisted repro-
ductive techniques (ART). The recognition and development of 
these makers are ongoing, and the application of this evaluation 
in predicting and treating clinical outcomes is the subject of 
ongoing debate. 
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 One cannot forget that cutoff values used in differentiating 
between normal and abnormal results will differ depending on the 
context and outcome measures. For example, what may be “nor-
mal” for intracytoplasmic sperm injection (ICSI) with respect to 
sperm count is often inadequate for intrauterine insemination 
(IUI). Thus, any abnormality in male biomarkers of fertility should 
be further evaluated and thoroughly interpreted in the context of 
the patient, his health, and the planned course of therapeutic action 
if one is concerned about his health in addition to his reproductive 
function and potential.  

2    Semen Analysis 

 The analysis of sperm on a microscopic level has taken place for 
centuries. A medical student working with Antoni van Leeuwenhoek 
fi rst reported seeing “animalcules” in seminal fl uid in 1677 [ 9 ]. 
Semen analyses serve as a diagnostic cornerstone in male fertility. 
On the most basic level, it measures the function of the testicles for 
sperm production and accesses the fl uid volume contributed by 
accessory glands [ 10 ]. The World Health Organization (WHO) 
has standardized semen analysis in a protocol which is widely fol-
lowed in andrology clinics [ 11 ]. 

  Recent changes have been made to the WHO guidelines for the 
evaluation of sperm motility. Sperm are now categorized as 
progressively motile, nonprogressively motile, and immotile. 
Progressive motility constitutes spermatozoa moving actively, 
linearly, or in large circles, while nonprogressive motility constitutes 
lesser motility with reduced progression or limited circles [ 12 ]. 
It is generally recognized that the percentage of progressively 
motile sperm is associated with pregnancy rates [ 13 ,  14 ]. While 
this association exists, overall motility remains a poor predictor of 
fertility.  

  Semen analysis typically seeks the concentration of sperm in the 
ejaculate and the overall volume of ejaculate. Semen volume should 
be greater than 1.5 ml, with defi cient volume resulting from 
incomplete sample collection, low testosterone, retrograde 
ejaculation, or ejaculatory duct obstruction [ 15 ]. The relevancy of 
sperm count and progressive motility in natural conception is still 
debatable, though these parameters are major determinants of IUI 
[ 16 ]. Oligozoospermia refers to sperm concentration below the 
WHO reference value (15 million/ml). Azoospermia refers to 
complete absence of sperm in the ejaculate. Asthenozoospermia is 
the state of having total and/or forward progressive motility below 
WHO lower reference values (40 and 32 %, respectively) [ 16 ].   

2.1  Assessment 
of Motility

2.2  Assessment of 
Concentration and 
Volume
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3    Assessment of Morphology 

 Spermatozoa are evaluated against morphology criteria estab-
lished by the WHO based on reported data about morphology 
and reproductive outcomes. The correlation between the per-
centage of normal morphology and fertilization rates in vivo [ 17 ] 
and in vitro [ 18 ] is typically regarded as suffi cient justifi cation for 
in vitro fertilization. Key criteria included in an assessment of 
sperm morphology is an oval-shaped head with smooth contour, 
head length of 4–5 μm, and sperm width of 2.5–3 μm. Length-
to-width ratio is also considered, as is the defi nition of the 
 acrosomal region, comprising 40–70 % of the area of the head. 
The midsection and tail are also evaluated; the midsection should 
be slender and in proportion to the head, while the tail should be 
uniform, uncoiled, and approximately 45 μm in length [ 19 ]. Per 
the WHO protocol, most borderline and marginal forms are seen 
to fall outside of the relatively narrow range of normal variation 
and so the criteria are strict in this regard. 

 Particular areas of concern in abnormal spermatozoa include 
vacuolated heads (>20 % of head area occupied by unstained 
vacuolar areas), heads with reduced acrosomal area (<40 %), 
double heads, and other gross deformities. Common defects of 
the midsection include bent neck, asymmetrical mounting of 
mid-piece and head, and gross irregularities. Abnormal tails are 
commonly short, multiple, bent, of irregular girth, or otherwise 
defective [ 12 ].  

4    Limitations of Semen Analysis 

 Though it has become a cornerstone and starting point for the 
evaluation of the infertile male, a basic semen analysis is generally 
regarded as insuffi cient in determining the fertility status of an 
individual male [ 20 ]. The analysis is arguably a poor indicator of 
sperm function with regard to fertility, and its prognostic value is 
limited and the subject of ongoing debate [ 21 ,  22 ]. Semen 
parameters have tremendous amount of inherent biological het-
erogeneity and vary by country, region, and individual and can 
even vary widely in consecutive samples delivered by an individual. 
These tests provide little to no insight into the location, cause, 
or time frame of the origins of abnormalities in ejaculated sperm. 
The inherent weaknesses and limitations of a standard semen 
analysis have undoubtedly spurred the demand for a series of 
informative diagnostic biomarkers in sperm for the evaluation of 
male infertility.  

Michael Funaro and Darius A. Paduch



237

5    Sperm Function Testing 

 A number of biomarkers are able to give better insight into the 
function of sperm—more specifi cally, they are better able to evaluate 
whether or not sperm are fi t and likely to succeed in fertilization. 
Ideal sperm markers, and ultimately sperm function tests, would 
identify (1) diagnosis of a specifi c sperm dysfunction, (2) predic-
tion of fertilization or pregnancy rates, and lastly (3) indication of 
therapies suitable for the particular dysfunction [ 12 ,  23 ]. Thus far, 
attention has focused closely on zona pellucida binding and reac-
tions involving the sperm acrosome, an organelle located in the 
anterior portion of spermatozoa. While the acrosome has received 
considerable attention, there are many markers in further development. 
Numerous genetic abnormalities as well as DNA integrity, and the 
degree to which these markers affect morphology and perhaps 
more importantly reproductive fi tness and sperm function, have 
been the subject of in-depth investigation.  

6    Sperm Acrosome 

 Studies have shown a strong correlation between sperm morphology 
and the likelihood of success in sperm binding to the zona pellu-
cida [ 24 ,  25 ]. In the process of sperm binding to the oocyte, the 
contents of the acrosome are exposed. Included within the 
 acrosome are enzymes, notably acrosin, which digest the zona pel-
lucida and permit sperm penetration and fusion of sperm and 
oocyte. Recent evidence points to lock-and-key-type mechanisms 
whereby chemical elements of the zona pellucida bind to species- 
restricted counterpart molecules on the sperm. This ensures 
species- restricted fertilization [ 26 ]. 

 In cases where the sperm and egg make contact but fertiliza-
tion remains unsuccessful, careful analysis of the acrosome reaction 
and an understanding of the defects in the acrosome suggest 
potential therapeutic methods. It has been demonstrated that the 
morphology of the acrosome has signifi cant implications both for 
the success of the binding to the zona pellucida and subsequent 
passage through the zona pellucida in order to achieve successful 
fertilization [ 24 ,  27 ]. The ability of the acrosome reaction to take 
place is crucial in guiding treatment. In the absence of the acro-
some reaction, zona penetration cannot occur. In cases where the 
acrosome reaction does not take place in the presence of the part-
ner’s zona pellucida or a donor zona pellucida, ICSI is suggested. 
Studies have attempted to identify specifi c markers for defi cient or 
defective acrosomes, alleviating the need to evaluate binding 
between spermatozoa and zona pellucida [ 28 ,  29 ]. The majority of 
studies have looked at acrosin and acrosin-related proteins in order 
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to identify either changes in acrosin itself, and immediately related 
proteins, or the quantity of acrosin available to help to mediate the 
acrosome reaction with the zona pellucida [ 30 ,  31 ]. Additional 
studies have also looked at recombinant versions of glycoproteins 
of the zona pellucida, ZP1, ZP2, and ZP3 [ 32 ,  33 ]. None of the 
acrosome assays have gained widespread clinical acceptance, and 
their performance highly depends on investigator’s own experi-
ence with the particular assay.  

7    Sperm DNA Integrity 

 During spermatogenesis and spermiogenesis, the DNA in sperm 
becomes highly compacted and histones are mostly replaced by 
protamines. This complex, enzymatically controlled process leads 
to a high level of organization of DNA and protein into a structure 
called chromatin. Many authors use the terms DNA integrity and 
chromatin integrity interchangeably, but most assays measure only 
specifi c characteristics of chromatin. 

 Sperm DNA integrity is recognized as a signifi cant parameter 
of sperm quality and is believed to serve as a meaningful marker in 
predicting the outcome of ART procedures and ultimately male 
infertility. Studies have demonstrated an association between sperm 
chromatin integrity and male fertility potential [ 34 ]. In addition, 
there have been reports of a distinct, inverse relationship between 
the percentage of sperm with abnormal chromatin and male fertil-
ity, especially when the proportion of aberrant cells are greater 
than 40 % as measured by the sperm chromatin structure assay 
(SCSA) [ 35 ]. Sperm chromatin damage is thought to specifi cally 
put couples at risk for recurrent spontaneous abortions and poor 
embryo development [ 36 ,  37 ]. However, we are just beginning to 
understand the role of sperm chromatin integrity in male fertility. 
DNA strand breaks, epigenetic alterations, chromosome microde-
letions, unrepaired mismatch errors, and aneuploidy or a combina-
tion of these factors contribute to compromised fertility; thus, it is 
unlikely that one test will fi t all patients [ 38 ]. Beyond the immedi-
ate nature of the DNA damage, it is also not apparent how DNA 
integrity assays can be effectively used in clinical practice [ 39 ]. 

 In the use of IVF and other techniques for assisted fertiliza-
tion, it is important to consider the biological mechanisms that are 
not active and how their absence may necessitate the use of quality 
control or sorting to achieve optimal results with these techniques. 
Biological sperm selection mechanisms end up rejecting all but 
very few spermatozoa that are released with ejaculation [ 40 ]. The 
existence of large numbers of spermatozoa may be seen as a com-
pensatory mechanism, given the tendency for errors and defects in 
sperm [ 40 ]. While the competitive nature of sperm selection is 
largely removed, simply trying to recreate this may not be of the 
greatest relevance to achieving optimal IVF outcomes and preventing 
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problems with embryo development. It is presently unclear 
precisely how the events in the female reproductive tract preceding 
fertilization screen for the quality of sperm DNA quality [ 41 ]. 
However, there is strong evidence to suggest that chromatin dam-
age plays a crucial role here [ 42 ]. 

 Available methods for detecting sperm chromatin damage 
include SCSA, TUNEL, Halosperm, and Comet assays [ 43 ]. While 
these assays are able to test for DNA integrity, they require perma-
nent fi xation of the sperm. Permanent fi xation of the sperm ren-
ders them no longer suitable for clinical use; therefore, these assays 
are consumptive [ 41 ]. In these consumptive assays there is no 
opportunity to select between sperm with varying degrees of chro-
matin damage for immediate use with IVF, related therapies, or 
future preservation. However our group has recently published a 
novel method of early detection of sperm DNA damage which also 
allows for nondestructive selection of normal sperm using 
fl uorescence- activated cell sorting. 

  The TUNEL assay was initially developed for use with somatic 
cells and was subsequently applied to sperm cells [ 44 ]. TUNEL 
assay transfers a labeled nucleotide to the 3′-hydroxyl group of 
damaged DNA strands. This process occurs with the use of the 
enzyme deoxynucleotidyl transferase [ 45 ]. Following application 
of the fl uorescence-labeled nucleotide, the investigator then 
monitors the fl uorescence intensity of each sperm. Typically 
designation for any particular sperm is whether it is “undamaged” 
(no fl uorescence) or “damaged” (with fl uorescence) (Fig.  1 ). This 
process is carried out either by a technician using a fl uorescence 
light microscope or, alternatively, through the use of a fl ow 
cytometer [ 46 ]. The laboratory then typically reports the number 
of sperm which are TUNEL positive.

   The TUNEL assay has been shown to be effective in predict-
ing the likelihood of success in ART procedures like IVF. In gen-
eral, higher rates of TUNEL-positive sperm have been associated 
with greater failure rate of IVF and higher incidence of adverse 

7.1  TUNEL Assay

  Fig. 1    Undamaged ( left  ) and damaged ( right , with fl uorescence) sperm       
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 outcomes in pregnancy [ 47 ]. As such, many institutions imple-
ment a cutoff point, which, when exceeded, prompts them to rec-
ommend against IVF or other ART procedures. The percentage of 
TUNEL-positive sperm is generally believed to increase with age 
in the general population. However, there is variation and a host of 
other environmental and individual factors infl uence the percent-
age of TUNEL-positive sperm. 

 The TUNEL assay generally achieves good results, and many 
clinicians who regularly employ the TUNEL assay report good 
clinical utility. However, there are drawbacks and aspects of the 
assay which must be regarded carefully. There is no commonly 
employed and “off-the-shelf” TUNEL assay for sperm, and so 
most institutions have developed their own protocols using 
general- purpose TUNEL testing kits from vendors. In addition, 
institutions choose between the use of fl ow cytometry or micro-
scopic observation over several fi elds to quantify fl uorescence and 
generate a result. In the latter case, it is essential that the readings 
be done by well-trained laboratory personnel; a single technician is 
ideal, as this ensures consistent results. Given differences in proto-
cols between institutions, results and TUNEL percent cutoffs for 
clinical outcomes are often institution specifi c. There are ongoing 
calls for standardization between protocols and reported percent-
ages, which would lead to increased fl exibility in comparing results 
between institutions and also development of practice guidelines. 
Standardization and development of sperm assay-specifi c TUNEL 
kits will likely lead to an increase in the prevalence of use. 

 In our lab, we have begun to look at changes in the percent of 
TUNEL-positive sperm in cohorts of men presenting for infertility. 
While it is widely held that the proportion of TUNEL-positive 
sperm is elevated in infertile men, little is known about the precise 
relationship between age and TUNEL results. Sperm DNA damage 
has been shown to increase with age in the general population, but 
less attention has been paid to age-related trends expressly in infer-
tile men [ 48 ]. Our study is beginning to show that there is an age-
related trend in the percent of TUNEL-positive sperm amongst 
infertile men—older men who are infertile have a greater frequency 
of DNA damage in their sperm versus younger men who may still be 
infertile and exceed normal levels of sperm DNA damage (Table  1 ). 
There is some promise that with additional studies TUNEL may be 
used to improve reproductive outcomes in those with abnormally 
high rates of DNA fragmentation in their sperm as they age.

     The comet (single-cell gel electrophoresis) assay evaluates DNA 
fragmentation with the use of a microscope, on a cell-by-cell basis. 
In summary, the assay consists of mixing sperm with liquifi ed 
agarose gel and then subjecting them to electrophoresis. The cells 
are fi rst lysed. Fragmented DNA is smaller in size and thus exits the 
sperm head, while the intact DNA remains in place, as travel 
distance is size dependent [ 49 ]. Upon electrophoresis, the fragments 

7.2  COMET Assay
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splay out in the shape of a comet; the name of the assay derives from 
this (Fig.  2 ) [ 44 ]. Much like TUNEL, it has been shown that 
elevated numbers of sperm demonstrating DNA damage through 
the comet assay correlate with reduced rates of fertilization with 
IVF and ICSI and also poorer outcome and more frequent early 
spontaneous abortion when sperm are used in ART techniques 
[ 50 ,  51 ]. The process of evaluation is like some TUNEL protocols 
in that it relies on microscopic observation, typically of a few 
hundred sperm. It also lacks a consistent protocol, and so different 
institutions achieve different results. Those institutions that use the 
comet assay frequently report good results and fi nd that it is 
valuable in guiding subsequent steps in infertility treatment.

     Variants of this assay have been available since the late 1970s, and 
the assay is now widely available as the SCSA assay (sperm chromatin 
structure assay) (SCSA Diagnostics, Brookings, SD). The assay 
relies on the properties of acridine orange (AO), which has 
metachromatic properties and shifts from green to red color when 
it associates with single- stranded DNA or RNA. The results are 
then reported in three ways: as αt, which represents the red/

7.3  Sperm 
Chromatin Structure 
Assay

   Table 1  
  Percent of TUNEL-positive sperm increases with age   

 Age 
 Number of 
subjects 

 Mean % TUNEL 
(+) sperm  Std error 

 Lower 
95 % 

 Upper 
95 % 

 Percent of subjects 
with TUNEL >10 % 

 21–30  35  6.58  1.36  3.9  9.2  17 %* 

 31–40  179  8.05  0.60  6.9  9.2  28 %* 

 41–50  84  8.05  0.88  6.3  9.8  29 %* 

 51–80  19  14.54  1.84  10.9  18.2  47 %* 

  All assays were performed by the same technologist. Statistically signifi cant differences were observed, ANOVA  p  < 0.001. 
Men > 51 (*) had statistically signifi cant higher mean % of TUNEL (+) sperm than any other younger group of men  

  Fig. 2    COMET assay. Change in electrophoresis conditions will modify the shape of the DNA dispersion 
( a —low voltage,  b —high voltage). #—sperm with complete dispersion of DNA (abnormal), *—sperm with 
minimal dispersion of DNA (normal) (own data)       
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red + green fl uorescence, total green fl orescence, and another 
calculated parameter, COMPαt. COMPαt represents the number 
of sperm outside of the normal population and more recently has 
been representative of a DNA fragmentation index (DFI) [ 49 ]. 
AO has poor penetration into native-state condensed DNA. 
Therefore, SCSA protocols typically use high temperature or low 
pH to denature DNA and allow more thorough penetration of 
DNA. SCSA testing requires the use of fl ow cytometry and other 
expensive equipment and the use of a reference for successful 
calculation of COMPαt. The protocol has changed slightly since its 
inception but is largely conserved between institutions. There is 
some range of cutoff values in guiding treatment, which vary by 
institution, but typically DFI values above 30 % are associated with 
infertility and failure of ICSI and IVF [ 35 ,  52 ]. Results of SCSA 
correlate well with TUNEL and other assays [ 53 ,  54 ].   

8    Apoptosis Versus Compaction Error 

 Breaks in DNA occur naturally during the process of sperm 
 chromatin compaction. However, work in our laboratory has 
shown that breaks in DNA may be induced by the activation of the 
mitochondrial pathway of apoptosis using nitroprusside sodium. 
The decrease in mitochondrial membrane potentials precedes the 
breaks in DNA and early apoptotic changes, thus showing that 
inhibition of mitochondrial pathways of sperm DNA damage may 
potentially benefi t men with high levels of DNA breakage (Fig.  3 ).
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  Fig. 3    Flow cytometry analysis shows that mitochondrial potential decreases 
(measured using DilC) with progression of apoptosis (PI). Change in mitochon-
drial potential is an early event in sperm apoptosis (own data)       
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    Successful and fertile sperm with the potential to fertilize require 
the proper generation of mature testicular spermatids as a 
prerequisite [ 55 ]. The progenitor cells for spermatids are 
spermatocytes—each spermatocyte splits into two haploid 
spermatids. As a spermatocyte, somatic histones that are present in 
the cells are exchanged for testis-specifi c spermatocyte cells. In 
round spermatids, both of these histone elements are replaced with 
a protamine that causes a halt in transcription following chromatin 
condensation [ 56 ]. Following this, there is an uncoupling of the 
processes of transcription, translation, and protein synthesis in the 
development of the spermatids. 

 Recent research has focused on the ratio between histones and 
protamines. It has been demonstrated that an abnormal ratio of 
histones to protamines is associated with male infertility [ 57 ]. 
Ratios of protamines and histones can be detected using Western 
blots, but because DNA and proteins are very tightly packed, it is 
diffi cult to destabilize chromatin and release proteins from DNA. 
Harsh conditions can change epitope antigenicity as well as lead to 
variability in extraction effi ciency.  

  The recent discovery of a signifi cant amount of RNA in spermatozoa 
contradicted the previously held belief that the paternal contribution 
was limited to one copy of the genome [ 58 ]. Furthermore, 
detection of RNA in sperm has raised the intriguing question of its 
possible role in embryonic development [ 59 ]. Krawetz showed 
that human sperm carry mRNA as well as small noncoding RNAs 
(sncRNAs). In human sperm from ejaculate, the following 
sncRNAs can be detected: microRNAs (miRNAs) (7 %), Piwi- 
interacting piRNAs (17 %), repeat-associated small RNAs (65 %), 
and quiescent RNAs (11 %) of sncRNAs [ 60 ]. That such a complex 
population of male-derived sncRNAs is available for delivery upon 
fertilization suggests their critical role as modifi ers in early post- 
fertilization and makes them an exciting target in the evaluation of 
male infertility. 

 miRNAs and small RNAs (sRNAs) in general are considered 
key regulators of posttranslational mRNA modifi cations that affect 
the expression of multiple genes at the same time. Small RNAs 
have been identifi ed within the testis and sperm. Achieving a better 
understanding of the role of sncRNA in male reproduction is an 
exciting and very promising area of research that will bring major 
breakthroughs in our understanding of human reproduction. 
Comparative analysis of our own sequencing miRNA data (human 
testis) showed that 70 % of human miRNAs are highly conserved 
between species, thus allowing for relatively easy study of mecha-
nism of action of candidate miRNA in animal models. 

 The fi rst evidence of the role of miRNA in male infertility was 
derived from the Dicer knockout (KO) mouse model. Unlike females, 
 Dicer    −/−   male mice are infertile [ 61 ]. Although many  miRNAs 

8.1  Sperm 
Protamines and 
Histones

8.2  Sperm RNA 
Profi ling

Novel Markers of Male Infertility



244

(mir-125b, let-7 family, mir-26a, mir-30c) are ubiquitously and 
highly expressed in most tissues, other miRNAs have high tissue 
specifi city. Two clusters, mir-17/92 and mir-106b/25, are involved 
in spermatogonial differentiation [ 62 ]. Human germ cell tumors, 
including testicular cancer, have been linked to abnormal expression 
of mir-372, 373, and let-7c [ 63 ]. Discovery of sperm-specifi c 
miRNAs and experimental verifi cation that they are involved in 
embryo development further underscore the importance of miRNA 
in male infertility [ 60 ]. 

 Although 58 distinctive miRNAs expressed in testis and spe-
cifi c to germ cells have been listed in a recent review by McIver 
et al., most of the reported miRNAs were either identifi ed using 
deep sequencing data from whole mouse and porcine testis or 
derived from rodent spermatogonial stem cells [ 64 ,  65 ]. Human 
data on the expression of miRNAs in a well-characterized popula-
tion of fertile and infertile men is lacking, and the few manuscripts 
published used either commercially available human RNA con-
taminated by epididymis or a limited set of 2–3 subjects. PIWI 
proteins (P-element-induced wimpy testis in Drosophila) are 
responsible for maintaining incomplete differentiation of stem 
cells and stability of cell division rates in germ line cells [ 66 ]. PIWI 
regulates germ cell differentiation through interacting with classic 
miRNA [ 67 ]. 

 Recently, a novel class of longer-than-average miRNA (26-31) 
known as PIWI-interacting RNAs (piRNAs) has been identifi ed in 
spermatogenic cells in the testes of mammals [ 68 ]. piRNA origi-
nates from repetitive regions of the genome such as retrotranspo-
sons or heterochromatin. PIWI and their associated piRNA are 
believed to form an endogenous system of silencing the expression 
of genetic elements like retrotransposons and thus prevent gene 
products from such regions from interfering with normal sper-
matogenesis [ 66 ]. 

 miRNAs are extremely stable and easy to detect using body 
fl uids or tissues. Work in our laboratory indicates that miRNAs 
not only can be an excellent marker of abnormal sperm function, 
but also dramatically improve our insight into the role sperm 
plays after fertilization. This will hopefully lead to much better 
discriminatory criteria for clinical tests for male infertility than are 
currently  available. Using automatic tissue profi ling, we discov-
ered that miRNA fi ngerprinting is highly specifi c for selection of 
histologically diverse patterns in human testis, thus experimen-
tally proving the concept that novel marker profi ling will ulti-
mately lead to paradigm shift in the evaluation of infertile male 
(Fig.  4 ). Expression of miRNA is highly similar between men 
with different genetic backgrounds as long as they have similar 
histopathology (Fig.  5 ).
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  Fig. 4    Dendrogram based on a set of 22 human miRNAs allows for automatic and 
operator-independent classifi cation of human testicular histology into Sertoli 
cell-only syndrome (SCO), early maturation arrest (eMA), and normal testicular 
histology. In addition fi rst branch differentiates between Klinefelter’s (KS) 
(47,XXY) and non-Klinefelter’s (46,XY) miRNA expression profi le within testis 
(own data)       
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  Fig. 5    Expression profi le of miRNA in testis is highly similar in two subjects with the same histopathological 
defect (early maturation arrest—eMA) and different genetic background. RR = 0.92,  p  < 0.004,  green lines  
depict onefold difference (own data)       
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9         Chromosomal Markers, Sperm FISH, and Molecular Detection of Sperm 

 A number of chromosomal abnormalities account for approximately 
5 % of infertility in the male population and about 15 % of infertility 
among azoospermic males [ 69 ]. The majority of these abnormalities 
and aberrations fall into karyotype anomalies and Y chromosome 
microdeletions (YCMD) [ 55 ]. The most common abnormality 
of the Y chromosome is Klinefelter’s syndrome (KS), which is 
marked by the genotype 47,XXY [ 70 ]. KS exists on a spectrum 
with varying degrees of mosaicism—expression of additional X 
chromosomes present in some but not all cells. Surgical retrieval 
of haploid sperm has been successful in 30–70 % of individuals 
with KS [ 71 ]. However, studies have indicated the elevated 
potential for genetically imbalanced haploid spermatozoa, par-
ticularly in non-mosaic- type KS patients, which increases the 
potential for KS to occur in offspring conceived via ICSI [ 72 ]. 
It is ultimately believed that irregularities in both sex and auto-
somal chromosomes can manifest in offspring of KS patients 
resulting from ICSI [ 73 ]. While the use of fl uorescent in situ 
hybridization (FISH) on sperm and interphase cells has dramat-
ically increased the ability to detect chromosomal abnormalities 
in sperm and reproductive tissues, at this point indications for 
FISH on sperm are not well established and no technique exists 
to select normal from abnormal sperm based on chromosomal 
aneuploidy. 

 Azoospermia is defi ned as lack of sperm in the ejaculate. After 
centrifugation of a small sperm sample, 10–20 μl of the resulting 
pellet is placed on the slide and examined under light microscopy. 
This approach has two limitations: (1) the pellet is highly cellular 
with WBCs and debris and (2) only a small volume of pellet and 
ejaculate in general is examined. Sperm-specifi c fl uorescent mark-
ers allow us to detect the presence of sperm in 72 % of specimens 
classifi ed as azoospermic using light microscopy.    The other 
approach used in our own and other laboratories is based on the 
detection of germ cell- specifi c mRNA or proteins extracted by pro-
cessing whole ejaculated volume. In our lab we have used DDX4, 
DAZ, and VCY to detect sperm in whole ejaculate and testicular 
tissue. DDX4 has 100 % sperm detection sensitivity and 100 % 
negative predictive value even in specimens with azoospermia mea-
sured by light microscopy.    Such tests are better suited to detect 
small number of sperm in ejaculate; this fact has tremendous impli-
cations in our management of male infertility cases. If sperm are 
found in the ejaculates using novel molecular techniques, it is then 
very likely that therapy aimed at improving spermatogenesis may 
help and that, if needed, testicular biopsy and microsurgical tes-
ticular sperm extraction will be successful. 
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  In the past, a common approach used to study genetic causes of 
infertility was to screen single genes for single-nucleotide 
polymorphism (SNP), leading to loss or gain of function of protein 
[ 74 ]. However, despite over two decades of intense research by 
multiple groups, including our own, such a labor-intensive and 
time- consuming approach has failed to result in the development 
of clinically useful tools to diagnose or treat infertility in men [ 75 ]. 
Male genetic testing for infertility is limited to cytogenetics to 
exclude Klinefelter’s syndrome (47,XXY) and other numerical and 
structural chromosomal abnormalities and screening for YCMD [ 76 ]. 
Genome-wide association studies (GWAS) have been proposed to 
identify genetic causes of male infertility [ 77 ]. However, the main 
caveat of this approach stems from the phenotypic heterogeneity of 
male infertility, which makes interpretation of identifi ed clusters 
of SNPs very diffi cult. Genome-wide association studies using 
isolated germ cells in humans to decrease phenotypic heterogeneity 
are not feasible because of the high number of testicular biopsies 
from normal and infertile men needed for statistical interpretation 
for such a potential project. 

 Thus, a more focused approach would be to target specifi c 
switches of multiple genes specifi cally expressed in testis using 
material derived from human testis. This approach would lead to 
faster translation of results of animal research and development of 
clinically meaningful applications. One cannot forget that the 
results of genetic screening performed typically using DNA 
extracted from peripheral blood may not necessarily represent 
genetic aberrations in ejaculated sperm. Recent data indicate that 
certain mutations that lead to severe phenotypes in offspring give 
spermatogonial survival advantage within testis and promote clonal 
expansion of sperm with particular genetic defects. Thus, the 
future genetic analysis of the infertile male may shift from periph-
eral blood to sperm itself. This approach has become possible since 
next-generation sequencing technology has led to a dramatic drop 
in the price of deep sequencing. To be clinically useful, sequencing 
data will require novel algorithms to summarize the thousands of 
identifi ed SNPs and assign the observed patterns in the binary class 
of normal and abnormal results that clinicians and infertile couples 
can utilize in their decision making.      
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    Chapter 10   

 Luteal Phase Support in ART Treatments 

           Yuval     Or     ,     Edi     Vaisbuch     , and     Zeev     Shoham     

    Abstract 

   In a normal spontaneous menstrual cycle, the luteal phase is characterized by the production and secretion 
of estradiol (E) and progesterone (P) from the corpus luteum (CL) in an episodic manner. The steroido-
genesis of the CL is dependent on continued tonic luteinizing hormone (LH) secretion (Fritz and Speroff, 
Clinical gynecologic endocrinology and infertility, 8th edn. Wolters Kluwer, Lippincott Williams & 
Wilkins, Philadelphia, 2011). The dependence of the CL was further supported by the prompt luteolysis 
that followed the administration of GnRH analogues or withdrawal of GnRH when ovulation has been 
induced by the administration of pulsatile GnRH (Hutchison and Zeleznik, Endocrinology 115:1780–
1786, 1984; Fraser et al., Hum Reprod 12:430–435, 1997). Progesterone concentrations normally rise 
sharply after ovulation, reaching a peak approximately 8 days after the LH surge. Since the secretion of E 
and P during the luteal phase is episodic and correlates closely with LH pulses, relatively low mid-luteal 
progesterone levels can be found in the course of a totally normal luteal phase (Fritz and Speroff, Clinical 
gynecologic endocrinology and infertility, 8th edn. Wolters Kluwer, Lippincott Williams & Wilkins, 
Philadelphia, 2011).  

  Key words     Luteal phase  ,   Progesterone support  ,   Estrogen supplementation  ,   hCG support  , 
  Gonadotropin support  ,   LH  ,   Luteinizing hormone  

1       Introduction 

    In the normal cycle, the luteal phase lasts between 11 and 17 days 
with an average of 14 days. The luteal phase cannot be extended 
indefi nitely even with LH exposure, indicating that the demise of 
the CL is due to an active luteolytic mechanism which is unknown 
[ 1 ]. The survival of the CL can be prolonged by the stimulus of the 
rapidly increasing hormone secreted from the implanted blastocyst, 
the human chorionic gonadotropin (HCG). The function of the 
CL is crucial during the fi rst 7–9 weeks of pregnancy [ 1 ]. Edwards 
and Steptoe [ 2 ] in their very fi rst publication of human IVF success 
suggested that the luteal phase of stimulated IVF cycles is abnormal. 
In the mid-1980s, retrospective studies suggested that anovulatory 
patients undergoing fertility treatment with clomiphene citrate or 
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gonadotropins without IVF also have increased delivery rate after 
administration of progesterone for luteal support [ 3 ,  4 ]. 

 Over the years, several theories have been raised to explain the 
etiology of luteal phase defects in stimulated IVF cycles including 
(1) granulose cell removal during ovum pickup; (2) hCG-induced 
suppression of LH; and (3) GnRH analogue-induced pituitary 
suppression. Kerin et al. [ 5 ] showed that carefully performed aspi-
ration of the follicles during IVF treatment did not lead to impaired 
steroid function of the subsequent corpus luteum. In IVF treat-
ment hCG is administered to achieve resumption of meiosis in the 
meiotic arrested oocyte. Because of the similarity of hCG to the 
LH molecule, it was suggested that a negative short-loop feedback 
mechanism might exist that controls LH secretion. According to 
this hypothesis, hCG may negatively affect pituitary LH secretion 
by reducing hypothalamic GnRH secretion. Tavaniotou and 
Devroey [ 6 ] demonstrated that hCG injection does not downreg-
ulate LH secretion in the luteal phase of the normal, unstimulated 
cycle in normoovulatory women. GnRH agonists are widely used 
in order to achieve pituitary suppression in IVF treatment. Smitz 
et al. [ 7 ] in their research conclude that in IVF treatments, gonad-
otropin function remains impaired until the end of the luteal phase 
after desensitization and fl are-up GnRH agonist and gonadotropin 
stimulation protocols and by that effect causes and magnifi es luteal 
phase defects. Albano et al. [ 8 ] showed that even in antagonist 
protocol cycles and despite the rapid recovery of pituitary func-
tion, corpus luteum function seems to be impaired in cycles that 
are stimulated with hMG and the GnRH antagonist. Fauser and 
Devroey [ 9 ] concluded that the luteal phase of stimulated IVF 
cycles is abnormal due to the high follicular phase estrogen levels 
attained with hyperstimulation. The occurrence of an abnormal 
luteal phase in IVF cycles, with characteristic features of raised pro-
gesterone levels, along with a signifi cantly reduced luteal phase 
length is well established. Slowing down of the GnRH pulse gen-
erator along with diminished LH pulse amplitude is responsible for 
the demise of the corpus luteum. Luteolysis can be induced by the 
administration of GnRH agonist or antagonist [ 9 ]. During IVF 
treatment ovarian stimulation produces multiple corpora lutea 
which secrete estrogen and progesterone at levels that are much 
higher than secreted by the normal physiological corpus luteum. 
The duration of the secretion of estrogen and progesterone in the 
stimulated ovary is shorter, and the decline is more abrupt [ 10 ]. 
The high levels of estrogen and progesterone leading to dimin-
ished LH secretion and the abrupt decline of estrogen and proges-
terone are all responsible for the abnormal luteal phase in IVF 
treatments; thus, it is universally accepted that luteal phase support 
(LPS) is required in order to achieve better implantation and preg-
nancy rates. Indeed, since the fi rst report on successful LPS almost 
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three decades ago [ 11 ], agents such as hCG, progesterone, GnRH 
agonist, and estrogen alone or in combination administered at 
 different dosages and through different routes of administration 
for varying durations have been studied. Yet, the question of which 
treatment provides the best luteal support is still open.  

2     Progesterone Support 

 The fi rst method described to support luteal phase defect was 
administration of progesterone supplementation. Progesterone is 
central to the endometrial preparation before implantation occurs 
as well as to pregnancy support. In 2004, Daya and Gunby [ 12 ] 
under the Cochrane collaboration published a systematic review of 
luteal phase support in assisted reproduction cycles including 59 
studies and concluded that when P was administered for luteal sup-
port, the odds of clinical pregnancy signifi cantly increased by 34 %, 
compared to no treatment. In 2011, Van der Linden and col-
leagues [ 13 ] updated this Cochrane review and found that the 
odds ratio (OR) for clinical pregnancy when administering P for 
luteal support was 1.83 (95 % CI 1.29–2.61) comparing to pla-
cebo or no treatment. The OR for live birth rate was 2.95 (95 % CI 
1.02–8.56). The authors concluded that there is a signifi cant effect 
of progesterone administration for luteal support [ 13 ]. 

 Progesterone for luteal support in IVF can be administered by 
several routes including oral, intramuscular, transdermal, sublin-
gual, nasal, vaginal, or rectal. The oral route of micronized proges-
terone failed to cause any secretory transformation of the 
endometrium in patients with premature ovarian failure as shown 
by Bourgain et al. [ 14 ]. The fi rst passage of progesterone through 
the liver after oral ingestion results in a massive metabolism and 
leads to too low systemic levels of P necessary to achieve adequate 
support to the endometrium. Women who took oral P supplement 
had lower implantation and pregnancy rates and higher miscar-
riage rates compared to those who took either vaginal or intramus-
cular P [ 10 ]. A meta-analysis performed by Zarutskie and Phillips 
[ 15 ] showed that the vaginal and the intramuscular routes are 
equally effective in supporting the endometrium after IVF-ET 
cycles. In the Cochrane review the reduction in clinical pregnancy 
rate with the oral route, compared to the intramuscular or the vag-
inal routes, did not reach statistical signifi cance [ 13 ]. 

 The intramuscular administration of progesterone in oil deliv-
ers the hormone to the target organ in a highly effective manner 
and without the fi rst-pass metabolism in the liver. However, this 
route might cause several side effects including pain, infl ammatory 
reactions, abscess formation at the injection sites, and allergic 
responses. A rare complication of eosinophilic pneumonia has been 
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reported as a serious complication of intramuscular P [ 16 ]. The 
usual dose is 25–100 mg daily. Due to the inconvenience of daily 
intramuscular injections and the side effects of the drug many 
women and physicians avoid the intramuscular route. 

 Another option for administering progesterone intramuscularly 
is the use of the synthetic progestin, 17 α-hydroxyprogesterone 
caproate. Pregnancy and miscarriage rates were no different with 
this approach [ 17 ]. However, theoretical concerns about teratoge-
nicity when compared to natural progesterone have resulted in its 
limited use [ 10 ]. 

 The vaginal route offers several advantages: it is painless, 
convenient, and accepted by most patients; it does not require 
special equipment or personnel; and it rarely produces allergic 
reaction. Several formulations for the delivery of progesterone by 
the vaginal route exist as follows: (1) vaginal administration of 
oral micronized progesterone (Utrogestan)—effective in the 
dosage of 200–300 mg × three times a day; (2) vaginal tablets of 
progesterone (Endometrin) in the dosage of 100 twice a day; 
and (3) vaginal gel of progesterone 8 % (Crinone) in the dosage 
of 1.125 g once a day. 

 Over the years, direct comparisons between the intramuscular 
and the vaginal routes demonstrated confl icting results. Some ran-
domized clinical trials demonstrated that daily intramuscular pro-
gesterone in oil injections is superior to daily vaginal micronized 
progesterone, while others failed to show a signifi cant difference 
between these two routes. In their meta-analysis, Pritts and Atwood 
[ 18 ] found that both clinical pregnancy and delivery rates 
improved when intramuscular progesterone was used with a com-
bined relative risk of 1.33 (95 % CI 1.02–1.75) and 2.06 (1.48–2.88), 
respectively. However, a later meta-analyses by Zarutskie and 
Phillips [ 15 ] found a comparable effect between the vaginal and 
intramuscular routes of progesterone administration on the end-
points of clinical pregnancy (OR = 0.91, 95 % CI 0.74–1.13) and 
ongoing pregnancy (OR = 0.94, 95 % CI 0.71–1.26). 

 Similarly, Devroey and his team in a series of studies demon-
strated that the vaginal route was at least as good as the intramus-
cular one. These fi ndings were established after comparing 
endometrial histological fi ndings and pregnancy and miscarriage 
rates [ 14 ,  19 ,  20 ]. Surprisingly, these clinical outcomes were 
observed even though serum progesterone levels were abnormally 
low [ 21 ], suggesting the direct delivery of the hormone from the 
vagina to the target organ—the endometrium. This postulated 
mechanism has been termed the “fi rst uterine pass effect” [ 22 ]. 
The Cochrane review did not fi nd any signifi cant differences when 
comparing the IM route to vaginal or rectal route [ 13 ]. 

 In a nonpregnant cycle, when using progesterone by the vagi-
nal route the onset of menses is not delayed beyond the normal 
schedule, while when the intramuscular route is used menses may 
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be delayed as long as the progesterone therapy is continued. 
However, there is no evidence that this bleeding leads to either 
lower pregnancy rates or higher miscarriage rates [ 23 ,  24 ]. 

 The progesterone-containing ring is another mode of vaginal 
progesterone luteal support. Continuous release of progesterone 
in the dose of 10–20 nmol/L/day was demonstrated to be as 
effective as vaginal or intramuscular treatment in IVF and egg 
donor cycles [ 25 ]. 

 Another debated issue relates to the time of onset and discon-
tinuation of luteal support. Regarding the onset of supplementa-
tion, there was no signifi cant difference in the live birth rates in in 
vitro fertilization-embryo transfer cycles when progesterone was 
started on the day of hCG administration, the day after hCG, the 
day of ovum retrieval, or the day of day-3 embryo transfer [ 26 ]. 
Regarding discontinuation, some investigators limited supple-
mentation to the day of a positive β-hCG while others continued 
treatment up to 12 weeks of pregnancy. Nyboe Andersen and 
colleagues [ 27 ] reported in a prospective study that prolongation 
of progesterone supplementation for 3 more weeks beyond the 
day of a positive pregnancy test had no infl uence on miscarriage 
rates and concluded that progesterone supplementation can safely 
be withdrawn at the time of a positive hCG test. Aboulghar et al. 
[ 28 ] concluded from their randomized study that prolongation 
of progesterone supplementation beyond the day of fetal heart 
ascertainment had no infl uence on the miscarriage rate. Despite 
the lack of evidence to support continuation of LPS beyond the 
day a clinical pregnancy is established, many believe that proges-
terone supplementation should be continued up to the 10th week 
of gestation. Among the explanations for such a practice is the 
increased risk for vaginal bleeding following the discontinuation 
of progesterone [ 28 ] and the associated emotional stress this 
engenders.  

3     Estrogen Supplementation 

 Both estrogen and progesterone are secreted from the corpus 
luteum simultaneously. Although estradiol does not mediate 
luteinization directly, it is probably required for P receptor replen-
ishment. Yet, conventional luteal support in IVF treatments does 
not include estrogen therapy, even though both estrogen and 
progesterone fall prematurely in most cases after ovarian stimula-
tion [ 14 ]. In randomized control studies comparing luteal support 
of progesterone alone with support of both progesterone and 
estradiol valerate in a regimen of GnRH antagonist and recombi-
nant FSH IVF treatment, no statistical difference was found in 
endocrine profi les and in ongoing pregnancy rates [ 29 ,  30 ]. In a 
systematic review and meta-analysis, there were no signifi cant 
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 differences between progesterone alone or combined progesterone 
and estrogen regimens in IVF treatments [ 31 ]. In a recent review 
by the Cochrane collaboration, Van der Linden et al. [ 13 ] concluded 
that in IVF GnRHa regimens there were no signifi cant differences 
in clinical or ongoing pregnancy, miscarriage, or live birth rates 
when progesterone combined with estrogen was compared to pro-
gesterone alone for luteal phase support. Of note, in the subgroup 
of patients that used transdermal estrogen support there was a sig-
nifi cant effect on clinical pregnancy rates in favor of estrogen sup-
plementation [ 13 ]. However, Var et al., in a recent randomized 
controlled trial, showed that the additional administration of estro-
gen to progesterone for luteal phase support signifi cantly improved 
pregnancy and implantation rates and decreased miscarriage rates 
in comparison to luteal support with progesterone only [ 32 ].  

4     Human Chorionic Gonadotropin Support 

 When ovulation occurs, the remaining granulosa cells in the follicle 
acquire LH receptors and rapidly undergo luteinization under the 
infl uence of LH. Both LH and HCG can activate these LH recep-
tors. In IVF regimens using GnRH agonists in order to prevent 
premature LH surge, the downregulation of the pituitary and the 
blockage of LH secretion remain for at least 10 days after the 
administration of GnRHa has been stopped. Since in normal spon-
taneous cycles the survival of the CL can be prolonged by the stim-
ulus of rapidly increasing hCG secreted from the implanted 
blastocyst, administering hCG to IVF patients in order to preserve 
CL activity appears reasonable. 

 Ovarian hyperstimulation syndrome (OHSS) is an iatrogenic 
complication of ovulation induction with exogenous gonadotro-
pin treatments. hCG has a crucial role in the pathophysiology and 
the development of OHSS. Administration of hCG for luteal sup-
port increases the risk of developing OHSS and increasing its 
severity [ 1 ]. 

 Luteal support by hCG is administered intramuscularly or sub-
cutaneously two to four times during the luteal phase in a dose 
ranging from 1,000 to 5,000 IU for each injection. According to 
the Cochrane review of Daya and Gunby [ 12 ] from 2004, when 
hCG was compared to placebo or no treatment in GnRHa IVF 
regimens, there was an increase of 50 % in the odds of clinical preg-
nancy, but it did not reach statistical signifi cance. The miscarriage 
rate was signifi cantly reduced, and the ongoing pregnancy rate was 
signifi cantly increased. Nonetheless, the odd of OHSS was 20-fold 
higher with hCG use. For cycles without GnRHa there was no 
signifi cant difference in any outcome [ 12 ]. In the updated 
Cochrane review, the authors concluded that when hCG was com-
pared to placebo or no treatment, there was a signifi cant effect on 
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the ongoing pregnancy rate [OR 1.75 (95 % CI 1.09–2.81)] but 
no effect on live birth, clinical pregnancy, and miscarriage rates. 
There was a signifi cant effect in favor of placebo regarding OHSS 
of OR 0.28 (95 % CI 0.14–0.54) [ 13 ]. 

 When comparing progesterone to hCG for luteal support, the 
authors found no signifi cant differences in the clinical or the ongo-
ing pregnancy, miscarriage, or multiple pregnancy rates. Still, there 
was an increased likelihood for OHSS following the use of hCG 
alone compared to progesterone [ 13 ]. When comparing proges-
terone alone to progesterone + hCG, no signifi cant differences 
were found in the clinical or the ongoing pregnancy, miscarriage, 
or multiple pregnancy rates, However the OR of OHSS was 0.45 
(95 % CI 0.26–0.79) [ 13 ].  

5     Gonadotropin-Releasing Hormone Agonists for Luteal Support 

 Special consideration should be given to patients who undergo 
IVF treatment using GnRH antagonist regimen. In this regimen, 
GnRH agonists can be used instead of hCG for oocyte maturation 
and for luteal support and thereby reduce the occurrence of OHSS. 
Humaidan et al. [ 33 ] on behalf of the “Copenhagen GnRH 
Agonist Triggering Workshop Group” reviewed this narrative 
based on expert presentations, group discussions, literature search 
including randomized controlled trials, and authors’ knowledge. 
There is an important difference between the half-life of the LH in 
a natural cycle (~60 min), after administrating hCG (>24 h) and 
after administrating the GnRH agonist. Therefore the duration of 
the LH surge after GnRH agonist administration was shorter 
(20 h) when compared to the natural LH surge (48 h). These dif-
ferences necessitate special approaches of luteal support. A meta- 
analysis performed by Griesinger et al. [ 34 ] in 2006 showed that in 
comparison to hCG, GnRH agonist administration is associated 
with a signifi cantly reduced likelihood of achieving a clinical preg-
nancy (0.21, 0.05–0.84;  P  = 0.03). The odds of fi rst-trimester 
pregnancy loss is increased after GnRH agonist triggering; how-
ever, the confi dence interval crosses unity (11.51, 0.95–138.98; 
 P  = 0.05). The occurrence of OHSS was signifi cantly reduced [ 34 ]. 
This reduction of pregnancy rate was attributed to the effect of 
luteal phase defi ciency and not to the oocyte quality [ 35 ]. In these 
studies, the luteal support was the standard support with vaginal P 
and oral estrogen. It was speculated that the luteal endometrial 
environment after GnRH analogs differs from that observed after 
hCG triggering. Therefore, conventional support with progester-
one and estrogen might be insuffi cient [ 33 ]. A recent meta- analysis 
showed that implemented luteal LH activity supplementation or 
intensive luteal support with progesterone and estrogen resulted in 
delivery rates comparable to those with hCG triggering, with only 
6 % different. OHSS was completely eliminated [ 33 ]. 
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 Intensive luteal support included intramuscular progesterone 
50 mg per day from the day of ovum pick up until the 10th week 
of gestation and estradiol transdermal patches of 0.1 mg every 
other day [ 36 ]. 

 In the Cochrane review comparison between progesterone 
versus progesterone + GnRH revealed a signifi cant live birth rate in 
favor of GnRH + progesterone—OR of 2.44 (95 % CI 1.62–3.67) 
and signifi cant pregnancy rate—OR 1.36 (95 % 1.11–1.66) [ 13 ].  

6     Conclusions and Recommendations 

 From the beginning of ART it has been clear that the luteal phase 
is insuffi cient and luteal support should be administered in order to 
improve the pregnancy and live birth rates. 

 The following agents have been used for luteal support in ART 
patients: progesterone, estrogen, hCG, LH, and GnRH analog. 
All can be administered as a single agent or combined with each 
other’s regimens. 

 After performing this literature review we believe that proges-
terone is the essential agent for luteal support and should be 
administered to patients undergoing ART treatments. The vaginal 
route offers the same benefi ts as the intramuscular route but is 
more convenient and acceptable to patients. In IVF-ET cycles 
there were no signifi cant differences in live birth rates when pro-
gesterone was started on the day of hCG administration, the day 
after hCG, the day of ovum pick up, or the day of embryo transfer; 
therefore, it can be tailored according to the patient- and the 
physician- preferred protocol. Although it was found that there 
were no signifi cant differences in pregnancy and live birth rates 
when progesterone treatment was stopped on the day of positive 
βhCG test or 3 weeks later, many believe that progesterone supple-
mentation should be continued up to the 10th week of gestation. 

 Since there were no signifi cant differences in clinical or ongo-
ing pregnancy, miscarriage, or live birth rates when estrogen was 
added to progesterone compared to progesterone alone, it is not 
necessary to administer estrogen for luteal support. 

 Although hCG administration for luteal support results in a bet-
ter pregnancy and live birth rates compared to placebo, it can result 
in severe OHSS. Since there were no signifi cant differences in the 
clinical or the ongoing pregnancy, miscarriage, or multiple pregnancy 
rates when comparing progesterone to hCG for luteal support while 
the risk of OHSS in the progesterone treatment is minimal, it is ques-
tionable whether the use of HCG for luteal support is appropriate. 

 In GnRH antagonist protocols, especially when a GnRH ago-
nist trigger is utilized, special attention should be given to choos-
ing an appropriate support regimen. Luteal LH activity 
supplementation or intensive luteal support with progesterone and 
estrogen should be considered.     
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    Chapter 11   

 General Principles of Cryopreservation 

           Roger     G.     Gosden     

    Abstract 

   Cryopreservation quickly became a cornerstone technology in assisted reproduction because the banking 
of gametes, embryos, and gonadal tissues has increased the effectiveness of assisted reproductive technology 
cycles for infertility treatment as well as fertility preservation for patients at risk of premature sterilization. 
Cryopreservation protocols, both slow/equilibrium cooling and vitrifi cation methods, have evolved 
empirically and still depend heavily on operator skill, but further automation promises to improve repro-
ducibility and uniformity of results.  

  Key words     Cryopreservation  ,   Fertility  ,   Oocyte  ,   Ovary  ,   Vitrifi cation  

1       Role in Reproductive Medicine 

 Cryopreservation provides a service technology for long-term stor-
age of cells and tissues in many fi elds of biology and medicine, but 
perhaps never more importantly than in reproductive medicine. It 
quickly found a role at the center of assisted reproductive technol-
ogy (ART) treatment; it is also a key technology in fertility preser-
vation for patients, both male and female, at risk of sterilization 
during cancer treatment or from other causes. Cryopreservation 
can even be claimed to have been born, if not conceived, in repro-
ductive medicine, because it was in this fi eld that the original 
breakthrough took place. The fi rst practical applications were for 
semen, with enormous ramifi cations for industry and medicine, 
starting in the early 1950s with artifi cial insemination for cattle fol-
lowed by semen banking for men with cancer or as “fertility insur-
ance” before undergoing vasectomy. There were few if any other 
applications in reproductive medicine until the 1980s when clinical 
IVF started to revolutionize the treatment of infertility, heralding 
an urgent need to cryopreserve new cell types. 

 Cryotechnology for embryos and eggs was not available for the 
fi rst IVF pregnancies, but neither was it required because natural 
menstrual cycles were used. Since only one oocyte was available it 
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was inseminated immediately, and the embryo transferred fresh. 
But arguments for generating additional oocytes using ovarian 
stimulation quickly became compelling and soon became standard 
practice [ 1 ]. When up to a dozen or even more oocytes are available 
a proportionate number of embryos can be generated for transfer, 
and hence there is a higher chance of pregnancy. Moreover, a con-
trolled ovarian cycle enables more precise timing of oocyte collec-
tion. At fi rst there was a temptation, not to say tendency, to transfer 
all the morphologically normal embryos together, but this raises the 
hazard of multiple pregnancy which is often regarded as the most 
serious drawback of IVF treatment. In the early days practitioners 
and their patients therefore were on the horns of a dilemma: whether 
to cautiously transfer only one or a few embryos and discard the rest 
or to transfer all good-quality embryos, accepting the risk and per-
haps offering “selective reduction” if multiple fetal hearts were 
detected by ultrasound. In either case, it was an acute ethical 
dilemma, and the wastage of potentially healthy conceptuses was 
perverse for patients struggling to overcome infertility. 

 First reports of successful embryo cryopreservation were 
greeted, on the one hand, with enthusiasm because they addressed 
the vexing problem of multiple pregnancy by saving spare embryos 
for subsequent freeze–thaw cycles and, on the other, caution 
because of the then unknown effects of freezing on the health of 
children-to-be. While the fi eld quickly embraced cryopreservation, 
lingering concerns remained while there was only a paucity of clini-
cal data. Animal models, principally mice, had already indicated 
that embryos suffer no long-term harm from cryopreservation [ 2 ] 
and, besides, preimplantation stages precede the critical period 
starting with gastrulation when environmental factors can cause 
teratogenic effects. To date, more than half a million babies have 
been born worldwide from frozen embryos and, as far as can be 
determined from surveys and individual clinics, there is no excess 
incidence of birth defects, and as time goes by there is growing 
assurance of their long-term health [ 3 ]. 

 The technology can now be regarded as “mature,” albeit still 
imperfect. Not all embryos survive after thawing; success rates vary 
between centers and even between laboratory personnel and 
patients using the same protocols. Evidently green fi ngers still 
count, and clinical outcomes will continue to vary until technology 
eliminates the operator factor and there is better understanding of 
the character and causes of cryoinjury.  

2     Cryoinjury: All About Ice 

 Mammals never evolved mechanisms for tolerating freeze injury, 
unlike some non-homeothermic animals that can avoid frostbite 
and even tolerate core freezing in winter. To survive low tempera-
tures cells need to become suffi ciently dehydrated, which normally 
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requires the action of cryoprotective agents (CPAs). When 
 temperatures fall below 0 °C aqueous fl uids do not freeze immedi-
ately but supercool, an unstable state that ends abruptly with the 
growth of ice crystals. In practice the degree of supercooling is 
curtailed by artifi cially nucleating ice, which occurs in the extracel-
lular space before starting in the tiny volume inside cells. Cryoinjury 
is not so much caused by the physical impalement of cells by ice 
crystals as the toxic effects of concentrated salts, damaged proteins, 
and osmotic stress. 

 Cellular injury and its avoidance during freezing are illustrated 
by a simple experiment with red blood cells which we gave to stu-
dents at Edinburgh University some years ago. These cells are use-
ful models because hemolysis, signifying the loss of semipermeable 
membrane properties, is a “red fl ag,” the fraction of cells affected 
being indicated by light absorption at the  λ  max  for hemoglobin in 
the fl uid. When a suspension of cells in isotonic saline is centri-
fuged after freezing and thawing, virtually all the hemoglobin is 
released into the supernatant solution, whereas a comparable tube 
of unfrozen blood cells produces a red pellet under a clear solu-
tion, indicating that they are still intact. Few other cell types have 
the advantage of being freely suspended in medium, and none 
have such a conspicuous intracellular marker, although lactate 
dehydrogenase is readily measured. Now if glycerol at, say, 
1.5 mol/ L  is added to a fresh suspension of the same cells in saline 
a completely different result is obtained after freezing, thawing, 
and centrifuging compared to the fi rst tube. The cells remain 
intact, resembling the unfrozen control specimen by forming a red 
pellet with little if any hemolysis. Glycerol avoids cellular injury 
normally caused by freezing, but this is getting ahead of the story 
of cryoprotective agents.  

3     Discovery of Cryopreservation 

 In the 1930s, B.J. Luyet, an American immigrant from Switzerland, 
formulated principles for preserving cells at low temperatures [ 4 ]. 
His experiments were only partially successful, but he deserves 
credit for advancing the fi eld from a virtual state of speculation to 
a proper scientifi c footing. His aim was to vitrify colloids and cells, 
a process in which a glassy, amorphous solid is formed instead of 
ice crystals. Vitrifi cation requires rapid cooling and a high 
 concentration of glass-forming solute(s) to generate suffi cient vis-
cosity that water molecules fail to organize into a crystalline struc-
ture. While vitrifi cation is currently gaining momentum and could 
become the standard procedure for many cell types, it was not the 
technology that originally enabled cryopreservation to be applied 
practically. That breakthrough came rather unexpectedly and from 
a different source. 

Cryopreservation
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 In the late 1940s, Sir Alan Parkes, the cryobiologist Audrey 
Smith, and their graduate student, Chris Polge, tested the ability of 
fructose solutions to protect chicken, rabbit, and human spermato-
zoa from freeze injury. The motility of spermatozoa offered 
researchers the convenience of a natural viability indicator which 
they could observe simply by phase contrast microscopy. Their 
choice was also propitious because sperm cryopreservation was 
needed for the cattle breeding industry. According to the story, 
their fi rst experimental trials had limited success, but one day 
almost all of the cells recovered swimming motion after thawing 
from −79 °C. When they repeated the experiment with fresh solu-
tions of fructose very few cells survived. Such a tantalizing result is 
the stuff of nightmares for experimental scientists, but fortunately 
they soon realized that some of the stock bottles in the refrigerator 
had lost their labels, and two of them had been switched between 
wrong bottles. The effective solution in their experiments con-
tained not fructose, as they had presumed, but glycerol [ 5 ]. 

 Over the six decades since their discovery, glycerol has proved 
to be very successful for cryopreserving a range of cell types, 
although it is not effective for every cell. For example, the relative 
impermeability of cell membranes renders it ineffective for oocytes. 
To protect cells from ice formation a CPA must penetrate them to 
a high concentration, implying that the molecule should be small, 
highly water soluble, and of course “nontoxic.” But even a natural 
metabolite, like glycerol, can be toxic when exposed to cells at the 
super-physiological concentrations required for cryopreservation; 
hence, CPAs are usually loaded and unloaded close to the freezing 
point when metabolic activity is very low. Polge et al. [ 5 ] also 
tested 1,2-propanediol and ethylene glycol, both of which are 
effective CPAs later fi nding important applications in low- 
temperature preservation. Dimethylsulfoxide (DMSO) was intro-
duced soon afterwards, and this small handful of CPAs still accounts 
for most routine practice, although other compounds are added to 
create a cocktail producing superior results. Secondary CPAs, gen-
erally sugars, serve for enhancing dehydration, whereas the pri-
mary CPAs have multiple effects, not all of which are well 
understood but include dehydration, replacement of cell water, 
mitigation of the so-called solution effects of concentrated salts, 
and stabilizing protein structure. 

 If a cryomicroscope had been available to Polge and his col-
leagues, they would have been able to observe the process of 
 freezing at the cellular level, notably the creeping growth of ice 
crystals in the extracellular space and their absence inside cells. This 
process is fundamentally different to vitrifi cation technology in 
which the entire specimen forms a glassy solid devoid of ice. In fact 
using their method the protoplasm vitrifi es when it becomes suffi -
ciently dehydrated and viscous with CPAs, proteins, and other 
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molecules while being surrounded by frozen lakes of extracellular 
fl uid. To achieve this state, cooling must be gradual with concen-
trations of the primary CPA in the molar range. Thus, this method 
became known as slow cooling or equilibrium cooling, the princi-
ples being explained by the pioneering work of Lovelock [ 6 ], 
Mazur [ 7 ], and others. 

 The optimal rate of cooling is cell specifi c: too slowly puts the 
cells at jeopardy from the toxic effects of exposure to concentrated 
CPAs and too rapidly exposes them to the risk of intracellular 
freezing from inadequate dehydration. When cells are loaded with 
CPAs they transiently shrink by osmosis because their membranes 
are more permeable to water than to the solute. When ice nucle-
ates in the extracellular space the overall concentration of solutes 
rises, causing a secondary and lasting dehydration of the cells [ 7 ]. 
Consequently, those with low membrane permeability require very 
slow rates of cooling of the order 0.1–0.5 °C/min during the criti-
cal stages of dehydration until the temperature falls below about 
−35 °C. Afterwards the specimen can be cooled faster or even 
plunged into liquid nitrogen. This is a time-consuming protocol, 
sometimes taking several hours. 

 Vitrifi cation technology is rapidly gaining popularity for a vari-
ety of reasons, fi rst among them being the avoidance of ice forma-
tion. In addition, it is rapid, inexpensive, and (deceptively) easy, 
but there are, of course, some drawbacks. Since the concentration 
of CPAs for vitrifi cation is much higher (of the order 5–6 mol/ L ) 
toxicity is a serious problem, somewhat mitigated by using more 
than one CPA at proportionately reduced concentrations, step gra-
dients to reduce osmotic stress CPAs, and loading and unloading 
at temperatures close to 0 °C. Each step must be carried out rap-
idly (in seconds) before plunging into liquid nitrogen to reach the 
glass transition temperature at rates of ~20,000 °C/min or even 
more rapidly [ 8 ]. The faster the cooling rate the less concentrated 
the CPA solution needs to be to achieve vitrifi cation. Vitrifi cation 
technology is therefore distinctive compared to the standard slow 
freezing method, but they share the same CPA compounds and a 
requirement for rapid rewarming to avoid crystallization. 

 Such high rates of cooling are achieved by mounting speci-
mens on fi ne tools in a minimum of fl uid, sometimes merely a fi lm 
<0.1 μl. Commonly used tools, such as cryoloops, open-pulled 
straws, cryotops, and cryoleafs, can expose cells to the risk of con-
tamination in non-sterile liquid nitrogen, but pressures from regu-
latory bodies, such as the Federal Drugs Administration, are 
encouraging manufacturers to add protective sleeves and barriers, 
although these reduce the rates of cooling. Vitrifi cation may not be 
the answer for every cell type and presents special problems for 
preserving bulky tissues and whole organs, but it is nonetheless an 
important advance for cryopreservation in reproductive biology 
and medicine.  
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4     State of the Art 

 Although embryo freezing quickly became a standard practice that 
no IVF clinic could operate without, oocytes have proved more 
diffi cult to cryopreserve and the history of this technology has 
been far from smooth. After initial reports in the mid-1980s of 
viable pregnancies from frozen oocytes [ 9 ,  10 ], the practice almost 
disappeared for a decade, and only relatively recently has it restarted 
and begun to shake off the label of “experimental.” It was as if a 
voluntary moratorium was cast for years over oocyte banking. 

 There were several reasons for caution. At fi rst there were large 
differences between the post-thawing survival rates of embryos 
and oocytes, the latter often being <50 % [ 11 ]. This gap was not 
simply a consequence of the oocyte being a single cell compared 
with many at cleavage and blastocyst stages because pronucleate 
eggs also performed well during cryopreservation [ 12 ]. 
Subsequently it narrowed with the introduction of higher concen-
trations of sucrose to increase cellular dehydration [ 13 ], although 
this progress did not address the problems of low fertilization and 
pregnancy rates or, even more sinister, the possibility of higher 
risks of aneuploidy. 

 Fertilization rates improved when ICSI became available for 
bypassing the zona pellucida, which was thought to be hardened 
against sperm entry by cortical granule exocytosis during the cryo-
preservation process [ 14 ]. Today, ICSI is used almost universally 
for cryopreserving oocytes based on the rationale that since there 
is no clear disadvantage with ICSI nothing can be gained by taking 
a chance with standard insemination. 

 Concerns about aneuploidy have haunted the fi eld for longer. 
Animal studies revealed that microtubules in the metaphase II 
spindle become depolymerized by cooling, even to room tem-
peratures [ 15 ]. Hence by implication the chromatids could drift 
free from the spindle equator, the pairs failing afterwards to seg-
regate faithfully during anaphase at the poles. Using the PolScope, 
the spindle can be observed in living cells to reassemble after 
rewarming, the process appearing to be less effective in human 
and cow oocytes than in mice [ 16 ], although not all studies have 
found evidence of cytogenetic abnormalities in thawed human 
oocytes [ 17 ]. 

 Nevertheless, oocyte cryopreservation resumed in the later 
1990s, healthy babies being reported after improved survival and 
fertilization rates attributed to ICSI and replacement of DMSO 
with propanediol [ 18 ,  19 ]. Propanediol had already become the 
standard CPA for embryos [ 20 ]. Reassuring data are accumulat-
ing to confi rm the safety of the slow freezing technique, at least in 
the most experienced laboratories. Oocyte freezing is now an 
alternative to embryo banking in IVF cycles and for fertility pres-
ervation, even as insurance against aging and natural menopause. 
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Increasingly, however, it is vitrifi cation technology that is being 
used for oocytes, as well as for cleavage-stage embryos and blasto-
cysts, based on excellent post-vitrifi cation survival and pregnancy 
rates in the centers reporting large numbers of cases [ 21 ]. There 
is an ongoing debate about the pros and cons of the two methods, 
but a fi nal conclusion still seems remote, randomized clinical trials 
being virtually impractical since there is no universal protocol for 
slow freezing and a profusion for vitrifi cation. Time will tell 
whether the much-vaunted results of vitrifi cation in the “super-
clinics” can be reproduced on the smaller scale of most American 
clinics. In the long run, operator skill and experience are likely to 
count for less than at present because advances in technology will 
provide a far more controlled process than pairs of hands, espe-
cially for vitrifi cation. 

 Vitrifi cation may also have new applications for sperm bank-
ing, despite the success of conventional methods. Since the advent 
of ICSI, men with severe oligospermia can be helped to become 
genetic parents, creating the new challenge of preserving very 
small numbers of these minute cells. Since vitrifi cation technology 
excels with tiny samples it might address this problem [ 22 ]. It is 
also advocated for gonadal tissues [ 23 ], although permeation of 
high concentrations of CPAs and ultra-rapid cooling are serious 
obstacles to progress with bulky specimens. To date, all cryopre-
served ovarian tissues leading to live births after transplantation 
were prepared by slow freezing methods since the fi rst case report 
[ 24 ]. Testicular tissue has occasionally been cryopreserved in the 
same way for prepubertal children at risk of sterilization from can-
cer or the effects of treatment, although to my knowledge there 
are no cases of retransplantation to date. While the track record of 
slow freezing for tissues is encouraging, it is certainly not ideal 
because freezing of the extracellular fl uid is likely to disrupt tissue 
architecture, likely causing more acute damage in the testis than 
the ovary which is a more plastic organ. 

 There is a confusing range of options for patients needing to 
preserve their reproductive cells and tissues, some of which are still 
experimental. A young woman with excellent chances of surviving 
a formerly dire disease but who is likely to be sterilized by treat-
ment could opt to cryopreserve her embryos if a male partner is 
available, her oocytes, or her ovarian tissue, using either slow freez-
ing or vitrifi cation methods. In the distant future she might even 
be offered banking of an intact ovary or germ cells deriving from 
cultured stem cells. Males have a narrower range of choices, 
although most have the advantage of semen banking which does 
not require any invasive procedure. In each case, however, they are 
making a serious investment to protect their reproductive futures 
by cryotechnology. The preservation of some cell types is already 
routine, and technologies for the rest are making progress, giving 
hope all round.     
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    Chapter 12   

 In Vitro Maturation of Immature Human Oocytes 
for Clinical Application 

           Ri-Cheng     Chian      and     Yun-Xia     Cao   

    Abstract 

   Meiotic progression in the oocyte is defi ned as oocyte maturation from reinitiation of the fi rst meiotic divi-
sion from the germinal vesicle (GV) stage to the metaphase-II (M-II) stage (Fig. 1), (Cha and Chian, 
Hum Reprod Update 4:103–120, 1998). Priming with FSH or HCG prior to immature oocyte retrieval 
improves oocyte maturation and pregnancy rates. The size of follicles may be an important feature for IVM 
treatment. The combination of natural-cycle IVF with immature oocyte retrieval followed by IVM is an 
attractive treatment for young women with all types of infertility without recourse to ovarian stimulation 
with an acceptable pregnancy rate.  

  Key words     Oocytes  ,   IVM    ,   IVF  ,   FSH  ,   HCG - Pregnancy  

1      Introduction 

 Pincus and Enzmann [ 2 ] fi rst reported that the mammalian oocytes 
can be matured spontaneously to M-II stage in vitro when the 
immature oocytes were removed from their antral follicles. They 
reported that the immature human oocyte can be matured in vitro 
following removal from follicles cultured for 12 h as was observed 
with rabbit oocytes [ 3 ]. In fact, it is diffi cult to mature immature 
human oocytes from GV stage to M-II stage in vitro following 
culture for only 12 h. The time course for human oocyte matura-
tion in vitro was corrected by Edwards [ 4 ], when he reported that 
immature human oocytes require at least 34 h in culture in order 
to become mature and that in    fact most immature human oocytes 
required more than 36 h of culture in vitro to achieve maturity 
(Fig.  1 ).



272

   Interestingly, the fi rst human embryos generated in vitro 
were from in vitro-matured oocytes, not from in vivo-matured 
oocytes [ 5 ,  6 ]. Although great attempts were made in the early 
days with immature human oocytes for in vitro maturation 
(IVM), followed by in vitro fertilization (IVF) [ 7 ], the fi rst live 
birth from IVF was the result of an in vivo-matured oocyte 
retrieved in the natural cycle [ 8 ], not from in vitro-matured 
oocytes. Although the immature oocytes were obtained from the 
ovaries of patients undergoing surgery, due to ethical concerns 
embryos produced from IVM oocytes were not transferred. 
Moreover, early efforts to collect either immature or mature 
human oocytes for IVF were challenging. 

 With breakthroughs and developments in laparoscopy and 
endocrinology, it became possible to retrieve mature oocytes from 
the leading or the dominant follicle before ovulation occurred [ 9 , 
 10 ]. The mature oocytes were fertilized in vitro, and the resulting 
embryos were used for transfer. Finally, this development resulted 
in the world’s fi rst IVF baby [ 8 ]. Nevertheless, in the early days, 
IVF technology utilizing natural-cycle retrievals was not very effi -
cient. This was due in part to the fact that only one or two follicles 
developed and that often the oocyte was not retrieved successfully 
and no embryo was available for transfer. Moreover, the need to 
frequently monitor for the LH surge and the unpredictability of 
retrieval timing made their efforts quite inconvenient. Thus, 
natural- cycle IVF soon transitioned to ovarian stimulation in order 
to produce more oocytes and improve IVF effi ciency. Initially, clo-
miphene citrate (CC), or CC combined with gonadotropins, was 
utilized, later to be supplanted by human menopause gonadotro-
pins alone [ 11 – 13 ]. Subsequently other stimulation protocols were 
developed including gonadotropins combined with GnRH  agonists 
and antagonists in “short” or “long” protocols, all with the aim of 

  Fig. 1    The human GV-stage and M-II-stage oocytes. ( a ) The intact GV-stage oocyte is observed clearly in the 
ooplasm, and ( b ) the fi rst polar body of M-II-stage oocyte was extruded into perivitelline space (PVS) under 
microscope (scale bar: 60 μm)       
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increasing the effi ciency of multiple oocyte recovery. Although the 
optimal number of oocytes has not been clearly defi ned, all stimu-
lation protocols aim to ideally retrieve 10–15 mature oocytes with 
the ultimate goal of increasing the number of embryos available for 
transfer and increasing the chance for achieving a pregnancy. 

 However, some women are extremely sensitive to stimulation 
with exogenous gonadotropins and are at increased risk of devel-
oping ovarian hyperstimulation syndrome (OHSS), a life- 
threatening condition [ 14 ]. Moreover, repeated ovarian stimulation 
may cause untoward severe side effects and may lead to other com-
plications including ovarian torsion [ 15 – 17 ]. Therefore, IVM of 
immature human oocytes became increasingly attractive to many 
scientists and clinicians. IVM of immature oocytes is a reproduc-
tive technology that enables the immature oocytes to mature in 
vitro in order to fertilize those oocytes to generate viable embryos 
and live births. The most benefi cial point for IVM of immature 
human oocytes is the avoidance of side effects from ovarian stimu-
lation as well as reduction of the cost of gonadotropins and the 
associated intensive monitoring necessary during ovarian stimula-
tion. Indeed, over the past three decades scientists and clinicians 
have continued their quest for the ideal “mild” stimulation proto-
col or even avoiding stimulation while achieving high success rates. 

 One of these approaches has been IVF technology. The fi rst 
live birth from IVM oocytes when immature oocytes derived from 
ovarian follicles during surgery were donated to another couple 
[ 18 ]. The fi rst live birth from a woman using her own oocytes fol-
lowing immature oocyte retrieval and IVM was from a woman 
with polycystic ovary syndrome (PCOS) [ 19 ]. The immature 
oocytes were retrieved by using the transvaginal ultrasound-guided 
oocyte retrieval technique, which has become the routine method 
for oocyte collection. The technology available to retrieve imma-
ture oocytes from women with PCOS has led to the development 
of the IVM technology and the basic research necessary to apply it 
to clinical practice. In this chapter, we focus on discussing human 
IVM technology and its effi ciency for clinical application as well as 
the further development potential.  

2    Methodology of IVM 

 The clinical application of IVM oocytes has come a long way since 
the fi rst live birth in the early 1990s. The fi rst pregnancy in a 
woman with anovulatory infertility following IVM of immature 
oocytes and IVF was reported by Trounson et al. [ 19 ]. Another 
pregnancy was reported in a group of patients with PCOS treated 
with IVM combined with intracytoplasmic sperm injection (ICSI) 
and assisted hatching (AH) [ 20 ]. Subsequent studies indicated 
that although immature oocytes recovered from untreated patients 
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with PCOS can be matured, fertilized, and developed in vitro, the 
implantation rate of these cleaved embryos was disappointingly 
low [ 20 – 22 ]. However, recent data indicate that with an alterna-
tive IVM treatment in these patients, using priming with follicle- 
stimulating hormone (FSH) or HCG before immature oocyte 
retrieval, the clinical pregnancy and implantation rates can be sig-
nifi cantly improved [ 23 ]. There are several thousand IVM babies 
born, based on many groups’ contributions. There is no single 
unique IVM technology which is applied worldwide. However, 
IVM technology can be classifi ed based on the hormone treatment 
utilized before immature oocyte retrieval: (1) priming with FSH 
and (2) priming with HCG. 

  As an alternative approach, a truncated course of ovarian stimulation 
with FSH before immature oocyte retrieval has been applied, 
indicating that FSH pretreatment promotes effi cient recovery of 
immature oocytes and maturation in vitro [ 24 ]. It has been 
reported that the immature oocytes from stimulated cycles from 
normal cycling woman without HCG can be matured and fertilized 
in vitro and can result in live births [ 25 ]. However, another report 
indicated that FSH priming with a fi xed dose (150 IU/day) for 3 
days from day 3 of the menstrual cycle does not increase the 
number of oocytes obtained per aspiration and does not improve 
oocyte maturation, cleavage rates, or embryo development in 
women with normal menstrual cycles [ 26 ]. Furthermore, Suikkari 
et al. [ 27 ] reported that although low-dose FSH priming started in 
the luteal phase improves the effi ciency of immature oocyte 
recovery and maturation and fertilization rates, the average number 
of immature oocytes collected and the rates of oocyte maturation 
and fertilization are not different in women with regular menstrual 
cycles compared to women with irregular cycles and PCOS. 
Nevertheless, it has been reported that priming with rFSH during 
the follicular phase before harvesting of immature oocytes from 
patients with PCOS improves oocyte maturation potential and 
implantation rates, resulting in signifi cantly higher pregnancy 
(29 %, 7/24) and implantation (21 %, 8/37) rates [ 28 ]. More 
recently, Mikkelsen et al. [ 29 ] also reported that there were no 
differences in the rates of oocyte maturation, fertilization, cleavage, 
or implantation after either 2 or 3 days of coasting between FSH 
priming and aspiration of immature human oocytes for IVM in 
normal menstrual cycling women who were primed with 150 IU 
FSH/day for 3 days starting on day 3. It seems that optimizing 
IVM treatment for different groups of patients is important and 
that after individualized IVM treatment the pregnancy and 
implantation rates per embryo transfer can reach 23 and 14 %, 
respectively [ 30 ]. 

 Interestingly, it has been reported that FSH priming with 
75 IU/day for 6 days in combination with HCG priming for 36 h 
before immature oocyte retrieval has no additional benefi t in 

2.1  Priming with FSH
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women with PCOS [ 31 ]. Although there are confl icting reports 
on the benefi ts of using FSH priming in women with regular 
menstrual ovaries or irregular menstrual cycles of PCOS, theoreti-
cally the use of FSH priming at the beginning of follicular or luteal 
phases may enhance follicular development and maturational 
competence of immature oocytes in vivo. However, further 
research is required to confi rm the benefi cial effects of priming 
with FSH before immature oocyte retrieval in both women with 
regular menstrual cycles or in PCOS patients with irregular men-
strual cycles.  

  A few GV-stage oocytes may be retrieved from the stimulated 
cycles even 36 h after HCG administration. These immature 
oocytes are capable of undergoing IVM and then normal 
fertilization and development. Although successful pregnancies 
have been established using these in vitro-matured oocytes [ 32 –
 35 ], the pregnancy rate has been unacceptably low. It has been 
reported that morphological and molecular differences exist 
between immature oocytes collected from stimulated cycles and 
those collected during Caesarean section [ 36 ]. In addition, it has 
been found that the time course of germinal vesicle breakdown 
(GVBD) and oocyte maturation is different in these oocytes, 
although the fi nal rates of oocyte maturation are not different in 
the groups [ 1 ]. It appears that the oocytes retrieved from follicles 
in women undergoing ovarian stimulation respond to HCG that 
may promote the initiation of oocyte maturation in vivo. It has 
been demonstrated that the time course of oocyte maturation in 
vitro is hastened and the rate of oocyte maturation is increased by 
priming with 10,000 IU HCG 36 h before retrieval of immature 
oocytes from women with PCOS [ 37 ,  38 ] (Fig.  2 ). Therefore, it is 
possible that pregnancy rate may potentially be improved by 
priming with HCG prior to immature oocyte retrieval [ 39 ]. This 
hypothesis was confi rmed by other reports [ 31 ,  40 – 42 ].

   Lin et al. [ 31 ] reported a 36.4 % clinical pregnancy rate in 33 
cycles primed with HCG before immature oocyte retrieval in 
women with PCOS, suggesting that there is a benefi cial effect of 
HCG priming on IVM treatment. Interestingly, it has been 
reported that the time course and maturation rates are different in 
GV-stage oocytes depending on the morphology of their associ-
ated cumulus cells after HCG priming [ 43 ]. Therefore, it seems 
that with HCG priming may not only promote oocyte-initiated 
maturation to metaphase I from relatively larger sized follicles 
(>10 mm in diameter) but also enhance the acquisition of matura-
tional and development competence in vivo of GV-stage oocytes 
from small follicles. However, the exact mechanism of how HCG 
promotes these changes on small follicle-derived GV-stage oocytes 
is largely unclear. Further research is required to understand the 
functional role of HCG priming before immature oocyte retrieval 
on the small size of follicles in women with PCOS.  

2.2  Priming 
with HCG
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  Transvaginal ultrasound-guided follicular aspiration has now 
become the preferred procedure of choice for immature oocyte 
retrieval in IVM treatment cycles. The same principles applied to 
IVF oocyte retrieval are also valid for IVM patients. A smaller 
gauge needle (19 or 20G) is preferable. This causes less pain and 
less damage to the smaller follicles, thereby allowing for a high 
effi ciency of collection. 

 Because the intrafollicular pressure is already higher in small 
follicles, the aspiration vacuum pressure is reduced to 85 mmHg, 
which is approximately half the conventional IVF aspiration 
pressure. A higher aspiration pressure provokes an increase in the 
number of denuded oocytes. Good ultrasonographic visualiza-
tion is the key point for successful immature oocyte retrieval. 
The follicular sizes vary, and certain follicles may be diffi cult to 
aspirate or, even if they are aspirated, no oocytes may be recov-
ered, especially from the very-small-size follicles (<4 mm in 
diameter). Aspirates are collected in 10 ml culture tubes contain-
ing approximately 2 ml of heparinized warming medium (usually 
containing 2 units/ml of heparin). It is possible to use 0.9 % 
saline containing 2 units/ml heparin. 

 There are two ways to look for and collect immature oocytes 
from follicular aspirates. (1) Dish search: The follicular aspirates 
are poured directly into a petri dish and examined for immature 
oocytes under a stereomicroscope. (2) Cell strainer: The follicular 
aspirates are fi lled through a cell strainer (70 μm nylon). After 
 fi ltering, the collected aspirates can be rinsed with prewarmed 
fl ushing medium and transferred to a petri dish to search for imma-
ture oocytes under a stereomicroscope. All handling procedures 
should be conducted on warm stages or plates at 37 °C.  

2.3  Immature 
Oocyte Retrieval
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  Fig. 2    The time course of human oocyte maturation during culture in vitro. ( a ) There were 46.2 % ± 5.2 of GVBD 
oocytes at the time of retrieval in HCG-primed group. The fi nal percentages of GVBD were not different between 
the oocytes retrieved from the HCG-primed group. ( b ) There were 78.2 % ± 7.1 of mature oocytes at 24 h after 
culture in HCG-primed group. The fi nal percentages of oocyte maturation were signifi cantly different between 
the oocytes retrieved from the HCG-primed group ( dash - fi lled circle dash  ) and the non-hCG-primed ( dash 
open circle dash  ) group (total of 183 oocytes).  Asterisk  indicates signifi cant difference between two groups at 
the time point (at least  P  < 0.05) (Chian et al. [ 38 ])       
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  Human oocytes acquire a series of competences during follicular 
development (oocyte growth and maturation) that play critical 
roles at fertilization and subsequent early embryonic development. 
Oocyte maturation in vitro is profoundly affected by culture 
conditions. Although numerous data have been accumulated from 
animal studies, the current rationale for choosing a specifi c medium 
for IVM of immature human oocytes appears to stem largely from 
adapting methods developed from culturing other cell types. 

 Different energy substrates and nutrients can greatly infl uence 
oocyte meiotic and cytoplasmic maturation [ 44 ,  45 ]. Glucose, 
pyruvate, and lactate are the main substrates for energy metabolism 
in somatic cells and oocytes. Glutamine can also serve as an energy 
substrate to improve in vitro nuclear maturation of hamster and 
rabbit oocytes [ 46 ,  47 ]. Oocyte utilization of pyruvate is closely 
dependent upon cumulus cells that can convert glucose or lactate 
into pyruvate to be used by oocytes [ 48 ]. Pyruvate or oxaloacetate, 
but not glucose, lactate, or phosphoenolpyruvate, supports the 
maturation of denuded mouse oocytes through meiosis to M-II 
stage [ 49 ]. It has been confi rmed that mitochondrial oxidative 
metabolism is much more important than anaerobic glucose 
metabolism for energy production in the mammalian oocytes [ 50 ]. 
Synthesis of pyruvate from glucose in the cumulus cells provides 
additional evidence that these cells are able to infl uence the nutri-
tional environment of the maturing oocytes [ 51 ]. It has been 
shown that sodium pyruvate in non-serum maturation medium 
supports and promotes nuclear maturation of bovine cumulus- 
denuded oocytes [ 52 ]. However, it has been reported that pyru-
vate alone is insuffi cient for oocyte cytoplasmic maturation [ 53 ]. 
Nevertheless, it has been indicated that the expression pathway of 
glycolytic metabolism refl ects the presence of different mechanisms 
involved in gene expression/regulation at the transcriptional and 
translational level and their accumulation during human oocyte 
maturation [ 54 ]. In addition, it has been suggested that metabo-
lism of glucose through the Embden–Meyerhof pathway is impor-
tant during bovine oocyte maturation in vitro [ 55 ]. There is no 
direct information about human oocytes. 

 Spontaneous mouse oocyte maturation in vitro, in either the 
presence or the absence of meiotic inhibitor, is associated with a 
decrease in oocyte cAMP levels [ 56 ]. In mice, glucose treatment of 
cumulus–oocyte complexes (COCs) produced elevated cAMP lev-
els, which were associated with a decreased incidence of GVBD in 
hypoxanthine-supplemented medium [ 57 ]. Pyruvate directly 
affects nuclear maturation in mouse oocytes [ 58 ]. Although it has 
been reported that glucose may have an inhibitive effect on 
cumulus- free human oocyte maturation during culture in vitro 
[ 59 ], the results from our laboratory indicate that oocyte matura-
tion medium with glucose is benefi cial to bovine and human oocyte 
nuclear and cytoplasmic maturation in vitro in proper concentra-
tions [ 45 ,  60 ]. 

2.4  In Vitro 
Maturation of 
Immature Oocytes
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 Essential ad/or nonessential amino acids are commonly added 
to serum-supplemented or serum-free culture media for mamma-
lian embryo development in vitro. In many species, it has been 
known that the addition of amino acids to the culture medium is 
benefi cial for embryonic development. Apart from amino acid use 
for protein synthesis, they play important roles as osmolytes [ 48 ], 
intracellular buffers [ 61 ], heavy metal chelators and energy sources 
[ 62 ], as well as precursors for versatile physiological regulators, 
such as nitric oxide and polyamines [ 63 ]. It has also been shown 
that the culture medium with amino acids affects glucose metabo-
lism in mouse blastocysts in vitro [ 64 ]. Although it has been shown 
that amino acids support rabbit [ 47 ], hamster [ 46 ], porcine [ 65 ], 
and bovine [ 44 ] oocyte maturation, amino acid requirements for 
human oocyte maturation in culture are not fully understood. The 
data from our laboratory indicate that essential amino acids supple-
mented to a simple chemically defi ned medium is absolutely 
required for bovine oocyte cytoplasmic maturation to support sub-
sequent embryonic development and nonessential amino acids 
with essential amino acids have a synergic effect on oocyte cyto-
plasmic maturation [ 66 ,  67 ]. 

 It has been reported that the addition of water-soluble vita-
mins, particularly inositol, to the embryo culture medium enhances 
the hatching of rabbit and hamster blastocysts [ 68 ,  69 ]. Vitamins 
affect glucose metabolism in mouse [ 64 ] and sheep embryos [ 70 ]. 
However, there is a paucity of information about the effects of vita-
mins in culture medium on the maturational and developmental 
competence of immature oocytes. The results from this laboratory 
demonstrate that the presence of vitamins in oocyte maturation 
medium is important for subsequent bovine embryonic develop-
ment [ 71 ]. Based on animal model studies, we have designed a new 
IVM medium and shown that this IVM medium is benefi cial for 
nuclear and cytoplasmic maturation of immature human oocytes 
derived from both stimulated IVF and unstimulated cycles [ 60 ]. 

 Complex culture media supplemented with various sera, 
gonadotropins (FSH and LH), and estradiol have been most 
widely used in research or clinical application of human oocytes 
IVM [ 72 ]. In vitro studies using growth factors have shown that 
meiotic resumption in COCs can be induced by adding those 
growth factors into culture media. Supplementation of insulin into 
IVM medium seems to stimulate oocyte maturation and morpho-
logic development of mouse and bovine blastocysts [ 73 ,  74 ]. 

 The immature COCs are cultured in the IVM medium in the 
incubator and allowed to begin the maturation process for 
24–48 h. Twenty-four hours after maturation in culture, all of the 
COCs are stripped for identifi cation of oocyte maturity. COCs 
will be denuded using a fi nely drawn glass pipette following 1 min 
of exposure to a commercially available hyaluronidase solution. 
The mature oocytes are then subjected to insemination by either 
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IVF or ICSI after stripping. The remaining immature oocytes 
(GV and M-I) will continue to mature in culture for another 24 h. 
Forty- eight hours after oocyte retrieval (or oocyte maturation in 
culture), the remaining stripped oocytes are reexamined and if any 
have matured (M-II) at this point, they will be inseminated imme-
diately by either IVF or ICSI.  

  ICSI is recommended for the insemination of in vitro-matured 
oocytes because we believe that this method offers a greater chance 
of successful fertilization over conventional IVF inseminations. 
ICSI is a common procedure for this reason. Although it is 
preferable to prepare sperm freshly before ICSI, it does not appear 
problematic to use sperm prepared on the day of or 1 day after egg 
collection for oocytes matured 48 h after egg retrieval. Commercially 
available ICSI medium and polyvinylpyrrolidone (PVP) solution 
can be used to prepare the ICSI dish. It is also appropriate to use 
the oocyte-washing medium for preparation of the ICSI droplets 
because the pH of the oocyte-washing medium is quite stable at 
room temperature and atmosphere. However, it is important to 
note that the ICSI dish should be prepared at least 1 h before ICSI 
and kept at 37 °C in the incubator or on a warm stage or plate for 
equilibration. After ICSI, the individual oocyte is transferred into 
a droplet (20 μl) of embryo culture medium in a Petri dish for 
culture in the incubator.  

  Preparing the endometrial lining requires using progesterone. Two 
hundred milligrams (200 mg) of intravaginal progesterone 
(Prometrium) is administered to the patient three times daily or 
progesterone injections are given intramuscularly with instruction 
starting from the day after egg collection and continuing until the 
pregnancy test. On the day of embryo transfer (ET), endometrial 
thickness should be measured by transvaginal ultrasound scan. At 
this point, the endometrial thickness should be at least ≥7.0 mm. 
If the endometrial thickness is <7.0 mm, the embryo should be 
cryopreserved and transferred in a subsequent cycle.  

  It seems that most ET in IVM treatment can be done on day 2 or 
day 3 after ICSI because no extra benefi t is derived by culturing the 
embryos to the blastocyst stage if the available number of embryos 
is small. In general, ET should be performed on day 2 after ICSI if 
the number of embryos obtained is ≤3; ET should be performed 
on day 3 after ICSI if the number of embryos obtained is ≥4. ET 
with blastocysts should only be considered if a total of more than 
four good-quality four-cell-stage embryos are achieved on day 2 of 
embryo assessment after ICSI. 

 The scoring of cleavage-stage embryos for transfer is crucial for 
pregnancy potential. Since the oocytes may not be matured and 
inseminated at the same time following maturation in culture, the 

2.5  In Vitro 
Fertilization of In 
Vitro-Matured Oocytes

2.6  Preparation 
of the Endometrium

2.7  Embryo Transfer
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developmental stages of embryos may be variable in the same 
patient. Therefore, before ET, all embryos for each patient should 
be pooled and selected for transfer. The fi nal outcome of preg-
nancy may depend to a great extent on the experience of the 
embryologist. The cleavage speed of embryos and the morpho-
logical marker of each cleaved blastomere are usually used for scor-
ing the quality of embryo generated from in vitro-matured oocytes. 
It is recommended that a maximum of two embryos be transferred 
into the uterus, based on the quality of embryos or if blastocysts 
are obtained the number of embryos for transfer should be only 
one or two. It does not appear in the context of IVM cycles that 
transferring a greater number of poor-quality embryos increases 
pregnancy and implantation rates. 

 One of the fi nal key contributory factors to a successful preg-
nancy is embryo transfer. Careful attention must be paid to both 
the scientifi c and clinical aspects of this event. A trial or a mock 
transfer prior to the actual transfer provides very useful informa-
tion to assess the curve of the cervical canal and ascertain the posi-
tion of the uterus to avert foreseeable problems during the actual 
transfer. It is important that as much mucus as possible is removed 
from the cervix with a sterile cotton bud before ET. An abdominal 
ultrasound-guided ET may be recommended in selected cases in 
order to confi rm that the embryos with the fl uid contents of the 
catheter are in the uterus.   

3    Clinical Outcome 

 For last 10 years, signifi cant progress has been made to improve 
pregnancy and implantation rates from in vitro-matured human 
oocytes. IVM technology can now be offered as a successful option 
to infertile women with PCOS. As mentioned above, it has been 
demonstrated that immature oocyte priming with FSH or HCG 
prior to immature oocyte retrieval improves oocyte maturation 
rate and embryo quality as well as pregnancy rates in women infer-
tile with PCOS. The size of follicles may be important for the sub-
sequent embryonic development, but the developmental 
competence of oocytes derived from small antral follicles seems not 
to be adversely affected by the presence of a dominant follicle. We 
have collected information on approximately 1,500 IVM babies 
born worldwide (Table  1 ). It seems that there are no differences 
between IVM babies and naturally conceived babies in terms of 
birth weight and birth defects. Currently it has been estimated that 
more than 5,000 healthy infants have been born following imma-
ture oocyte retrieval and IVM. In general, the clinical pregnancy 
and implantation rates have reached 35–40 % and 10–15 %, respec-
tively, in infertile women with PCOS [ 75 ].
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   Table 1  
  IVM babies born data collected from different countries and area 
(until the end of 2010)   

 Country and area  Number of IVM babies born 

 Australia  19 

 Brazil  15 

 Bulgaria  11 

 Canada  132 

 China  292 

 Columbia  7 

 Denmark  34 

 Finland  52 

 France  50 

 Greece  1 

 Israel  3 

 Italy  157 

 Japan  69 

 Jordan  1 

 Norway  4 

 South Korea  455 

 Slovenia  7 

 Sweden  22 

 Taiwan  20 

 Turkey  8 

 UK  8 

 USA  6 

 Vietnam  59 

  Total    1,432  

  Data of IVM babies born were collected from following IVF clinics or centers or organi-
zations: (1) Fertility Specialists WA, Bethesda Hospital, 25 Queenslea Drive, Claremont 
WA 6010, Australia; (2) Nilo Frantz Human Reproduction and Research Center, Nilo 
Pecanha Avenue 1221, 10th Floor, Porto Alegre, RS, Brazil; (3) Sofi a Center of 
Reproductive Medicine and IVF, Sofi a, Bulgaria; (4) McGill Reproductive Center, 
McGill University Health Center (MUHC), 687 Pine Avenue W, Montreal, Quebec, 
Canada, H3A 1A1; (5) Medical Center for Human Reproduction, Department of 
Obstetrics and Gynecology, Peking University Third Hospital, Beijing, 100191, China; 
(6) Center for Reproductive Medicine, The First Affi liated Hospital with Nanjing 
Medical University, Nanjing, 210029, China; (7) Center for Reproductive Medicine, 

(continued)
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4       Development of IVM Technology: Natural-Cycle IVF/M 

 In women, although only a single follicle usually grows to the pre-
ovulatory stage and releases its oocytes for potential fertilization, 
there are many small follicles that also develop during the same 
follicular phase of the menstrual cycle. It seems that approximately 
20 antral follicles are recruited and only one is selected through to 
the preovulatory stages of development during each menstrual 
cycle [ 76 ]. Recently, based on daily transvaginal ultrasonography, 
it has been documented that there are two or three waves of ovar-
ian follicles which develop in women during the menstrual cycle 
challenging the traditional theory that a single cohort of antral 
follicles grows during the follicular phase of the menstrual cycle 
[ 77 ,  78 ]. Animal model studies support these fi ndings and suggest 
that oocyte quality and early embryonic developmental compe-
tence of immature oocyte following maturation in vitro are not 
detrimentally affected by the presence of the dominant follicle in 
the ovaries [ 79 ,  80 ]. 

 It has been demonstrated in humans that atresia does not 
occur in the non-dominant follicles even after the dominant follicle 
is selected during folliculogenesis, because immature oocytes 
retrieved from non-dominant follicles have been successfully 
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matured in vitro and fertilized and have resulted in several preg-
nancies and healthy live births [ 23 ]. Therefore, one very attractive 
possibility for enhancement of the success of natural cycle of IVF 
treatment is its combination with immature oocyte retrieval and 
IVM. If the mature oocyte from the dominant follicle and imma-
ture oocytes from small follicles are both collected, the chances of 
a pregnancy should be greatly increased as we manage to mature 
these immature oocytes and produce several viable embryos. 
However, it seems very important to prevent ovulation from the 
dominant follicle due to a natural LH surge when the patient is 
treated with natural-cycle IVF combined with IVM. Our experi-
ences indicate that 10,000 IU HCG can be administered 36 h 
before oocyte retrieval when the size of the dominant follicle 
reached 10–14 mm in diameter. Most oocytes collected from the 
dominant follicles are at M-II stage. A pilot study suggested that 
the clinical pregnancy rate can reach approximately 45–50 % per 
ET following natural cycle in IVF combined with IVM in a selected 
group of patients [ 81 ]. The detailed protocol for natural-cycle 
IVF/M is described in Fig.  3 .

   Literature reports for pregnancy rate per embryo transfer in 
natural-cycle IVF vary between 0 and 30 % [ 82 – 84 ]. A number of 
problems arise in natural-cycle IVF treatment alone, including an 
increased risk of retrieval failure during oocyte collection leading 
to cancellation of treatment cycle. This disadvantage seems to be 
overcome with natural-cycle IVF and IVM (IVF/M). It has been 
shown that more than a half of infertile women who came to infer-
tility clinic for IVF treatment can be treated with natural-cycle 
IVF/M or IVM alone when these treatments have been chosen 
primarily and that natural-cycle IVF/M is an effi cient treatment, 
especially for women under the age of 35 years. Therefore, natural- 
cycle IVF/M is clearly a more effi cient treatment than natural-cycle 
IVF alone. 

 IVM treatment is offered as a successful option to infertile 
women with PCOS because there are many antral follicles in the 
ovaries in this group of patients. PCOS is the most widespread 
endocrine disorder among women of reproductive age as well as 
the most common cause of anovulatory infertility and has been 
shown to exist in approximately 10 % of the general population 
[ 85 ]. Lim et al. [ 86 ] further confi rmed that 15.4 % of infertile 
women have PCOS, and these women can be treated with IVM 
alone with reported pregnancy and implantation rates that can 
reach 41.3 and 16.6 %, respectively. This study demonstrated that 
natural-cycle IVF/M together with IVM alone can be used to treat 
more than half of infertile patients with acceptable pregnancy rate. 
Therefore, IVM technology may supplant traditional IVF in this 
particular group of infertile patients. Further optimization of IVM 
techniques may lead to more popular use of this technology in all 
infertile patients.  
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Natural Cycle IVF/M
(Lim-Chian Protocol)

Baseline ultrasound scan on day 3-5 of menstrual cycle
to ensure ≥ 7 follicles in both ovaries

Subsequent ultrasound scan to ensure 
the size of leading follicles ≥ 12 mm in 

diameter and endometrial
thickness ≥ 6 mm and 
then 10,000IU HCG 

administered

Mature and immature oocyte retrieval.
Collected oocytes are identified for the maturity.

Mature oocytes are inseminated on the day of egg collection.
Immature oocytes are cultured in IVM medium for 24h.
In-vitro matured oocytes are inseminated following IVM.
Start to given Estradiol from the day of egg collection.

Start to give Progesterone from the day ICSI.

The mature oocytes
are inseminated

by ICSI

Embryos produced 
from mature oocytes

are on day 3

Embryos produced
from immature
oocytes are on

day 2

3 days

Transfer embryos
produced from

mature and immature
oocytes

36 hours

  Fig. 3    Detailed protocol for natural-cycle IVF combined with in vitro maturation (Lim-Chian protocol) 
(Lim et al. [ 86 ])       
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5    Conclusions 

 Priming with FSH or HCG prior to immature oocyte retrieval 
improves oocyte maturation and pregnancy rates especially in 
women with PCOS. The size of follicles may be an important fea-
ture for the subsequent embryonic development, but the develop-
mental competence of oocytes derived from the small antral follicles 
seems not to be adversely affected by the presence of a dominant 
follicle. Approximately 5,000 healthy infants have been born fol-
lowing immature oocyte retrieval and IVM [ 87 ]. In general, the 
clinical pregnancy and implantation rates per ET have reached 
35–40 % respectively, in women with PCOS. Therefore, as an 
option, IVM treatment can be offered to infertile women with 
PCOS. The combination of natural-cycle IVF with immature 
oocyte retrieval followed by IVM is an attractive treatment for 
young women with all types of infertility without recourse to ovar-
ian stimulation with an acceptable pregnancy rate.     
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    Chapter 13   

 GnRH Antagonist-Based Protocols for In Vitro Fertilization 

           David     Reichman       and     Zev     Rosenwaks    

    Abstract 

   In this chapter we elaborate on the intricacies of employing GnRH antagonists for prevention of the 
endogenous luteinizing hormone surge during IVF. Several practical aspects of implementing a GnRH 
antagonist-based stimulation protocol are described; selection of the correct dose, choosing when to start 
the antagonist, programming of cycle starts, selection of the appropriate gonadotropins, and triggering of 
fi nal oocyte maturation are elucidated.  

  Key words     GnRH antagonist  ,   IVF  ,   Short protocol  

1      Introduction 

 GnRH antagonists offer several advantages over agonists for 
 preventing premature LH surges during controlled ovarian stimu-
lation for IVF. Whereas GnRH agonists are associated with an ini-
tial gonadotropin-stimulatory fl are effect, GnRH antagonist 
down- regulation is immediate, thus allowing for a shorter period 
of suppression, fewer hypo-estrogenic side effects, and a reduced 
duration of gonadotropin stimulation [ 1 – 3 ]. Most importantly, 
compared to GnRH agonist protocols, GnRH antagonist protocols 
are associated with a lower incidence of ovarian hyperstimulation 
syndrome (OHSS); their utility has the added option of triggering 
fi nal oocyte maturation with a GnRH agonist (GnRHa) for patients 
at risk of developing OHSS [ 4 – 6 ]. While GnRH antagonist ana-
logues have long been available, initial use was fi rst limited by ana-
phylactoid reactions, and later by reports that third-generation 
preparations were associated with lower pregnancy rates [ 7 – 9 ]. As 
experience has increased with GnRH antagonists, so too have 
pregnancy rates improved; the most recent Cochrane review 
revealed no difference in success rates between agonist- and 
antagonist- based protocols [ 10 ]. Given this equivalent effi cacy and 
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the advantages listed above, GnRH antagonists have now become 
the preferred method of ovarian stimulation for an increasing 
number of reproductive specialists. 

 GnRH receptor antagonists were fi rst synthesized in the early 
1970s [ 11 ,  12 ]. These fi rst-generation agents had favorable side 
effect profi les, but insuffi cient potency for clinical use [ 13 ]. Second- 
generation agents, such as NalArg and detirelix, had improved 
potency and water solubility, but were characterized by histamine- 
mediated systemic side effects which greatly limited their use [ 8 , 
 14 ]. Schally and colleagues synthesized Cetrorelix in the late 1980s, 
one of the two third-generation antagonists currently commercially 
available [ 15 ]. While several third-generation antagonists were syn-
thesized, two ultimately were cultivated for clinical use. Cetrorelix 
and Ganirelix (Merck Serono, Darmstadt, Germany) are both avail-
able as 0.25mg subcutaneous injections for daily dosing; Cetrorelix 
was previously offered as a 3mg “single dose” formulation, but has 
been removed from the U.S. market and is being phased out of 
non-U.S. territories. In the pages that follow, practical methods for 
the integration of GnRH antagonists for down-regulation in IVF 
clinical practice will be outlined; where applicable, controversy 
regarding various techniques will be highlighted, and the existing 
literature synthesized.  

2    Outline 

     1.    GnRH antagonist dose selection   
   2.    Fixed versus fl exible initiation   
   3.    Programming stimulation start with luteal pretreatment   
   4.    Gonadotropin stimulation   
   5.    Triggering of oocyte maturation   
   6.    GnRH agonist trigger     

     The preferred GnRH antagonist dose should ideally prevent the 
endogenous LH surge while at the same time retain suffi cient basal 
levels of LH to support steroidogenesis. Several studies in the late 
1990s sought to establish the minimal effective dose for third- 
generation daily GnRH antagonists to suppress ovulation and 
maximize clinical outcomes. In one of the fi rst dose fi nding studies, 
Devroey’s group demonstrated no premature LH surges in 60 
patients exposed to either 0.5 mg or 0.25 mg of Cetrorelix with a 
fi xed protocol starting on day 6; Two patients receiving 0.1 mg, 
however, experienced a premature rise in LH, and further 
enrollment was curtailed [ 16 ]. A phase-II multicenter randomized 
controlled trial from ESHRE’s Ganirelix Dose-Finding Study 

2.1  GnRH Antagonist 
Dose Selection
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Group followed shortly thereafter, and examined doses of 
0.0625 mg, 0.125 mg, 0.25 mg, 0.5 mg, 1.0 mg, and 2.0 mg 
starting in a fi xed protocol from day 7, with rFSH employed for 
stimulation [ 17 ]. Whereas the lowest doses were associated with 
the highest estradiol responses, they were associated with a 16 % 
(0.0625 mg) and 9 % (0.125 mg) risk of a premature LH rise of 
≥10 mIU/mL. Conversely, higher doses were associated with 
more profound suppression (LH < 1 mIU/mL), decreased 
implantation, and higher rates of miscarriage. The authors 
concluded that a daily GnRH antagonist dose of 0.25 mg was 
associated with the most favorable clinical pregnancy rate while 
reasonably minimizing the risk of premature LH rise ≥10 mIU/mL 
(1.4 %). It is this daily dose of GnRH antagonist that has been 
most widely adopted across the fi eld. 

 There are occasional patients in clinical practice who will 
“break through” on the 0.25 mg dose, manifested by a rise in LH 
level as well as an increase in progesterone. For these patients, the 
dose can be increased to 0.5 mg daily in the next cycle to ensure 
effective suppression of the GnRH-induced LH surge. It should be 
noted that a recent study implicated premature elevations in LH 
(≥10 mIU/mL) in the absence of a rise in progesterone with 
poorer clinical outcomes, albeit in a small study population [ 18 ]. 
The mechanism whereby this rise may jeopardize clinical outcomes 
remains to be elucidated. Of note, 91.7 % of the patients experi-
encing an LH rise in this study had not yet been prescribed a 
GnRH antagonist, suggesting that the criteria for initiating the 
antagonists’ use may have been signifi cantly fl awed. 

 As an alternative to daily administration, a 3 mg “single-dose” 
subcutaneous injection of Cetrorelix acetate (Cetrotide; Merck 
Serono, Darmstadt, Germany) is available in non-U.S. territories, 
which can be supplemented with daily 0.25 mg injections if fur-
ther suppression is required after 3 days (it should be noted, how-
ever, that this formulation is being phased out of production) 
[ 19 – 21 ]. In a multicenter randomized controlled trial based in the 
USA, single dose (3 mg) GnRH antagonist was compared to daily 
dose administration (0.25 mg) in 185 patients undergoing IVF, 
with initiation of the antagonist when the lead follicle was ≥14 mm; 
no cycles were characterized by LH rise ≥10 mIU/mL, median 
injections were 1 versus 4 for the 3 mg versus 0.25 mg dosages, 
and pregnancy rates (43.2 % single-dose vs. 46.0 % multi- dose) 
were comparable for the two groups despite lower serum estradi-
ols in those patients receiving the longer acting formulation [ 22 ]. 
Live-birth rates were not reported. A subsequent Taiwanese study 
performed a randomized controlled trial of single dose Cetrorelix 
(starting day 7) versus daily GnRH antagonist administration 
(starting day 5) in 40 patients, and found that patients receiving 
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the single dose preparation exhibited lower levels of estradiol and 
fewer zygotes, but no statistically signifi cant differences in implan-
tation (22.2 multi-dose [MD] vs. 11.1 % single-dose [SD]) or 
clinical pregnancy (50 % MD vs. 25 % SD) [ 23 ]. This study was 
methodologically limited and underpowered to statistically eval-
uate differences in pregnancy, and should thus be interpreted 
with caution.  

  There are two primary approaches for initiating of GnRH 
antagonists during ovarian stimulation. In a fi xed protocol, the 
GnRH antagonist is administered on a set day of stimulation, 
which can be as early as day 1 or as late as day 8, but most routinely 
is either on day 5 or 6. Conversely, fl exible protocols withhold 
antagonist start until either the lead follicle has crossed a threshold 
diameter (typically 13–15 mm depending on the center) or when 
the serum estradiol has surpassed a threshold level (~300 pg/mL 
in our practice) (Fig.  1 ).

   Several randomized control trials have compared fi xed versus 
fl exible GnRH initiation and its effects on outcomes, but all have 
been underpowered to analyze differences in clinical pregnancy 
rates or live-births. Ludwig et al. fi rst compared initiation of the 
antagonist on day 6 of stimulation ( n  = 20) versus initiation when 
the lead follicle was 14 mm ( n  = 20 single dose,  n  = 20 multi-dose) 
[ 24 ]. Although uniform criteria for the timing of hCG were not 
used, less vials of Cetrotide were required with the fl exible 
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approach, and less gonadotropins were consumed during stimula-
tion. Fixed initiation on day 6 was associated with fewer oocytes 
retrieved (6 vs. 11); however, pregnancy rates were not examined 
given the limited number of patients enrolled. The following year, 
Kolibianakis et al. published their pseudo-randomized (by date of 
birth) trial of fi xed (day 6) versus fl exible (lead follicle ≥15 mm) 
GnRH antagonist administration in 111 patients, which revealed 
no overall differences in implantation or pregnancy rates between 
the two groups [ 25 ]. Four patients in the fl exible protocol experi-
enced premature rise in LH, as opposed to only 1 patient in the 
fi xed arm. 

 Shortly thereafter, Escudero et al. reported their comparison 
of a fi xed (day 6) versus fl exible (≥14 mm lead follicle) protocol 
in 109 patients ≤35 years old [ 26 ]. Serum E2 levels were higher 
for patients on the fl exible protocol, and these patients required 
fewer GnRH-antagonist injections. No other differences, how-
ever, were noted between groups. While the authors noted that 
poor responder patients were more likely to be cancelled on the 
fi xed protocol for lack of response, no premature LH surges 
occurred on either protocol. Lastly, the Dutch Ganirelix Study 
Group published their multicenter randomized control trial com-
paring fi xed (day 6) versus fl exible (≥15 mm lead follicle) GnRH 
antagonist use in 205 IVF patients [ 27 ]. Their study was powered 
to detect a difference of 2 oocytes retrieved between groups as 
opposed to any difference in pregnancy outcomes. Premature 
luteinization was encountered in 1 % of fi xed protocol cycles ver-
sus 2 % of fl exible protocols. No differences were detected in 
number of oocytes retrieved, embryos available for transfer, or 
ongoing pregnancy rates. 

 The four aforementioned RCTs were examined in a subse-
quent meta-analysis in 2005 [ 28 ]. The fl exible protocol reduced 
the number of antagonist ampules used (OR −1.2, 95 % CI −1.26 
to −1.15) and the amount of gonadotropins needed for stimula-
tion (OR 95.5 IU, 95 % CI 74.8–116.1). No differences were 
noted, however, in pregnancy rate per woman randomized 
(OR 0.7, 95 % CI 0.45–1.1). 

 Although none of the above-noted four trials reported a 
 signifi cant increase in premature LH surges with the fl exible pro-
tocol, it is likely that initiation of the antagonist in fl exible pro-
tocols should occur earlier than the 15 mm threshold employed 
in these studies. Citing the high rate of surge prior to the initiation 
of the antagonist in the published literature, Kolibianakis et al. 
modifi ed the fl exible start criteria to a mean follicular diameter of 
≥12 mm or serum E2 ≥150 pg/mL [ 29 ]. In a randomized 
 controlled trial of 146 IVF patients, they demonstrated that this 
fl exible protocol required an average of 2 additional ampules of 
the antagonist, while resulting in equal ongoing clinical preg-
nancy rates. 
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 In our own practice, which is characterized by a high number 
of poor responders, we employ a fl exible protocol wherein the 
GnRH antagonist is administered when the lead follicle mean 
diameter is ≥13 mm or the serum estradiol exceeds 300 pg/mL, 
whichever occurs fi rst. We have found this practice effectively 
prevents premature rises in LH while at the same time maximizes 
response and decreases unnecessary consumption of GnRH antag-
onist doses.  

  There are several physiologic and logistic arguments potentially 
favoring the programming of cycle starts with luteal pretreatment 
in GnRH antagonist cycles. The hormonal suppression of follicle- 
stimulating hormone (FSH) in the late luteal phase theoretically 
ensures that a more uniform cohort of follicles will be responsive 
to gonadotropin stimulation, and potentially maximizes the 
number of oocytes retrieved in patients with diminished ovarian 
reserve [ 30 ,  31 ]; moreover, luteal pretreatment allows for 
additional fl exibility for programs needing to control the number 
of patients starting stimulation on any given day, thereby ensuring 
that patient load stays within manageable and safe parameters. 
Such pretreatment can be performed either with oral contraceptive 
pills, estradiol alone, GnRH antagonists, or a combination of the 
latter two options. 

 When oral contraceptive pills are employed, patients are typi-
cally instructed to begin OCPs within the fi rst 5 days of menses, 
and continue use for between 14 and 28 days. While pretreatment 
with OCPs can aid in scheduling cycle starts both for patients and 
for centers, their use has been called into question based on recent 
data that have suggested a potential decrease in pregnancy rates 
when they are employed [ 32 ]. Several randomized controlled tri-
als have been performed to evaluate the effect of oral contracep-
tive pill pretreatment on IVF outcomes [ 33 – 37 ]. A meta-analysis 
revealed a reduced chance of ongoing pregnancy (RR 0.80, 95 % 
CI 0.66–0.97, with an absolute difference rate of 5 %), increased 
time required for stimulation (RR 1.33, 95 % CI 0.61–2.05), as 
well as increased gonadotropin consumption (RR 360.3, 95 % CI 
157.5–563.1) when OCPs are used [ 32 ]. The authors concluded 
that for every 20 patients pretreated with oral contraceptives, one 
would not conceive as a result of OCP use. The mechanism for 
this supposed reduction in pregnancies remains unclear, but it has 
been posited that lower levels of luteinizing hormone following 
oral contraceptive treatment could play a role [ 32 ]. Of note, all of 
the studies described above used rFSH in isolation without addi-
tional LH supplementation. In contrast, a large retrospective 
study examining pregnancy rates in 604 patients pretreated with 
OCPs versus 1,195 patients who started stimulation on day 2 of a 
natural cycle found no difference in implantation or clinical preg-
nancy rates [ 38 ]. 

2.3  Programming 
Cycle Starts: Luteal 
Pretreatment 
Strategies
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 Luteal estradiol treatment is another alternative for pretreatment 
prior to stimulation. Estradiol can be administered either orally or 
as a transdermal patch; patients place the fi rst 0.1 mg estradiol patch 
9–10 days following the previous cycle’s LH surge, and change the 
patch every 48 h until menses occurs, and baseline ultrasonography 
and blood work are performed thereafter. Similar to oral contracep-
tive pill use, estradiol pretreatment does increase the length of 
stimulation and gonadotropins used, but improves homogeneity of 
the follicular cohort and increases the number of follicles reaching 
coordinated maturity [ 39 ]. Alternatively, a single 3 mg dose of 
Cetrotide on day 11 following the LH surge has also been sug-
gested [ 40 ], as well as a pretreatment regimen combining these two 
modalities [ 31 ]. Such protocols have demonstrated clinical utility 
in the treatment of poor responder patients [ 31 ,  41 ,  42 ]. 

 No prospective study to date has been adequately powered to 
establish whether pretreatment with luteal estradiol in antagonist 
cycles improves pregnancy rates when compared to cycles where 
no estradiol pretreatment is utilized. The fl exible use of luteal 
estradiol has, however, been used successfully in IVF programs to 
avoid weekend retrievals. Blockeel et al. randomized 86 patients to 
either conventional day 2 start with no pretreatment versus pre-
treatment with estradiol valerate (4 mg daily) starting from cycle 
day 25 for 6–10 days, with the intent to avoid weekend retrievals 
[ 43 ]. Using this protocol, only 2.7 % of patients underwent week-
end retrieval, as opposed to 20.5 % of controls, with similar clinical 
pregnancy rates between groups (38.1 % vs. 38.6 %). 

 In our clinical practice, we fi nd that starting stimulation on day 
2 without pretreatment is convenient, effective, and the simplest 
logistic approach for the majority of patients. We reserve estradiol 
pretreatment with or without concurrent GnRH antagonist admin-
istration for those poor responders who are likely to have signifi -
cant luteal elevations in FSH, or in those patients who tend to 
develop a dominant follicle despite normal ovarian reserve. Oral 
contraceptive pill pretreatment is useful for coordinating the starts 
of those patients who are coming from afar, albeit with the caveat 
that the literature suggests that such treatments may slightly dimin-
ish the likelihood of success; we have not observed this decrease in 
our own experience, albeit we routinely supplement FSH with 
human menopausal gonadotropins upon administration of GnRH 
antagonists.  

  Gonadotropin stimulation is most commonly started on day 2 of 
the menstrual cycle in an antagonist-based protocol. While the 
nuances of selecting the gonadotropin starting dose are beyond 
the scope of this manuscript, several studies have sought to 
standardize approaches to dosing [ 44 – 46 ]. A balance exists 
between maximizing the number of oocytes retrieved while 
minimizing the risk of ovarian hyperstimulation syndrome; striking 

2.4  Gonadotropin 
Stimulation
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this balance is paramount for the safety of the patient. As an 
alternative to starting stimulation on day 2, day 3 starts for 
programs seeking to avoid weekend retrievals have recently been 
evaluated, and revealed no difference in the mean number of 
oocytes retrieved or the rate of ongoing pregnancies [ 47 ]. The 
authors thus proposed starting on day 2 from Friday to Tuesday, 
and starting on day 3 starts from Wednesday to Thursday, an 
approach which minimized retrieval over weekends. While an 
interesting logistic approach for programs working less than a 
7 day work-week, the results of this trial should be carefully 
interpreted, as this was a retrospective analysis of a previously 
performed RCT which was not designed to examine day of start, 
nor powered for analyzing differences in pregnancy rates for this 
intervention [ 48 ]. Until additional data is available, we would 
prefer to administer a 0.25 mg dose of GnRH antagonist for 
patients requiring 1- or 2-day delay in cycle start. 

 It is not uncommon to see a plateau in serum estradiol the day 
following the fi rst GnRH antagonist injection. Two studies to date 
have evaluated the practice of increasing the gonadotropin dose by 
75 international units concurrent with the addition of the GnRH 
antagonist [ 49 ,  50 ]. Those studies found no improvement in IVF 
cycle parameters or success rates as compared to controls who 
maintained their original dose. Although several programs rou-
tinely increase the dose of gonadotropins when the antagonist is 
added, the literature and our experience do not support a need for 
this practice [ 51 ]. 

 LH supplementation’s benefi t to ovarian stimulation for IVF 
remains controversial [ 52 ,  53 ]. Given that initiation of the GnRH 
antagonist is associated with a drop in mean serum luteinizing hor-
mone levels, and given that LH plays a signifi cant role in ovarian 
hormone production, it remains our practice to supplement with a 
daily dose of human menopausal gonadotropin concurrent with 
the initiation of the antagonist. For instance, a patient on 150 IU 
of rFSH is converted to either 75 IU of hMG plus 75 IU of rFSH, 
or simply changed to 150 IU of hMG. A recent Cochrane review 
supports this practice, showing a subtle but statistically signifi cant 
reduction in live-birth rates (OR 0.85, 95 % CI 0.74–0.99) when 
hMG is not used for stimulation [ 54 ]. Only one of the studies 
included in this meta-analysis, however, employed a GnRH 
antagonist- based protocol for down-regulation [ 55 ]. We do not 
recommend recombinant luteinizing hormone over hMG, given 
the expense of this medication and the lack of available data dem-
onstrating superiority over pure FSH preparations alone [ 56 – 61 ]. 
It should be noted, however, that the addition of low dose hCG to 
pure or recombinant FSH has shown promise as an exogenous 
source of LH, and can be considered as an alternative to highly 
purifi ed hMG.  
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  The timing of hCG administration for the triggering of fi nal oocyte 
maturation remains variable among IVF centers, with some 
programs triggering at a lead average follicle diameter of 17 mm 
and others waiting for 20 mm or greater. To date, only a small 
body of literature exists regarding the optimal timing of hCG in 
antagonist cycles. In 2004, Kolibianakis et al. published the results 
of a randomized controlled trial examining trigger timing in 413 
IVF patients [ 62 ]. Patients were randomized to administration of 
hCG as soon as ≥3 follicles ≥17 mm were present on ultrasound, 
versus 2 days after these criteria were met. A 10.6 % reduction in 
ongoing pregnancy (35.6 % vs. 25.0 %,  p  = 0.027) was observed 
when patients were stimulated for an additional 2 days; no 
difference in number of retrieved oocytes, number of zygotes, or 
embryo quality was noted (oocyte maturity was not specifi cally 
evaluated). A follow-up study by the same group applied the above 
dichotomous triggering criteria in ten donors, who subsequently 
underwent endometrial biopsy on the day of oocyte retrieval; 
prolongation of the follicular phase via delayed triggering resulted 
in endometrial advancement (median = 3 days) in all samples, with 
no secretory changes observed with earlier triggering [ 63 ]. 

 Subsequently, a retrospective analysis compared “ideal” trig-
gering at 17 mm lead follicular size ( n  = 798) versus delay ( n  = 472) 
or advancement ( n  = 372) of retrieval by 1 day to avoid retrievals 
occurring on a Saturday or Sunday. No difference in implantation 
or live-birth rates was observed between these three groups [ 64 ]. 
A follow-up randomized controlled trial by Devroey’s group exam-
ined triggering at an earlier time-point (≥3 follicles ≥16 mm) ver-
sus 1 day later, and demonstrated a reduction in the number of 
mature oocytes retrieved (6.1 vs. 9.2,  p  = .009) with no difference 
in live-birth rates (34.6 % vs. 40.7 %) with earlier triggering [ 65 ]. 
Lastly, a retrospective analysis of the Engage randomized control 
trial compared trigger when ≥3 follicles reached ≥17 mm ( n  = 524) 
versus a 1 day delay ( n  = 201), and revealed no difference in ongo-
ing pregnancy rates (37.8 % vs. 41.8 %) for trigger at 17 mm versus 
1 day later, respectively [ 47 ]. Of note, this trial was not designed 
to specifi cally evaluate the timing of the ovulatory trigger. 

 Given our own clinical experience, we feel strongly that the 
timing of hCG administration is crucial for IVF success. We fi nd 
that an individualized approach which tailors the timing of hCG to 
the patient’s previous IVF history and yield of mature oocytes in 
past cycles maximizes clinical outcomes, and reduces the retrieval 
of oocytes which are post-mature. Our general approach is to 
 trigger ovulation when ≥2 follicles have reached ≥17 mm on average 
diameter, and to change these criteria in future cycles either with 
earlier or later time-points depending on oocyte maturity and 
embryo quality observed in the previous cycles.  

2.5  Triggering of 
Oocyte Maturation
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  A distinct advantage of GnRH antagonist-based cycles is the ability 
to administer a GnRH agonist for the triggering of fi nal oocyte 
maturation. The sustained luteotropic effect of exogenously 
administered human chorionic gonadotropin is known to 
exacerbate the risk of ovarian hyperstimulation syndrome; in 
contrast, use of a GnRH agonist engenders a comparatively brief 
release of endogenous luteinizing hormone and FSH from the 
pituitary [ 66 ]. Our protocol is to administer a 2 mg subcutaneous 
dose of leuprolide acetate together with a reduced dose of hCG 
(1,500 IU) in those rare cycles where estradiol levels exceed 
3,000 pg/mL; while specifi c criteria to gauge the success of this 
trigger prior to retrieval have yet to be conclusively determined, an 
LH level of >15 mIU/mL the morning after trigger generally 
predicts the retrieval of mature oocytes [ 67 – 69 ]. 

 Although it should not be viewed as being completely reliable 
or a fail-safe approach, the use of a GnRH agonist trigger is associ-
ated with a marked reduction in the risk of OHSS [ 70 – 75 ]. 
Engmann et al. randomized 65 high-responder patients to either 
conventional hCG triggering in a GnRH agonist down-regulated 
cycle versus GnRH agonist trigger with aggressive luteal support in 
a GnRH antagonist cycle, and reported a 31.0 % versus 0 % risk of 
OHSS, respectively. Humaidan et al. subsequently randomized 
302 IVF/ICSI patients undergoing antagonist down-regulated 
stimulation to either conventional trigger (10,000 IU hCG) versus 
GnRH agonist triggering (0.5 mg buserelin with 1,500 IU hCG 
for luteal support), and reported no cases of OHSS with the latter 
intervention (as compared with 2 % after conventional trigger) 
[ 75 ]. Given the impressive reduction of OHSS associated with 
GnRH agonist triggering, it is not surprising that it has been read-
ily adopted by many programs as the principal modality for trigger-
ing oocyte maturation in donors [ 76 – 79 ]. 

 The premature luteolysis associated with GnRH agonist trig-
gers prevented its early widespread adoption. Whereas the endog-
enous LH surge in the natural cycle lasts approximately 48 h, 
GnRH agonist triggering evokes a shortened surge lasting only 
24–36 h, leading to premature luteolysis [ 66 ,  80 ,  81 ]. Indeed, 
implantation rates are markedly reduced if estrogen is not suffi -
ciently supplemented until conventional luteal-placental shift 
occurs at approximately 7 weeks gestation [ 82 ]. Several different 
approaches have been developed to overcome the luteolytic effects 
of the GnRH agonist trigger [ 83 – 85 ]. Approaches include aggres-
sive support with both estrogen and progesterone until at least 
7 weeks gestation, supplementation at the time of trigger with low 
dose (1,000–1,500 IU) hCG, or else segmental treatment using a 
freeze-thaw approach [ 68 ,  86 – 88 ]. The lowering of ongoing 
 pregnancy rates noted in the initial studies of GnRH agonist trig-
ger has now been mitigated when such interventions are employed 
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to appropriately address the luteal phase [ 89 ]. In general, our pref-
erence is for a hybrid approach with 1,500 hCG co-administered at 
the time of trigger, together with aggressive estradiol and proges-
terone luteal support commencing CD 15 and continuing until 
luteal placental shift is noted and adequate estrogen and progester-
one is being produced by the fetal-placental unit.   

3    Conclusion 

 GnRH antagonist-based IVF cycles have become a mainstay of 
modern assisted reproductive technology, eclipsing GnRH agonist 
down-regulation as the principal approach for pituitary suppres-
sion during ovarian stimulation. As an increasing number of fertil-
ity programs adopt this framework for stimulation, it is our hope 
that fewer cases of ovarian hyperstimulation syndrome will be 
encountered, patients will better tolerate stimulation, and preg-
nancy rates will continue to be maximized or optimized.     
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    Chapter 14   

 Ovarian Stimulation for IVF: Mild Approaches 

           O.     Hamdine    ,     F.    J.     Broekmans    , and     B.    C.    J.    M.     Fauser    

    Abstract 

   In contrast to current approaches, the aim of mild stimulation is to develop safer and more patient-friendly 
protocols in which the risks of the treatment as a whole are minimized. Mild stimulation is defi ned as the 
method when exogenous gonadotropins are administered at lower doses, and/or for a shorter duration in 
GnRH antagonist co-treated cycles, or when oral compounds (antiestrogens, aromatase inhibitors) are 
used for ovarian stimulation for IVF, with the aim of limiting the number of oocytes obtained to fewer 
than eight. In this chapter we discuss the relevant physiology of follicle development, the development of 
milder stimulation protocols, the implications of mild stimulation, the current state of affairs, and future 
developments.  

  Key words     Follicle  ,   Mild ovarian stimulation  ,   Clomiphene citrate  ,   GnRH antagonist  ,   GnRH agonist  , 
  Aromatase inhibitors  ,   hCG/LH and GnRH antagonist co-treatment  ,   rFSH/GnRH antagonist 
co- treatment    ,   IVF  ,   In vitro fertilization  

1      Introduction 

 Ovarian stimulation has been an integral part of assisted reproductive 
treatment (ART) for the past 30 years. It has been applied with the 
aim of increasing the number of oocytes to compensate for ineffi -
ciencies in laboratory procedures, enabling the selection of one or 
more embryos for fresh transfer and the cryopreservation of sur-
plus embryos [ 1 ]. 

 Currently, a “long” gonadotropin-releasing hormone (GnRH) 
agonist protocol, either initiated during the luteal phase of the pre-
ceding cycle or after OC pretreatment, combined with high doses 
of exogenous follicle-stimulating hormone (FSH) remains the 
most frequently used stimulation protocol for IVF treatment [ 2 ]. 
The aim of this protocol is to generate between 8 and 15 oocytes 
[ 3 ]. This conventional approach is complex, expensive, time con-
suming and may give rise to considerable patient discomfort and 
risks for complications such as ovarian hyperstimulation syndrome 
(OHSS) [ 2 ]. Other negative effects are high emotional stress levels 
and substantial dropout rates [ 4 ]. 
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 Another major complication related to IVF treatment is the 
risk of multiple pregnancies. Such pregnancies bear an increased 
risk for late miscarriage, preeclampsia, growth retardation, gesta-
tional diabetes, and preterm delivery. Subsequently, the risk of suf-
fering major cerebral damage or development of long-term health 
sequelae in the offspring is substantially increased compared to 
singleton pregnancies. The occurrence of multiple pregnancies 
after IVF is directly related to the number of embryos transferred. 
One or more embryos are usually selected and transferred to com-
pensate for the low implantation potential of human embryos [ 1 ]. 
Much like embryos after natural conception, a high rate of 
aneuploidy is encountered in embryos arising from IVF. This may 
provide an explanation for the failure to obtain high implantation 
rates in IVF [ 5 ]. Uncertainties remain regarding long-term health 
risks although studies published to date seem reassuring. So far, no 
causative association has been shown between ovarian stimulation 
with exogenous gonadotropins and increased risk of benign or 
malignant ovarian disease [ 2 ,  6 – 8 ]. 

 Improved laboratory performance has reduced the need for 
large quantities of oocytes [ 6 ,  9 ]. Supportive evidence regarding a 
potentially negative effect of supraphysiological estradiol (E 2 ) lev-
els on endometrial receptivity [ 10 ,  11 ], corpus luteum function 
[ 12 ,  13 ], oocyte and embryo quality [ 14 – 16 ] indicates that more 
modest responses to ovarian stimulation might have a benefi cial 
effect upon the implantation potential of the embryo [ 4 ,  17 ].  

2    Physiology of Follicle Development 

    Folliculogenesis commences when primordial follicles enter the 
growing pool of primary follicles. The initial growth of primordial 
follicles occurs continuously and presumably in a random fashion. 
This process is referred to as “primary” recruitment [ 18 ]. The size 
of the follicle pool is determined during fetal life. The germ cell 
number reaches its maximum of approximately seven million by 20 
weeks of gestation. From this point on, the germ cell number falls 
dramatically [ 19 ]. Approximately 1,000 follicles per month are 
recruited from the resting pool at a fi xed rate, accelerating beyond 
the age of 35, although a more gradual acceleration in this wastage 
process may also be plausible. The majority of these primordial fol-
licles undergo atresia through apoptosis before reaching the antral 
stages (Fig.  1 ) [ 18 ].

   Complete follicular development takes several months. Follicle- 
stimulating hormone (FSH) receptors become detectable on gran-
ulosa cells during early preantral follicle development. Early follicle 
development prior to the antral stages is considered to be indepen-
dent of FSH. Only antral follicles may be considered as FSH 
responsive, and will constitute the continuous cohort from which 
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they may grow into dominance under the infl uence of endogenous 
FSH in the follicular phase of the menstrual cycle. The number of 
follicles with augmented aromatase activity and subsequent E 2  bio-
synthesis is determined by the duration and magnitude of FSH 
stimulation [ 20 ]. High FSH levels during the luteo-follicular tran-
sition rescue a limited number of antral follicles from apoptosis due 
to the survival action of FSH. The number of follicles available for 
this cyclic recruitment is estimated to be about 10 per ovary, with 
a large age-dependent variation [ 18 ]. 

 Although each growing follicle may initially have an equal 
potential to reach full maturation, only those antral follicles that 
are at a more advanced developmental stage during this intercycle 
rise in FSH gain gonadotropin dependence and continue to grow. 
These levels surpass the so-called threshold for ovarian stimulation. 
The threshold should be surpassed to ensure ongoing preovulatory 
follicle development [ 20 ]. This process is referred to as “second-
ary” recruitment [ 18 ]. 

  Fig. 1    Schematic representation of the FSH threshold and window concept in relation to monofollicular selec-
tion in a spontaneous cycle, multifollicular development in conventional ovarian hyperstimulation, and the 
interference with decreasing FSH levels by administrating exogenous FSH, resulting in multifollicular growth. 
(From: Macklon et al. Endocrine Reviews 2006)       
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 In the subsequent follicular phase, FSH levels plateau and 
gradually decrease during the mid to late follicular phase due to 
the negative feedback of inhibin B and E 2 . Decreasing follicular 
phase FSH levels effectively restrict the time where FSH levels 
remain above the threshold, also referred to as the “FSH window.” 
It is crucial for the selection of a single dominant follicle [ 21 – 23 ]. 
Only the most mature follicle continues to grow due to increased 
sensitivity for FSH and enhanced LH receptor expression. As a 
result, the remaining antral follicles are deprived of adequate 
FSH stimulation and will therefore cease to mature and undergo 
atresia [ 18 ]. The FSH window concept emphasizes the impor-
tance of the duration of elevated FSH levels rather than the mag-
nitude of FSH elevation [ 20 ]. 

 Ovarian stimulation makes use of the concept that disruption 
of decrementing FSH levels leads to the development of multiple 
dominant follicles [ 4 ]. By using high doses of exogenous gonado-
tropins, FSH levels can be increased above the FSH threshold for 
an extended period of time. The process of single dominant follicle 
selection is overruled and all growing follicles reaching the stage of 
gonadotropin dependence will continue to grow allowing multi-
follicular development to occur [ 22 ].  

3    Developing the Concept of Mild Stimulation 

 The fi rst successful IVF treatment was performed in a natural cycle 
[ 24 ]. However, pregnancy rates are generally very low when natural 
cycles are used for IVF [ 25 ], caused by frequent inability to obtain 
the single oocyte and the inherent low implantation potential of 
human embryos in general, even if the natural selected oocyte is 
the source for this embryo [ 26 ]. 

  The introduction of GnRH agonists to prevent a premature LH 
rise, premature oocyte maturation, and luteinization had a very 
favorable impact on outcomes in IVF. GnRH agonists have high 
affi nity for the GnRH receptor, and continuous occupation leads to 
desensitization due to the clustering and internalization of pituitary 
GnRH receptors [ 2 ]. The initial administration of GnRH agonists 
is associated with increased FSH and LH secretion, also referred to 
as the “fl are” effect. Prolonged administration results in down-
regulation of pituitary GnRH receptors, eventually leading to the 
suppression of FSH and LH secretion [ 25 ]. Due to this “fl are” 
effect, the use of a GnRH agonist long suppression protocol for 
ovarian stimulation is time consuming. Undesirable effects inherent 
to the use of GnRH agonists are the incidental formation of ovarian 
cysts due to the “fl are” effect, complaints of estrogen deprivation 
and the need for increased amounts of exogenous gonadotropins 
due to ongoing suppression of endogenous  gonadotropins [ 27 ]. 

3.1  GnRH Agonists
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 Ovarian stimulation can only commence when pituitary down- 
regulation has occurred which usually takes a period of 2 weeks. 
GnRH agonists are administered either in a long or short protocol 
[ 2 ,  3 ]. Pituitary recovery after cessation of GnRH agonist admin-
istration takes around 14 days, necessitating the application of 
luteal support in order to ensure suffi cient progesterone exposure 
[ 28 ,  29 ]. Extensive evidence for the supremacy of the long sup-
pression protocol has led to its widespread use in IVF [ 2 ].  

  In 1999 GnRH antagonists were introduced into IVF clinical 
practice to prevent a premature LH rise [ 30 ]. GnRH antagonists 
compete directly with endogenous GnRH by occupying the GnRH 
receptor and cause a rapid and immediate, reversible suppression of 
gonadotropin secretion [ 31 ]. The immediate suppression and 
recovery of pituitary function renders GnRH antagonists particularly 
suitable for short-term use in IVF [ 2 ,  27 ,  30 ]. In contrast to GnRH 
agonists, GnRH antagonists are not associated with an initial 
stimulation of gonadotropins. Therefore, cyst formation and the 
effects of hypo-estrogenemia are avoided [ 4 ,  30 ]. 

 The initiation of FSH administration in a GnRH antagonist 
regimen is cycle phase dependent and is usually started on cycle 
day 2 or 3. GnRH antagonists may be administered at any time 
during the early or mid-follicular phase of a menstrual cycle to 
prevent a premature LH rise, although a fi xed time moment may 
lead to a more favorable outcome [ 2 ,  32 ]. Several studies have 
been performed to determine the minimal effective dose and treat-
ment schedule in IVF patients. Three general approaches have 
emerged. A single large dose can be administered in the late fol-
licular phase on stimulation day 8 or 9. In the multiple-dose pro-
tocol, daily small doses are given from stimulation day 6 onward. 
Alternatively, in the fl exible protocol, daily small doses could be 
initiated depending on the size of the dominant follicle or the 
estradiol level. The GnRH antagonist is continued until the day 
that human chorionic gonadotropin (hCG) to trigger fi nal oocyte 
maturation is given [ 33 – 36 ]. 

 The duration of treatment is shortened by 1–2 days and slightly 
fewer follicles are seen at the time of hCG injection compared with 
a GnRH agonist. Therefore, the number of retrieved oocytes tends 
to be lower [ 35 ]. Initial studies have shown signifi cantly lower 
pregnancy rates following GnRH antagonist treatment in compari-
son to GnRH agonists [ 30 ,  37 ,  38 ]. However, two recent meta- 
analyses could not identify a signifi cant difference in the live birth 
rate between the two types of analogues used for pituitary suppres-
sion [ 32 ,  39 ]. A possible explanation for the difference in cycle 
outcome could be the higher LH, E 2  and progesterone levels 
which are encountered during the early follicular phase in GnRH 
antagonists. In fi xed day 6 GnRH antagonist cycles, ongoing 
 pregnancy rates are signifi cantly lower in patients with elevated 

3.2  GnRH 
Antagonists
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progesterone levels at initiation of stimulation [ 40 ]. Moreover, 
there is a possible association between elevated LH levels 2 days 
after commencing a GnRH antagonist in a fi xed day 6 protocol 
and lower ongoing pregnancy rates [ 41 ]. Earlier expression of pro-
gesterone receptors in the follicular phase and down-regulation of 
estrogen receptors by the exposure of supraphysiological steroid 
hormone levels may lead to earlier closure of the implantation win-
dow [ 42 ,  43 ]. Indeed, once endometrium is primed by estradiol, 
the duration of progesterone exposure plays an important role in 
endometrium receptivity [ 10 ,  35 ]. 

 Treatment with GnRH antagonists was associated with a lower 
risk of complications such as OHSS [ 32 ,  39 ] and a lower burden 
of treatment [ 44 ]. The introduction of GnRH antagonist has 
allowed for the development of more patient-friendly protocols.  

  Natural cycle IVF has been largely replaced by ovarian stimulation 
to improve success rates per started cycle. It is carried out in a 
spontaneous menstrual cycle without administration of any 
medication at any time during the cycle, aiming to retrieve a single 
oocyte at the lowest possible cost [ 3 ]. 

 Natural cycle IVF is physically and emotionally less demand-
ing, with extremely low risks for multiple pregnancies and no risks 
for OHSS. It is cheaper than IVF with controlled ovarian hyper-
stimulation (IVF-COH) but also less effective. The results are 
hampered by high cancellation rates due to premature LH surges, 
premature ovulation and reduced chances for successful oocyte 
retrieval. Consequently, ongoing pregnancy rates are unacceptably 
low (7.2 % per started cycle) [ 45 ]. However, to improve effective-
ness, natural cycle IVF could be offered as a series of treatment 
cycles. After four cycles, the cumulative probability of pregnancy is 
46 % with an associated live birth rate of 32 % [ 46 ]. Although this 
is comparable to a single IVF-COH cycle, the increased number of 
oocyte retrievals and the associated risks of infection and bleeding 
should be taken into account. 

 It has been suggested that patients with a poor response after 
IVF-COH might benefi t from this approach [ 47 ]. However, there 
is no superior protocol that signifi cantly improves success rates in 
poor responders [ 48 ].  

  The outcomes of natural cycle IVF can be improved by using a 
GnRH antagonist to prevent LH surges and premature ovulations. 
The aim of modifi ed natural cycle IVF (MNC-IVF) is to collect a 
naturally single oocyte with a reduced chance of cycle cancellation. 
GnRH antagonists are commenced in the late follicular phase, after 
follicular dominance has developed. The addition of exogenous 
gonadotropins substitutes for the drop in FSH and E 2  levels, 
thereby supporting the ongoing growth of a dominant follicle 

3.3  Natural Cycle IVF

3.4  Modifi ed Natural 
Cycle IVF
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(add-back therapy) [ 49 ,  50 ]. MNC-IVF has the same advantages 
as natural cycle IVF. Despite these advantages, low effi cacy has 
restricted its widespread use [ 51 ,  52 ]. 

 A large prospective cohort study analyzed the cumulative preg-
nancy rates after three cycles of MNC-IVF. The overall ongoing 
pregnancy rate per started cycle was 8.3 % and 20.8 % after three 
cycles [ 53 ]. After nine cycles the cumulative pregnancy rate 
increased up to 40.6 %. The pregnancy rate per cycle remained 
constant in higher cycle numbers, possibly due to selective dropout 
of poor prognosis patients. However, dropout rates were rather 
high (47.8 %), suggesting a substantial physical and emotional 
burden for patients [ 50 ]. Sequential treatment with MNC-IVF 
followed by IVF-COH did not compromise overall success rates, 
while twin pregnancy rates remained low. After sequential treatment 
the cumulative ongoing pregnancy rates and live birth rates were 
51.5 % and 50.0 % [ 52 ]. 

 Although MNC-IVF is a safe and patient-friendly treatment 
option, when choosing either MNC-IVF or IVF-COH, the advan-
tages, disadvantages and the expected pregnancy rates of both 
treatments should be taken into consideration.  

  Clomiphene citrate (CC) is an oral antiestrogen which stimulates 
ovarian function by increasing pituitary gonadotropin secretion 
due to blockage of E 2  steroid feedback. Steroid negative feedback 
remains intact, thereby making it a relatively safe product. 
Advantages are the oral administration, low costs, and widespread 
availability [ 2 ]. 

 Before the introduction of GnRH agonists, combined CC/
gonadotropin regimens were considered the standard of care. 
Multiple follicle development can be achieved by the addition of 
exogenous gonadotropins. Due to the synergistic effect of these 
compounds the amount of gonadotropins required is reduced, 
thereby shortening the duration of stimulation. In addition, gonad-
otropins may counteract the undesired antiestrogenic effects of CC 
on the endometrium, which have been held responsible for the 
relatively low embryo implantation rates. Compared to CC alone, 
this combination might improve pregnancy rates [ 2 ,  54 ,  55 ]. 

 However, various CC protocols for IVF treatment exist, but 
the optimal protocol is still unknown. Compared to natural cycle 
IVF, ovarian stimulation with CC resulted in a higher number of 
oocyte retrievals and higher pregnancy rates [ 56 ,  57 ]. On the other 
hand, better performance was observed following a GnRH agonist 
long protocol [ 58 ]. Furthermore, the addition of recombinant LH 
to a CC/gonadotropin protocol led to comparable cancellation 
and pregnancy rates as conventional stimulation [ 59 ]. To decrease 
the incidence of LH surges, GnRH antagonist can be added to CC. 
Although some studies report similar pregnancy rates  following a 

3.5  Clomiphene 
Citrate
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standard GnRH agonist protocol and CC/gonadotropin/GnRH 
antagonist treatment [ 60 – 62 ], others report signifi cantly lower 
pregnancy rates [ 63 ]. 

 In conclusion, it remains unclear whether the addition of 
GnRH antagonists or recombinant LH improves the outcome of 
CC/gonadotropin protocols. Due to the high diversity of the stud-
ies published, conclusions cannot be drawn regarding the possible 
benefi ts of CC in ovarian stimulation for IVF. Whether CC has a 
place in mild ovarian stimulation treatment remains to be seen.  

  For more than 20 years, aromatase inhibitors have been used 
primarily for the treatment of advanced breast cancer in 
postmenopausal women. Aromatase inhibitors block the conversion 
of androgens to estrogens. Estrogen-negative feedback at the 
pituitary–hypothalamic axis is reduced, leading to increased 
gonadotropin secretion and stimulation of ovarian follicular growth 
and development [ 64 ,  65 ]. 

 Administration of aromatase inhibitors in the early follicular 
phase reduces the need for exogenous gonadotropins and the bur-
den of treatment on the patient. Aromatase inhibitors have several 
advantages which make them attractive as an agent for use in mild 
stimulation protocols; the oral route of administration, the absence 
of ovarian hyperstimulation, fewer side effects and a shorter half- 
life than CC. Finally, they do not cause estrogen receptor deple-
tion, thereby having no adverse effects on estrogen target tissues 
[ 65 ]. However, a major concern is the possible teratogenicity dem-
onstrated in animal studies [ 66 ]. In today’s gynecological practice, 
the use of aromatase inhibitors is still “off-label” although letro-
zole is frequently used in fertility preservation in patients with 
estrogen-dependent cancers, particularly breast cancer [ 64 ]. 

 Studies concerning the use of aromatase inhibitors in IVF 
treatment are limited and small sized (Table  1 ). Initially, early stud-
ies mainly concerned poor ovarian responders. A tendency towards 
higher clinical pregnancy rates was observed both in good progno-
sis patients [ 67 ] and in poor responders [ 68 ] following a letrozole/
FSH/GnRH antagonist protocol. Compared to a GnRH agonist 
regimen, similar pregnancy rates were obtained in poor responders 
[ 69 ], whereas others showed no improvement in IVF outcome 
[ 70 ]. Nevertheless, the numbers are too small to draw any conclu-
sions. Larger randomized trials are needed to determine the ben-
efi t of aromatase inhibitors in IVF treatment.

     As mentioned previously, decreasing FSH levels and the 
subsequent closure of the FSH window are essential for the 
selection of a single dominant follicle [ 20 ,  22 ]. This mechanism 
can be disrupted by administrating low doses of exogenous 
gonadotropins during the mid-follicular phase. The decrease in FSH 

3.6  Aromatase 
Inhibitors

3.7  Late Follicular 
Phase rFSH/GnRH 
Antagonist 
Co-treatment
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levels is  prevented, resulting in widening of the FSH window, and 
thereby rescuing the recruited follicles from atresia and stimulating 
them to dominance (Fig.  2 ) [ 20 ,  71 ]. The clinical availability of 
GnRH antagonists has enabled this concept to be introduced into 
IVF practice [ 72 ].

   Table  2  represents the characteristics of the randomized stud-
ies involving this mild “late start” approach. A pilot study showed 
that multiple follicle development could be induced when ovarian 
stimulation was commenced on cycle day 5. A fi xed daily dose of 
150 IU recombinant FSH resulted in ongoing growth of a limited 
number of dominant follicles and a suffi cient number of oocytes 
retrieved as compared with 100 IU/day [ 73 ]. However, com-
mencing treatment on cycle day 7 is associated with a lower per-
centage of women presenting with multiple dominant follicle 
development [ 72 ,  74 ].

   The use of a mild stimulation protocol starting on cycle day 5 was 
investigated in a randomized controlled trial. One hundred and forty-
two normo-ovulatory patients were allocated to a long GnRH agonist 
protocol or to one of two GnRH antagonist protocols either com-
mencing recombinant FSH on cycle day 2 or on cycle day 5. GnRH 
antagonist co-treatment was initiated on the day the leading follicle 
reached 14 mm in diameter. Overall, no differences were found 
among the three groups comparing  pregnancy rate per started cycle. 
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  Fig. 2    Implantation rate according to the number of oocytes retrieved following 
mild ( black dots ) or conventional ovarian stimulation ( open squares ). (From: 
Verberg et al. Human Reproduction Update 2009)       
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Mild stimulation resulted in a shorter stimulation and 27 % reduction 
in exogenous FSH. A high cancellation rate was compensated by 
improved embryo quality concomitant with a higher chance of under-
going embryo transfer [ 75 ]. 

 In a large non-inferiority trial in 404 patients, a mild approach 
combined with single embryo transfer, resulted in a similar cumu-
lative proportion of pregnancies leading to term live births in 
1 year compared to profound conventional stimulation with dou-
ble embryo transfer, while reducing multiple pregnancy rates and 
overall costs [ 44 ]. 

 Both studies show a lower number of oocytes after mild stimu-
lation. While a low response during ovarian stimulation is normally 
associated with ovarian aging and poor oocyte quality, in mild 
stimulation this may represent a normal response. In fact, it repre-
sents a physiological response to the subtle interference with single 
dominant follicle selection. A certain degree of oocyte selection 
occurs because only the most mature follicles are stimulated, lead-
ing to high quality oocytes and embryos and higher implantation 
rates (Fig.  3 ) [ 9 ,  75 ].

   Taken together, the fi nding that a large number of oocytes is not 
required for a successful IVF program, combined with a shorter stim-
ulation and acceptable pregnancy rates, a mild approach represents an 
important step towards more patient friendly IVF treatment.  

  An alternative mild stimulation approach is late follicular phase 
replacement of FSH by LH. Developing follicles reach a critical 
diameter of 10 mm around the mid-follicular phase. At this stage 
granulosa cells express LH receptors leading to an increased 
responsiveness to LH. This action of LH is independent of 
FSH [ 20 ]. 

3.8  Late Follicular 
Phase hCG/LH and 
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  Fig. 3    The average number of oocytes retrieved, embryos, and chromosomally 
normal embryos following conventional treatment and mild stimulation. (From 
Baart et al. Human Reproduction 2007)       
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 Sullivan et al. showed convincingly that late follicular phase 
follicle development can be sustained by just LH [ 76 ]. Hence, 
FSH can be replaced by LH (or hCG) for the stimulation of more 
mature follicles. Several studies have been conducted to assess this 
concept in the context of ovarian stimulation for IVF. It has been 
demonstrated that after priming with recombinant FSH, multiple 
follicle development could be sustained with low doses of hCG [ 77 ]. 
Furthermore, while cycle outcome was comparable to traditional 
COH regimens, complete replacement of FSH with low- dose hCG 
was associated with a reduced number of preovulatory follicles, 
higher fertilization rates, and signifi cantly reduced gonadotropin 
consumption [ 78 ]. Additionally, in a more recent RCT, substitu-
tion of FSH by low-dose hCG led to a reduced gonadotropin 
 consumption, whereas oocyte yield and pregnancy rates remained 
comparable to the standard GnRH antagonist treatment [ 79 ]. 
A slightly different approach was used in a large RCT. Ovarian 
stimulation was continued until either two codominant follicles 
reached 13–14 mm or the patient reached stimulation day 6, after 
which the FSH dose was lowered to 75 IU/day and combined 
with 200 IU of hCG. Compared to a standard GnRH antagonist 
and a standard long GnRH agonist protocol, this novel regime 
resulted in a signifi cant reduction in FSH needed and therefore 
minimized costs. However, no difference was found in the number 
of (mature) oocytes retrieved, implantation rates, ongoing preg-
nancy rates and incidence of OHSS [ 80 ]. Similar results were 
obtained by Koichi et al. [ 81 ]. None of these studies reported pre-
mature luteinization in the hCG/LH protocol. 

 Late follicular phase administration of low-dose hCG with 
GnRH antagonist co-treatment can be safely applied in a selected 
group of patients. Decreased gonadotropin consumption mini-
mizes treatment costs, whereas pregnancy rates remain comparable 
to standard protocols. However, a reduced incidence of OHSS 
could not be established, despite the reported reduction in the 
number of small preovulatory follicles. Additional studies are 
needed to investigate whether this mild stimulation approach is 
suitable in the majority of patients.   

4    Implications of Mild Stimulation Protocols 

  It has become evident that ovarian stimulation may have detrimental 
effects on embryo quality, as assessed by morphology as well as the 
chromosomal constitution of the embryos [ 14 ,  82 ,  83 ]. This could 
be explained by disruption of the process of natural selection 
during ovarian hyperstimulation. Moreover, exposure of growing 
follicles to the potentially negative effects of ovarian stimulation 
could affect embryo quality [ 2 ,  4 ]. 

4.1  Embryo Quality
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 Little information is available with regard to possible conse-
quences of interfering with natural selection. In vitro studies in 
rodents have shown detrimental effects on embryo development 
after exposing oocytes to high doses exogenous gonadotropins 
and concurrent high estradiol levels [ 84 ,  85 ]. Both oocyte matu-
ration and the completion of meiosis may be disturbed, leading 
to chromosomal aneuploid oocytes and embryos [ 86 ]. The same 
negative impact is encountered in human embryos. High E 2  lev-
els are deleterious to embryo adhesion in vitro, mainly because 
of a direct toxic effect on the embryo that may occur at the cleav-
age stage [ 16 ]. Additionally, high rates of chromosomal aneu-
ploidy and mosaicism have been reported in human IVF embryos 
[ 14 ,  82 ,  83 ,  87 ]. 

 Mild ovarian stimulation does not result in decreased preg-
nancy rates which might be explained by the reduced interference 
with natural follicle selection caused by this approach. In a pro-
spective randomized trial, embryo aneuploidy rates were compared 
following a GnRH agonist long protocol and a mild stimulation 
protocol, by using preimplantation genetic screening. The mild 
stimulation protocol was associated with a higher proportion of 
chromosomally normal embryos (Fig.  4 ). Another interesting 
observation was that following mild stimulation, a low oocyte yield 
was associated with an even further decrease in the proportion of 
aneuploid embryos, suggesting that conventional stimulation 
impairs oocyte and embryo quality [ 14 ]. Indeed, a low number of 
oocytes retrieved is associated with optimal implantation rates 
retrieved and may therefore represent an appropriate response to 
mild stimulation. On the other hand, a similar response is indica-
tive of ovarian aging when occurring after conventional ovarian 
stimulation [ 88 ].

   However, retrieval of a lower number of oocytes might reduce 
the number of supernumerary embryos for cryopreservation, 
which could be a potential disadvantage of mild stimulation. The 
observation that mild stimulation could still result in a high oocyte 
yield and concurring higher proportions of abnormal embryos in 
some patients, underscores the need of further development of 
minimal stimulation approaches [ 14 ].  

  Ovarian stimulation with gonadotropins affects luteal phase 
function and alters endometrial receptivity. Ovarian steroids induce 
specifi c endometrial changes which have a negative effect on the 
implantation potential of embryos. There is evidence that 
implantation of human embryos does not occur if endometrial 
advancement in the early luteal phase is more than 3 days [ 42 ]. 
This phenomenon is seen in GnRH agonist as well as in GnRH 
antagonist cycles. 

 The use of gonadotropins and GnRH analogues always 
leads to a defi cient luteal phase. The main cause is related to the 
multifollicular development achieved during ovarian stimulation. 

4.2  Endometrial 
Receptivity and Luteal 
Phase Consequences
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It has been suggested that an insuffi cient luteal phase is mostly 
related to supraphysiological steroid levels in the late follicular 
phase and early luteal phase, which directly inhibit pituitary 
secretion of LH [ 12 ,  13 ,  89 ,  90 ]. Luteal support should there-
fore be provided after ovarian stimulation combined with GnRH 
analogues [ 12 ]. Luteal phase length can be supported by admin-
istrating hCG or by supplementation with estrogens and/or 
progesterone [ 10 ]. 

 Reducing the amount of steroids present could result in 
increased endometrial receptivity. Indeed, an improvement in 
implantation rates and pregnancy rates has been demonstrated when 
using a gonadotropin step-down regimen in high responders [ 91 ]. 
Mild stimulation approaches could therefore improve  implantation 
rates as they aim at a more physiological response. Further studies 
are needed to clarify this point.  
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  Fig. 4    Distribution of the number of oocytes retrieved per patient and the rela-
tionship between number of oocytes and the percentage of abnormal embryos 
generated following conventional treatment and mild stimulation. (From Baart 
et al. Human Reproduction 2007)       
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  Ovarian stimulation is a demanding and stressful treatment for 
patients. Psychological stress is the main reason why couples 
discontinue IVF treatment before they have received all reimbursed 
treatment cycles [ 92 ]. The chance of dropout seems to be 
signifi cantly increased when male subfertility is the treatment 
indication and when embryo transfer has not been performed [ 93 ]. 
A dropout rate of 54 % was observed in 450 couples who did not 
achieve childbirth, mainly because of psychological stress and a 
poor prognosis [ 94 ]. Moreover, an increase of both anxiety and 
depression was seen after unsuccessful treatment [ 95 ]. Apart from 
the psychological impact of treatment failure, IVF treatment itself, 
with its daily injections, possible side-effects, ultrasounds and 
invasive procedures, might be a cause of psychological distress 
[ 96 ], which has a direct negative effect on the chance of conceiving 
[ 97 ,  98 ]. Furthermore, multiple pregnancy may cause more 
emotional distress in patients, whereas less stress is experienced in 
singleton pregnancies [ 99 ]. 

 Mild ovarian stimulation provides a shorter and more patient- 
friendly treatment with fewer complications and possibly a 
decrease in anxiety and treatment-related stress [ 100 ]. The psy-
chological implications of mild stimulation combined with single 
embryo transfer during a fi rst IVF cycle, were assessed in a large 
randomized trial. Women undergoing conventional stimulation 
experienced more physical discomfort before the start of ovarian 
stimulation. However, during subsequent treatment stages, no 
differences were found in physical discomfort between the two 
groups, although the mild stimulation group suffered for shorter 
period of time. At oocyte retrieval the mild stimulation group 
experienced more negative affect, possibly due to the attitude of 
clinicians towards the mild approach. Overall, mild stimulation 
with SET did not lead to more psychological complaints than 
conventional IVF [ 96 ]. After multiple cycles of conventional 
treatment, women showed more often clinically relevant symp-
toms of depression after treatment failure as compared to women 
who underwent multiple cycles of mild stimulation. This suggests 
that treatment burden becomes more severe with every cycle dur-
ing conventional treatment as compared to mild stimulation 
[ 101 ,  102 ]. 

 Taken together, mild stimulation constitutes a more patient 
friendly treatment regimen and the decrease of psychological 
distress and dropout rates can compensate for the slightly lower 
pregnancy rate per cycle observed with the mild approach [ 93 ].  

  Conventional stimulation with the transfer of two embryos leads 
to a high probability of multiple pregnancies, resulting in high 
costs due to intensive antenatal surveillance, increased chances for 
complications, perinatal and postpartum care. The high rate of 

4.3  Psychological 
Burden

4.4  Health 
Economics
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multiple pregnancies and subsequent high costs in IVF can be 
greatly reduced by a single embryo transfer policy. This would lead 
to a considerable increase in health and indirect cost benefi ts 
[ 1 ,  103 ,  104 ]. 

 Mild stimulation protocols are shorter than conventional pro-
tocols with decreased chances for complications such as OHSS; 
hence the per cycle cost of this treatment will be lower [ 30 ,  75 ]. 
Although natural cycle IVF is more cost-effective than stimulated 
cycles [ 46 ], this is not the case in MNC-IVF [ 51 ] and CC stimu-
lated cycles [ 105 ]. However, the administration of exogenous 
gonadotropins in the mid-follicular phase has been shown to 
reduce costs [ 44 ,  75 ]. Since this approach reduces dropout rates in 
IVF, the overall number of cycles per patient may increase, result-
ing in similar live birth rate per treatment period compared with 
conventional treatment with double embryo transfer [ 106 ,  107 ]. 
Despite the increased number of cycles, the overall costs per term 
live birth are lower following mild stimulation. The reduction in 
costs is mainly attributable to a decrease in multiple pregnancies 
and preterm births. Indeed, conventional treatment resulted in 
unacceptably higher costs per extra term live birth [ 44 ,  108 ]. In 
conclusion, from an economic perspective a mild approach is more 
advantageous per term live birth, despite an increased number of 
IVF cycles per year.  

  A better understanding of ovarian physiology, advances in 
ultrasound technology, laboratory technology, and the availability 
of GnRH antagonists have led to the development of novel, milder 
stimulation approaches. In recent years, IVF is increasingly viewed 
in terms of long-term health outcomes for women and their 
offspring and in terms of cost-effectiveness. Nevertheless, the 
acceptance of milder stimulation approaches has been rather slow. 

 Currently, the focus on pregnancy rates per started cycle 
encourages maximal stimulation and transfer of multiple embryos. 
Adopting the endpoint live birth per started treatment would 
encourage patient-friendly treatment regimens and single embryo 
transfer. It would be a major step towards reducing the burden of 
IVF [ 2 ,  44 ]. 

 There is a general resistance in clinics to explore the use of 
GnRH antagonist and milder strategies due to overall success rates 
of standard GnRH agonist treatment [ 6 ]. Standard treatment may 
seem to have an advantage over mild stimulation because more 
embryos will be obtained, resulting in more embryos available for 
cryopreservation. However, this advantage might be counterbal-
anced by obtaining relatively more good quality embryos after 
mild stimulation [ 14 ]. Moreover, a modest number of oocytes fol-
lowing mild stimulation is associated with the optimal chance of 

4.5  Current State of 
Affairs and Future 
Developments
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achieving pregnancy [ 9 ]. Accepting a lower oocyte yield opens the 
possibility of using milder regimens such as clomiphene citrate or 
aromatase inhibitors. 

 Although pregnancy rates per cycle tend to be lower in mild 
stimulation protocols with single embryo transfer, the overall 
delivery rate at term during a 1-year treatment period was similar 
to conventional IVF [ 44 ]. Improved performance of embryo cryo-
preservation programs may provide further opportunities in mild 
IVF cycles. 

 The use of mild stimulation approaches reduces the cost per 
cycle, however, it remains too expensive to improve access to IVF 
treatment in developing countries [ 6 ]. Furthermore, as long as 
IVF is not readily available to, or affordable for, the general popu-
lation, a preference towards conventional treatment strategies with 
higher pregnancy rates and more complications will remain [ 4 ]. 

 Recently, more thought is being given to individualized treat-
ment programs. Several studies have shown that the use of certain 
patient characteristics, such as body weight, age and ovarian reserve 
parameters, may reduce cancellation rates [ 88 ,  109 ,  110 ]. 
Additionally, the development of long-acting gonadotropin prepa-
rations has led to a reduction in the number of total injections and 
to more patient convenience [ 111 ]. 

 Nowadays, more women use IVF for unconventional reasons 
such as preimplantation genetic diagnosis (PGD) and embryo or 
oocyte cryopreservation in women with cancer. This group might 
benefi t from a mild approach because it allows more rapid com-
pletion of the stimulation cycle compared with a GnRH agonist 
long protocol [ 6 ]. Both PCOS patients, who are at high risk for 
developing OHSS, and poor responders, who fail to respond to 
any type of ovarian stimulation, might also benefi t from a mild 
approach [ 4 ]. 

 In conclusion, mild stimulation is a patient-friendly approach 
with reduced chances for complications. However, more research 
is needed to develop individualized treatment regimens leading to 
a milder ovarian response. Secondly, the effectiveness of mild stim-
ulation needs to be tested in women older than 38 years of age and 
in poor responders. Further improvement of embryo quality, 
embryo selection and cryopreservation of supernumerary embryos 
will result in higher overall cumulative pregnancy rates per cycle 
when applying a strict single embryo transfer policy. Additionally, 
there is a need to develop cheaper stimulation protocols to improve 
general access to IVF treatment. Finally, a shift of focus is needed 
towards milder stimulation strategies to reduce the burden of IVF 
for patients, their offspring and society.      
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    Chapter 15   

 IVF Stimulation: Protocols for Poor Responders 

           Owen     K.     Davis     

    Abstract 

   One of the most vexing challenges in the practice of reproductive medicine is the management of the 
“poor responder,” specifi cally the patient manifesting an inadequate follicular response to ovarian stimula-
tion. Poor response predicts a reduction in the number of mature oocytes retrieved, with the consequences 
of fewer embryos available for selection and transfer, reduced pregnancy rates, and a markedly decreased 
likelihood of residual embryos for cryopreservation. This chapter reviews the defi nition and prediction of 
poor response and discusses strategies that have been developed and incorporated into the reproductive 
endocrinologist’s clinical armamentarium in an effort to optimize outcomes for these women. It should be 
stated at the outset that no single approach is successful for all patients, and that there is currently no fi rm 
clinical consensus regarding the relative effi cacy of the different stimulation protocols. This arises in part 
due to inconsistency regarding the defi nition of what constitutes a poor response and a paucity of well- 
designed, randomized controlled trials.  

  Key words     IVF  ,   Poor responders  ,   GnRH-agonist fl are protocols  ,   Diminished ovarian reserve  , 
  Estrogen priming  ,   Clomiphene citrate  ,   Aromatase inhibitors  ,   Luteal phase synchronization  

1      Introduction 

 Although the fi rst human birth following assisted reproduction 
resulted from the retrieval of a single oocyte in a natural menstrual 
cycle [ 1 ], adjunctive controlled ovarian hyperstimulation (COH) 
rapidly became incorporated into routine clinical practice. The 
effi ciency of IVF (in vitro fertilization) is signifi cantly enhanced 
through the retrieval of multiple oocytes and the generation of 
multiple embryos. This permits the transfer of more than one 
embryo in cases where appropriate (e.g., advanced maternal age), 
but also allows for more refi ned embryo selection (whether 
through morphologic assessment, pre-implantation genetic 
screening, etc.), thus optimizing  per embryo  implantation rates. 
With the increasingly prevalent performance of elective double 
and, ideally, single embryo transfer, selection of the embryo(s) 
with the greatest implantation potential is of ascending impor-
tance. The availability of supernumerary oocytes and/or embryos 
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for cryopreservation is a further benefi t of multiple-oocyte retrieval, 
and augments the potential cumulative pregnancy rate following a 
single IVF cycle. In cases of fertility preservation, where oocyte/
embryo cryopreservation prior to gonadotoxic therapy is the 
immediate goal of an IVF cycle, the recruitment and recovery of 
multiple oocytes will clearly heighten the chances for a patient’s 
future reproductive success.  

2    Defi nition of the Poor Responder 

    A “poor response” to COH has been variably defi ned through the 
specifi cation of individual or combined thresholds for cycle day- 
specifi c or peak estradiol attained, numbers of follicles, numbers of 
oocytes retrieved, daily or total gonadotropin dosage require-
ments, and cycle cancellation. Some studies have included subjects 
as “poor responders” based on baseline demographic or screening 
criteria including age and basal FSH level rather than limiting 
inclusion to those patients specifi cally manifesting a poor historic 
clinical response. The heterogeneity of defi nitions has in no small 
measure contributed to the lack of clarity in the literature as a 
whole. For example, some studies have defi ned a “poor response” 
as the attainment of fewer than six [ 2 ] or four follicles [ 3 ]. Other 
studies defi ne “poor response” as the retrieval of fewer than three 
[ 4 ], four [ 5 ] or fi ve [ 6 ] oocytes. Further, some studies target a 
peak estradiol threshold of 500 pg/ml [ 7 ] or a day six estradiol 
level of <100 pg/ml during stimulation [ 8 ]. In short, it is clear 
that the ART literature would benefi t from the adoption of uni-
form criteria for defi ning a poor response. It is to be expected that 
the reported effi cacy of various proposed stimulation protocols for 
the “poor responder” will be highly dependent on how stringently 
the condition is defi ned, and this should be borne in mind when 
interpreting published series or trials. Further, if a poor response is 
defi ned by low oocyte/embryo yield in a single ART cycle, par-
ticularly in a patient without additional predictors of diminished 
ovarian reserve ( see  below), future response even on the same pro-
tocol could be more robust due to inter-cycle variability alone. 
Defi nitional inconsistency aside, it is nonetheless imperative that 
the practitioner be conversant with the various treatment options 
for these challenging patients and that further well-designed studies 
be undertaken.  

3    Risk Factors for Poor Response 

 The dominant risk factor for poor response to COH is chrono-
logical maternal age, due in large measure to the aging demo-
graphic of women undergoing treatment at many ART centers. 

Owen K. Davis
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Indeed, a poor response to ovarian stimulation appears to be one 
of the earliest discernable manifestations of reproductive aging 
[ 9 ]. It should be emphasized, however, that a woman’s age alone 
cannot predict her response to COH, and that other markers and 
predictors of ovarian reserve should be incorporated into clinical 
decision-making. 

 A number of other acquired, environmental, and iatrogenic 
factors have been associated with diminished ovarian response. 
Cigarette smoking has been implicated more broadly in earlier 
onset of menopause, but also specifi cally in a diminished response 
to COH [ 10 ]. Women with moderate or severe endometriosis will 
commonly present with ovarian endometriomas, which are associ-
ated with reduced oocyte yield at retrieval [ 11 ]. It has further been 
suggested that surgical resection of endometriomas [ 12 ], non- 
endometriotic ovarian cysts [ 13 ], and ovarian drilling for polycystic 
ovary syndrome [ 14 ] may also lead to compromised ovarian reserve 
and oocyte yield. 

 Antineoplastic chemotherapy and radiation therapy can result 
in irreversible gonadotoxic effects, and the magnitude of this 
impact is both dose- and agent-dependent, and directly related to 
the patient’s age at the time of diagnosis and treatment. As an 
increasing number of female cancer patients present either for fer-
tility preservation or treatment, this must be taken into consider-
ation in devising stimulation protocols; here, ovarian reserve 
testing is imperative. In these cases, the risk of a poor ovarian 
response is increased [ 15 ]. Less commonly, identifi able genetic fac-
tors may be responsible for diminished ovarian reserve and a poten-
tially reduced response to ovarian stimulation: such would include 
women with Turner’s mosaicism, and women harboring a clinically 
signifi cant expansion of CGG repeat sequences in the FMR-1 gene 
(fragile X mutation).  

4    Prediction of Poor Response: Ovarian Reserve Testing 

 Several risk factors for poor response to ovarian stimulation have 
been cited in the foregoing discussion, with advanced chronologi-
cal age being perhaps the most common. However, no single risk 
factor can absolutely predict how a given patient will respond to 
COH, thus necessitating a more accurate assessment of “ovarian 
reserve” (most commonly taken to be the residual, quantitative 
endowment of her follicles/oocytes). Put simply, age alone will 
neither predict good ovarian reserve in a younger women nor poor 
ovarian reserve in an older woman. A number of tests have been 
proposed in an effort to characterize a patient’s ovarian reserve, 
thus predicting her likely response to COH and permitting an 
appropriate prospective choice of an optimal stimulation protocol. 
Perhaps the best single predictor of the magnitude of response to 
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ovarian stimulation is the patient’s past response [ 16 ]. The “treatment 
naïve” patient therefore poses a somewhat greater challenge 
regarding choice of initial protocol. A variety of approaches have 
been described and incorporated into practice, including basal and 
dynamic hormonal testing, and ovarian imaging. Dynamic tests 
(e.g., the “clomiphene citrate challenge test”) will not be reviewed 
in this chapter, as they entail the administration of pharmacologic 
agents and have not been demonstrated to be clinically superior to 
appropriately selected and interpreted basal hormone levels and 
ultrasonographic ovarian morphometrics. 

  Although an association between reproductive aging and subtle 
elevations in serum follicle-stimulating hormone (FSH) levels had 
been previously noted [ 17 ], the fi rst report of an association 
between basal FSH levels and IVF outcomes was published in 
1988 [ 18 ]. In most currently employed assays, the upper limit of 
normal for FSH on day 2–4 of the follicular phase is 10–12 mIU/
ml, with levels of >15 mIU/ml connoting signifi cant elevations. 
It is generally advised that each center defi ne its own cutoff for 
normal basal FSH. Serum FSH levels demonstrate signifi cant inter- 
cycle variability, and this appears to be most pronounced in women 
with diminished ovarian reserve. The highest FSH value is generally 
the most predictive; a normal value does not establish normal 
ovarian reserve. Measurement of basal FSH should optimally 
incorporate simultaneous assessment of the basal serum estradiol 
level, as estradiol elevations can suppress the FSH, thus confounding 
interpretation. It has been suggested that an elevated day 3 estradiol 
level (e.g., above 60–75 pg/ml), in and of itself, predicts a 
signifi cant reduction in ovarian response to COH [ 19 ]. While 
elevations of basal FSH prognosticate a lower response to COH in 
terms of oocyte yield and higher cancellation rates in both young 
and older women, it should be emphasized that younger patients 
will still manifest signifi cantly higher implantation and pregnancy 
rates than their older counterparts, largely due to lower rates of 
embryonic aneuploidy [ 20 ]. As with most tests of ovarian reserve, 
basal FSH and estradiol levels are of limited value in prediction of 
pregnancy, and treatment should not be withheld solely on the 
basis of abnormal testing [ 21 ]; rather, these tests should be utilized 
to better counsel the patient in terms of her likely response and to 
permit optimal selection of the stimulation protocol. 

 Basal day 3 inhibin B has also been suggested to predict ART 
outcomes, with low values (e.g., <45 ng/ml) correlating with 
reduced response and pregnancy rates [ 22 ]. Over time, however, 
measurement of inhibin B has not been demonstrated to confer a 
predictive advantage over basal FSH/estradiol levels, and has a 
limited ability to predict ovarian response and pregnancy rates fol-
lowing the assisted reproductive technologies. 

4.1  Basal Hormonal 
Testing
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 Anti-Mullerian hormone (AMH) has emerged as one of the 
more useful single markers of ovarian reserve. A member of the 
TGFB superfamily, AMH is a heterodimer secreted by the granu-
losa compartment of developing follicles through the early antral 
stage, independent of gonadotropin stimulation. AMH is relatively 
constant, manifesting very modest intra-cycle [ 23 ] and inter-cycle 
variability [ 24 ]. Although an international standard is not yet 
established, normal ovarian reserve is generally inferred if the 
AMH level exceeds approximately 0.90–1.0 ng/ml using a sensi-
tive ELISA. There is a growing literature suggesting that the serum 
AMH level is a better predictor of ovarian response during ART 
than other available biochemical markers of ovarian reserve, includ-
ing basal FSH/estradiol and inhibin B [ 25 ]. Here again, it is likely 
that AMH will prove a better index of a woman’s ovarian follicular 
endowment and hence response to stimulation than to the occur-
rence or non-occurrence of pregnancy, per se, due to the lack of a 
strict correspondence between oocyte quality and quantity.  

  A correlation between aging and diminished ovarian volume, as 
measured by ultrasonography, was appreciated as early as 1987 
[ 26 ]. Mean ovarian volume has since proven a relatively poor 
predictor of ovarian response [ 27 ] to COH, however, and is 
seldom employed as an isolated metric in current clinical practice. 
In contrast, assessment of the basal antral follicle count (AFC) has 
proven to be a useful and relatively simple biophysical modality. 
AFC assessment is typically performed in the early follicular phase, 
utilizing a high-frequency transvaginal ultrasound transducer, and 
represents the total number of follicles <10 mm, bilaterally. 
Although a variety of cutoffs have been suggested, adequate 
ovarian reserve is generally predicted in the setting of an AFC in 
the range of eight to ten follicles. The AFC manifests minimal 
inter- cycle variability, and appears to correlate with and have similar 
predictive value to the AMH level [ 28 ]. The accuracy of the AFC 
will be expected to vary with the quality of the ovarian images 
obtained, which can be affected by such variables as ovarian 
position and obesity. 

 Taken together, the AFC and AMH levels have become par-
ticularly useful tools in the evaluation of ovarian reserve, and 
should be interpreted in the context of a given patient’s age and 
prior response to COH. Taken together, these clinical data facili-
tate appropriate counseling of patients and the choice of an appro-
priately tailored stimulation protocol. It should be emphasized 
that no single test or combination of tests can predict success or 
failure with certainty, and should therefore not be used to exclude 
the properly informed patient from the option of treatment with 
autologous gametes.   

4.2  Sonographic 
Ovarian Imaging

IVF Stimulation: Protocols for Poor Responders



334

5    Stimulation Strategies for Poor Responders 

 A number of strategies have been suggested and employed in an 
effort to enhance the response to stimulation in women with DOR. 
The true absolute and relative effi cacy of these various approaches 
is diffi cult to interpret due to several confounding factors, includ-
ing most prominently: heterogeneous patient populations (e.g., 
variable defi nitions and criteria for “poor response”), the incorpo-
ration of several different ancillary interventions into proposed 
protocols which clouds the relative import of each component 
strategy and the retrospective design of the majority of these stud-
ies, which cannot permit exclusion of the likely signifi cant impact 
of random inter-cycle variability and “regression to the mean.” 

 The putative physiologic bases for the described strategies typi-
cally incorporate one or more of the following principles: decreased 
pituitary suppression, exposure of the ovaries to increased concen-
trations of exogenous gonadotropins, enhanced secretion of 
endogenous gonadotropins, and improved synchronization of fol-
licular development in the preceding luteal phase. The remainder 
of this review will examine the more prevalent of these clinical 
approaches. 

  The use of a GnRH agonist (GnRHa) for down-regulation, or the 
“long” GnRHa protocol, typically entails mid-luteal initiation of a 
GnRHa (e.g., day 21) with resulting pituitary suppression in the 
ensuing follicular phase at the time stimulation commences. 
This approach effectively prevents the occurrence of untimely 
endogenous LH-surges and has been a standard and effective 
approach in ART over the past two decades. The commercial 
availability of GnRHa’s (e.g., leuprolide acetate) preceded that of 
the GnRH- antagonists; the latter avoid the biphasic effects 
(stimulation followed by down-regulation of endogenous 
gonadotropins) of the agonists, but the earlier generations of 
antagonists were limited by untoward reactions due to histamine 
release. Nonetheless, despite the current availability and increasingly 
dominant use of GnRH- antagonists in ART, the “long” GnRHa 
protocols still persist and are a main-stay of ovarian stimulation at 
many centers. 

 It has been theorized that excessive suppression of the pitu-
itary will increase the required dosage of gonadotropins and reduce 
the response and success rate in low response patients. Indeed, a 
number of studies have shown that halving the standard dose of 
GnRHa results in less profound suppression of endogenous gonad-
otropins than, and a similar rate of premature LH-surges to the 
standard dosage, with similar clinical outcomes in normal response 
patients [ 29 ]. The strategy of lowering the agonist dosage in the 
treatment of low responders has been studied retrospectively, and 
has been suggested to reduce the incidence of cycle cancellation 

5.1  Reduction or 
Elimination of GnRH 
Agonist
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and to increase the numbers of oocytes and embryos obtained, 
with a trend toward improved pregnancy rates [ 30 ]. It has also 
been suggested that cessation of GnRHa administration with the 
commencement of stimulation (“stop” protocol), following 
 mid- luteal down-regulation, may improve outcomes for low 
responders [ 31 ]. The available published data suggest that it is rea-
sonable to employ a low-dose or a “stop” regimen when stimulat-
ing the poor responder with a long GnRHa protocol, but fall short 
of a defi nitive conclusion of improved outcomes.  

  Increasing the daily dosage of administered gonadotropins from 
a standard dose of 150–300 IU/day up to 450–600 IU/day is an 
intuitively appealing approach to the stimulation of the poor 
responder. High-dose stimulation is, in fact, widely employed in 
this specifi c context. However, the effi cacy of this strategy is 
unproven; several published studies have demonstrated lack of 
benefi t. In one RCT, for example, increasing the initial dose of 
FSH from 150 to 300 IU/day in women with low antral follicle 
counts (<5) improved neither the median number of recovered 
oocytes nor the ongoing pregnancy rate [ 32 ]. Similarly, in another 
randomized trial, doubling the gonadotropin dosage in the 
course of the treatment of poor responders failed to improve the 
outcome in ART cycles [ 33 ]. 

 This failure of high-dose stimulation to materially improve 
outcomes in low responders appears paradoxical. One possible 
explanation could be desensitization of FSH receptors during pro-
longed gonadotropin exposure [ 34 ]. It is also possible that high- 
dose stimulation in the early follicular phase is unable to overcome 
the more profound impact of early follicular recruitment in the 
preceding luteal phase, a phenomenon that may play a particularly 
signifi cant role in women with DOR, who often manifest elevated 
“ambient” FSH levels. This early follicular recruitment may in part 
account for the shortening of the follicular phase seen in the 
peri-menopause. 

 Moreover, concerns have been raised regarding a possible neg-
ative impact of high doses of gonadotropins on oocyte/embryo 
quality. Some published reports have suggested increased chromo-
somal abnormality rates in murine oocytes exposed to high levels 
of gonadotropins [ 35 ]. One RCT described a higher incidence of 
embryonic aneuploidy following human IVF with conventional 
versus “mild” gonadotropin stimulation [ 36 ]. Nonetheless, absent-
ing the development of demonstrably effective strategies in this 
diffi cult patient population, it is likely that the use of high-dose 
stimulation regimens will remain a common practice.  

  GnRH-agonist “fl are” protocols have been proposed as a means of 
clinically exploiting the initial stimulatory effect of these agents, i.e. the 
initial augmentation or “fl are” of endogenous  gonadotropin secretion. 

5.2  High-Dose 
Gonadotropins

5.3  Short Agonist/
Flare Protocols
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Traditional “short” agonist protocols entail initiation of full dose 
agonist (e.g., leuprolide acetate 0.5–1 mg) in the early follicular 
phase (day 2 or 3), with co-administration of gonadotropins 1 or 
2 days after the start of the agonist. Concern that the conventional 
short protocol might result in premature elevation of LH and, 
consequently, serum androgens and progesterone [ 37 ] led to the 
development of the “microdose fl are” regimen. Here, the dose of 
agonist is markedly reduced; leuprolide acetate is generally initiated 
at a dosage of 40 μg twice daily throughout the follicular phase of 
stimulation. Microdose agonist protocols usually follow 
pretreatment with an oral contraceptive (OCP) with the intent of 
preventing corpus luteum rescue from the previous cycle. High-
dose gonadotropin administration (e.g., 300–600 IU/day) 
commences following 2 days of the microdose agonist alone, and 
is continued in either a fi xed or step-down regimen until the day of 
hCG trigger. An early study suggested an improved follicular 
response in a group of 34 women who had historically manifested 
a low response on a conventional long agonist protocol [ 38 ]. 
Another small trial in which patients served as their own 
historical controls similarly demonstrated improved IVF outcomes; 
all patients had previously been cancelled on a long agonist 
protocol [ 39 ]. In this report, a microdose fl are approach was 
employed along with adjunctive growth hormone (GH). The 
cancellation rate in this cohort was12.5 %, with an ongoing 
pregnancy rate of 43.8 %. 

 Since these initial promising reports, the published data exam-
ining short agonist protocols have been decidedly mixed, with a 
number of RCT’s failing to demonstrate statistical superiority of 
the “fl are” approach to either the long agonist protocol [ 40 ] or to 
GnRH-antagonist protocols [ 41 ]. Here again, the literature should 
be evaluated with caution given the heterogeneity in the studied 
patient populations. Inclusion criteria for defi ning poor responders 
vary among these studies with respect to patient age, previous 
treatment history, basal FSH and quantitative response with respect 
to follicles, oocytes and peak estradiol attained. It can be stated 
unequivocally that the likelihood of a clinically meaningful 
improvement in outcome will be strongly correlated with the 
severity of ovarian depletion.  

  One concern in the low responder patient population is the 
possibility of early follicular recruitment in the preceding luteal 
phase, which can lead to the ultimate development of one or a few 
dominant follicle(s) during stimulation for IVF. This tendency may 
be exacerbated by elevated endogenous FSH levels in women with 
DOR. In theory, if the lead follicles are essentially predetermined 
by cycle day 2 or 3, the subsequent stimulation protocol may be 
insuffi cient to recruit additional less advanced follicles from the 
gonadotropin-sensitive pool, irrespective of gonadotropin dosage. 

5.4  Luteal Phase 
Synchronization: 
“Estrogen Priming”
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Specifi cally, enhanced synchronization of the early antral follicles 
could have the potential to improve the ensuing response in ART 
cycles. Fanchin and colleagues demonstrated that luteal phase 
administration of estradiol resulted in a reduced discrepancy in 
antral follicle sizes in the early follicular phase [ 42 ]. This same 
group subsequently reported that luteal phase administration of a 
GnRH-antagonist could similarly coordinate the sizes of early 
antral follicles [ 43 ]. 

 The Cornell group described an “estrogen-priming” protocol 
in 2005 [ 44 ] which incorporated both luteal phase estradiol and 
antagonist suppression in the treatment of low responders; this 
regimen entails administration of micronized transdermal estradiol 
via 0.1 mg skin patches, commencing on the 10th day following 
the endogenous LH-surge, with replacement of the patch on alter-
nate days until the start of menses, at which point the fi nal patch is 
left in place. As initially described, this protocol also employed 
luteal GnRH-antagonist (ganirelix acetate, 0.25 mg) co- 
administration for 3 consecutive days, commencing on the 11th 
day following the LH-surge. High-dose gonadotropin stimulation 
is then undertaken on cycle day 2, with step-down as appropriate 
and the initiation of GnRH-antagonist in a fl exible protocol. This 
preliminary report demonstrated a signifi cant improvement in the 
number of normally fertilized oocytes obtained with a trend toward 
a reduced cancellation rate and increased numbers of total and 
mature oocytes. The ongoing pregnancy rate in this challenging 
cohort of patients was 26.2 %. This protocol was subsequently 
compared to the OCP/microfl are approach in a retrospective 
cohort study of a younger group of low responders (mean age: 32 
years) but with elevated mean basal FSH levels (12.2 and 
12.9 mIU/ml respectively); the estrogen-priming protocol com-
pared favorably with respect to both peak estradiol response and 
mean number of embryos transferred [ 45 ]. In this recent study, 
the ongoing pregnancy rate was 48 % per completed cycle in the 
estrogen-priming group versus 33 % in the OCP/microfl are group, 
although this difference was not statistically signifi cant. Other 
groups have examined the impact of luteal estradiol priming in 
poor responders and described improvements in both embryo 
yield and quality [ 46 ].  

  In addition to the strategies outlined in the foregoing discussion, a 
number of adjunctive agents have been employed in an effort to 
enhance ovarian responsiveness to COH in the poor response 
patient including clomiphene citrate, aromatase inhibitors, and 
growth hormone (GH). Here again, the literature is mixed, but 
these agents deserve at least brief mention. 

 The addition of clomiphene citrate to gonadotropins in ART 
protocols has a long history, dating back to the advent of IVF. The 
increased risk of premature LH-surges in clomiphene-based 

5.5  Adjunctive 
Treatments of the Low 
Response Patient
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 protocols has been largely mitigated by the introduction of the 
GnRH- antagonists. Clomiphene stimulates the secretion of endog-
enous gonadotropins and may be co-administered in either a 
sequential or simultaneous manner with exogenous gonadotro-
pins. Although at least one RCT comparing combined clomiphene 
and high-dose gonadotropins to a long GnRH-agonist protocol 
demonstrated a signifi cant improvement in the cancellation rate 
and numbers of oocytes and good quality embryos obtained [ 47 ], 
neither this nor a number of case–control studies have demon-
strated a consistent improvement in pregnancy rates. 

 Aromatase inhibitors (AI), like clomiphene, stimulate follicular 
development through a central mechanism; here, the inhibition of 
the conversion of androgen substrate to estradiol diminishes the 
negative feedback effects of estradiol at the level of the hypothala-
mus, with augmentation of endogenous gonadotropin release. The 
possibility that a combination of adjunctive AI with gonadotropin 
stimulation could improve the ovarian response in poor responders 
was initially proposed in 2002 [ 48 ]. In the setting of ART, the AI 
(typically letrozole at a daily oral dosage of 2.5–5 mg/day) is 
administered for 5 days starting at the beginning of the follicular 
phase and overlapping with gonadotropins after the fi rst 2 days of 
the AI alone. An antagonist is employed to prevent an untimely 
LH surge. At least one RCT demonstrated an improved ongoing 
pregnancy rate in poor responders when compared head-to-head 
with an OCP/fl are protocol [ 49 ]. Further study will be required 
to clearly establish the utility of adjunctive AI in the stimulation of 
poor responders. 

 GH appears to exert both direct and indirect effects on ovarian 
function, including follicular recruitment and development, oocyte 
maturation and steroidogenesis [ 50 ,  51 ]. In women with a relative 
GH defi ciency, GH may augment ovarian responsiveness to gonad-
otropin stimulation [ 52 ]. Adjunctive administration of GH in 
COH protocols for both normal response and low response 
patients has been studied, with varied results vis-à-vis the magni-
tude of response and pregnancy rates; one meta-analysis suggested 
a marginally signifi cant improvement in pregnancy rates following 
the use of GH for IVF [ 53 ]. Large RCT’s will be required to defi ne 
the possible benefi ts of GH co-treatment in this context.   

6    Conclusions 

 Poor responders remain a major challenge in assisted reproduc-
tion. Poor response to COH is largely a result of diminished ovar-
ian reserve, which is frequently but by no means exclusively a 
function of advanced chronologic age. When a poor response is 
predicted by prior treatment history and/or hormonal testing and 
sonographic assessment of the ovaries, implementation of an 
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appropriate stimulation protocol is therefore a particularly integral 
part of the patient’s overall treatment plan. A number of treatment 
strategies have been described in the literature and reviewed in this 
chapter. The lack of uniform criteria for categorizing patients as 
“poor responders” and the paucity of large RCT’s has hampered 
efforts to attain a clinical consensus as to which protocol(s) hold 
the greatest promise for these patients. It is also clear that response 
to COH per se cannot predict either the implantation rate or likeli-
hood of a successful pregnancy; it is important to recognize that 
the per embryo implantation rate is largely commensurate with the 
patient’s chronologic age and oocyte quality, and this must be fac-
tored into clinical decisions regarding treatment strategies with 
autologous oocytes versus the alternative of oocyte donation. It is 
to be hoped that future well-designed trials will permit optimiza-
tion of outcomes for this signifi cant subset of the overall ART 
patient population.     
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    Chapter 16   

 Oocyte Retrieval and Quality Evaluation 

           Lucinda     Veeck Gosden     

    Abstract 

   After more than 30 years of harvesting oocytes for in vitro fertilization, collection techniques are well 
established. Presented here are dependable methods for maintaining environmental stability during such 
procedures and general descriptions of the materials collected.  

  Key words     Oocyte  ,   Metaphase I  ,   Metaphase II  ,   Prophase I  ,   Granulosa  ,   Ooplasm  ,   Oolemma  ,   Zona 
pellucida  

1      Oocyte Retrieval 

 During retrieval (harvests), the door between the laboratory and 
the OR remains open in order to allow the circulating nurse to 
deliver tubes of follicular fl uid. Soon after the procedure, this door 
is closed and locked. Before the start of each procedure, an embry-
ologist must check the patient’s armband to verify her name. This 
step is mandatory; failure to appropriately identify the patient 
before beginning an oocyte collection procedure will result in 
employment termination. 

 The circulating nurse states the patient’s name as she enters the 
laboratory. She must place the follicular fl uid aspirates in the heat-
ing block under the hood, left to right in the order of aspiration. 
There should never be more than two or three tubes in the heating 
block. If three tubes have been collected and the embryologist is 
behind in searching for oocytes, the physician must be requested 
to slow the aspiration of follicles. 

 Each patient should be considered a potential carrier of infec-
tious disease, even if appropriate tests have been negative. Viral 
testing results may be overlooked or reported in error. Because of 
the potential for exposure, it is mandatory to comply with OSHA 
regulations requiring gloves and masks when dealing with body 
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fl uids; goggles are recommended by current safety standards but 
not required because of the diffi culty incurred during microscopic 
procedures.
    Equipment : Laminar fl ow hood, heating block, dissecting micro-
scope with stage warmer, inverted microscope with stage warmer, 
CO 2  incubator, video or computer system to display patient’s 
name, intercom for communication, Pipet-Aid, slide warmer, 
Sharps container.  
   Supplies : Sterile 9″ pipettes and bulbs, pipette rack, 5 mL sterile 
pipettes, Falcon or Nunc 60 × 15 mm sterile petri dishes, Terumo 
1 cc syringes, 26G needles, powderless latex gloves, specimen con-
tainers, HEPES-buffered follicle fl ush medium, HEPES-buffered 
oocyte wash medium, equilibrated mineral oil, prepared wash and 
insemination dishes, diamond etching pen, methanol burner, 
pipette rack.     

2    Preparation for Collection of Oocytes 

     1.    Familiarize yourself with the patients’ names and the location 
of culture dishes for cases being retrieved. The patient’s fi rst 
name, last name, and the date must be displayed on a monitor 
within the laboratory and in the O.R. during oocyte collec-
tion. Check with physician  and verify patient’s name on her 
armband ; check again in case of doubt.  Do not hesitate to satisfy 
yourself about the correct identifi cation .   

   2.    Make certain that the heating block temperature is at 37 °C 
and that an appropriate number of tubes containing the cul-
ture media for oocyte washing are in the block. Use one 10 mL 
tube per case, plus 1–2 extra to cover any cases with large num-
bers of oocytes.   

   3.    Place at least 20 Falcon or Nunc dishes on the slide warming 
unit. It is important not to stack dishes deeply since there will 
be little possibility for top dishes to warm properly. As the 
warmed dishes are discarded during the course of the retrieval, 
they may be replaced with new dishes so that a continuous sup-
ply of warmed dishes is available. Remember that the inside of 
dishes must remain sterile. Do not move hands or arms over an 
open dish or leave dishes open for long. Never leave dishes 
open when placed near the edge of the laminar fl ow hood. 
Place several specimen containers nearby to be used for dis-
carding follicular aspirates.   

   4.    Place one dish on the microscope stage warmer to be used for 
oocyte washing. Do not fi ll this dish with HEPES-buffered 
wash medium until just before the case begins.   

   5.    Attach 26G needles to two tuberculin syringes and place under 
the hood. Do not remove plastic needle casings until use.   
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   6.    Flame polish two 9″ sterile Pasteur pipettes, attach pipette 
bulbs to both, and rest each on the pipette rack.   

   7.    Make certain the thermometer in the heating block in the OR 
reads 37 °C. If it does not, delay the fi rst case until the correct 
temperature is obtained; explain to the OR staff that optimal 
results are only realized with appropriate temperature 
conditions.      

3    Collection of Oocytes 

 In conformance with general laboratory guidelines, never allow 
dishes from more than one patient to be placed under the hood at 
the same time. 

 While the fi rst follicle is being aspirated, take a tube of HEPES- 
buffered wash medium from the heating block, remove the cap, 
and decant the contents into the sterile dish (labeled with patient 
name) on the microscope stage warmer. Pipette 5 mL of warmed, 
equilibrated mineral oil over this medium. Cover with the lid and 
push the dish aside until the fi rst oocyte is found. 

 A stereomicroscope is utilized to search for oocytes in the fol-
licular aspirate. As soon as the circulating nurse has placed the fi rst 
aspirate in the heating block, take a prewarmed dish from the slide 
warmer and remove the lid. Decant approximately half of the fol-
licular fl uid into the dish, shake the remainder gently, and then 
decant the fi nal volume into the same dish or the lid. Replace the 
cap on the tube and throw it in the Sharps container. Gently swirl 
the dish while looking for the presence of cumulus or other tissue 
masses of interest. 

 Once one or more oocytes is identifi ed, use the fi rst of the 
sterile Pasteur pipettes to pick up a small volume of the wash 
medium, then pick up the oocyte–corona–cumulus complex(es) 
(OCCs) in as little fl uid as possible. Transfer these to the dish of 
HEPES-buffered wash medium and replace the lid. When it is 
determined that no more oocytes are to be found within the fol-
licular aspirate (all aspirates checked twice), transfer the bloodied 
fl uid to a specimen cup, cap, and discard the empty petri dish into 
the Sharps container (if not collecting this fl uid for research pur-
poses). When requested, save all aspirates from PGD patients for 
the PGD laboratory. Follow this procedure until all aspirates have 
been examined. 

 Physicians are usually anxious about the number of oocytes 
found, and they sometimes make decisions for or against fl ushing 
a follicle based on what is reported. It is recommended that the 
embryologist communicate this information as quickly as possible 
via the circulating nurse or intercom. 
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 Once all oocytes have been collected, remove the plastic covers 
from the needles and proceed to reduce (dissect) the size of each 
cumulus mass, especially those which appear blood-stained or 
atretic (dark, clumped areas within the mass). While dissecting the 
cumulus, always keep the needles at a safe distance from the oocyte. 
Position needles at one pole of the oocyte, never on both sides. 
The cumulus may stick to the dish once dissection has been com-
pleted; detach the cumulus by moving a needle underneath the 
oocyte. 

 After dissection of the oocytes is completed, wash all oocytes 
thoroughly in a second dish of HEPES-buffered wash medium (if 
necessary). Move one of the patient's insemination dishes from the 
incubator to the microscope stage. Check the name on the bottom 
of the dish and read aloud—also check that the individual droplets 
within the dish are suitable for use without debris, contamination, 
or anything else that would compromise patient care. Use the sec-
ond sterile Pasteur pipette to transfer the oocytes out of the wash 
dish into the center droplet of the insemination dish. Rinse oocytes 
several times in the center droplet and then in several droplets to 
the right of the name. Finally, place oocytes (1–8, depending on 
total number collected) into side droplets within the dish, starting 
with the one immediately to the left of the fi rst letter of the name. 
If the dissection requires so much time that the oocytes are at risk 
of pH and osmolality changes, dissect a few oocytes at a time, 
transfer them to the insemination dish, and return the dish to the 
incubator. Return then to the wash dish for further dissections. 
While this procedure is in progress, one needs to keep several 
points in mind:

 ●    Be aware of temperature and pH changes. Warmed mineral oil 
provides a buffer for additional time out of the incubator, but 
this time should not be overextended. When not being used, 
insemination dishes must be kept within a stable CO 2  environ-
ment; note the color of the medium as an indicator of pH.  

 ●   Speed in processing the oocyte is important. It is not wise to 
keep oocytes suspended in bloodied fl uid for more than 1 or 
2 min, since this is not consistent with their natural environ-
ment. If one falls behind (if there are more than three follicular 
aspirates in the heating block), politely request that the aspira-
tion be stopped for a few minutes in order to fi nish processing 
the fl uids.  

 ●   Evaporation quickly affects the osmolality of all media. While 
working with culture dishes, always make sure that all droplets 
are completely covered with oil.  

 ●   If follicular fl uids are exceedingly bloody, replace the wash dish 
accordingly (prepare a second wash dish); do not continue 
with the same dish until the end of the retrieval.  
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 ●   Do not keep oocytes in the dish of HEPES-buffered wash 
medium for prolonged periods of time. Never stop to chat or 
allow visitors or nurses to distract the process. Oocytes should 
be processed and put away at one’s fi rst opportunity.    

 Once the harvest is fi nished and all oocytes have been put 
away, record all relevant information. At this stage, evaluation for 
maturity is only a rough estimate, but it is important to comment 
on general appearance.  

4    General Structure of the Oocyte 

 The diameter of the mature human oocyte is approximately 110–
115 μm and is bounded by a plasma membrane called the 
 oolemma . Surrounding the oocyte/oolemma is a glycoprotein 
envelope called the  zona pellucida , a structure approximately 
15–20 μm wide (becoming a bit thinner after fertilization) that 
protects the oocyte during transport and fertilization. Between 
the oolemma and the zona pellucida is the fl uid-fi lled  perivitelline 
space . The use of this term persists despite its inaccuracy when 
describing the oocytes of humans or most other mammals; it 
acknowledges the word  vitellus , a term traditionally used to 
describe the yolky substance of a hen’s egg which contains abun-
dant nutrient reserves. The cytoplasm of the mammalian oocyte 
is usually referred to as the  ooplasm , a more appropriate term for 
describing the living portion of the human gamete. The main 
organelles of the ooplasm are the mitochondria, the endoplasmic 
reticulum, and the Golgi system. 

 When fully capable of undergoing a normal fertilization pro-
cess, the secondary oocyte is briefl y arrested in its course of matu-
ration at metaphase II of meiosis. Nuclear maturation is usually 
closely attended by a general maturation of the cytoplasm and is 
characterized by an increase in the number of organelles scattered 
throughout the ooplasm. The presence of a fi rst polar body con-
veys that nuclear maturation has reached this stage. 

 Along with the zona pellucida and perivitelline space, the total 
diameter of the mature human oocyte is approximately 150 μm. 

 An oocyte incubated with spermatozoa before reaching meta-
phase II may incorporate a spermatozoon into its ooplasm and yet 
fail to initiate events leading to sperm decondensation; such an 
oocyte ultimately lacks a functional male pronucleus [ 1 ]. One 
study examining 518 non-fertilized oocytes demonstrated that 
22 % had actually been penetrated by sperm, but without oocyte 
activation or pronuclear formation [ 2 ]. Many of these oocytes may 
have been immature when combined with spermatozoa. 

 Besides the requirement for nuclear maturation, it is believed 
that a brief period is necessary after extrusion of the fi rst polar body 
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for the oocyte to gain full cytoplasmic competence. An oocyte that 
is meiotically mature but slightly underdeveloped or overdevel-
oped with regard to its cytoplasm may be more apt to display one, 
three, or more pronuclei. With immature cytoplasm, the cortical 
granule numbers and response may be inadequate; with post- 
mature cytoplasm, cortical granule release may be inhibited due to 
the inward migration of the granules towards the interior of the 
cell. In either instance, there is evidence that the zona reaction is 
also often poorly functional when sperm–oocyte interaction is not 
appropriately timed with regard to oocyte nuclear and cytoplasmic 
maturity [ 3 ]. 

 Oocytes collected for in vitro fertilization are generally sur-
rounded by several layers of cells which defi ne the  cumulus oopho-
rus . Cells of the cumulus are instrumental, via gap junctions, in 
nurturing the oocyte during growth and possibly in passing inhib-
iting factors (e.g., cAMP) necessary for deterring the resumption 
of meiosis [ 4 ]. The innermost layer of cells is called the  corona  or 
 coronal layer . This layer expands and presents a radiant pattern as 
oocytes mature in response to exogenous hCG or a midcycle surge 
of LH. Near ovulation, as they loosen and expand, cumulus cells 
are observed to retract from the zona pellucida of the oocyte, pre-
sumably cutting off the previously important cellular–oocyte com-
munication. It has been proposed that oocytes not associated with 
proliferative cellular changes near ovulation have very limited 
potential for implantation despite fertilization and apparently nor-
mal development in vitro [ 5 ]. 

 In most mammalian species studied in vivo, the oocyte arrives at 
the site of fertilization in the ampulla of the fallopian tube still sur-
rounded by the cumulus mass. The cumulus may play a role in assist-
ing transport of the oocyte into the fallopian tube through fi mbrial 
cilia–cumulus cell contact. Another possible use of the cumulus after 
oocyte maturation is that its radially arranged cells help to guide 
spermatozoa towards the oocyte just before fertilization; however, 
there is no hard evidence for this speculation. Breakup of the cumu-
lus mass is brought about by dissolution of its mucoid hyaluronic 
acid matrix by enzymes released by the spermatozoa. 

 Follicular  membrana granulosa cells  disassociated from cumu-
lus cells are found in follicular aspirates collected for in vitro fertil-
ization. The number of cells collected will vary from follicle to 
follicle according to the extent of negative pressure exerted during 
the suction, the size of the needle, and the overall maturity of the 
follicle. As with cumulus cells, the correlation between morpho-
logical aspects of free granulosa cells and oocyte nuclear maturity is 
not exact, but mature-appearing cells (large, well-dispersed cells) 
are generally collected along with mature oocytes, and immature- 
appearing cells (smaller, tightly packed cells) along with immature 
oocytes. Follicular membrana granulosa cells may be assessed at the 
time of oocyte harvest to aid in the evaluation of follicular maturity. 
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They are subsequently often used during in vitro studies to exam-
ine metabolic activity or steroid synthesis. 

 The oocyte observed while its chromosomes are at metaphase 
I of maturation lacks a fi rst polar body and requires some time in 
culture before attaining full meiotic competence [ 6 ]. Greater than 
98 % of these oocytes will complete their journey towards meta-
phase II and fi rst polar body extrusion. 

 Oocytes with chromosomes at prophase I of maturation exhibit 
a nucleus or germinal vesicle. More than 80 % of these will con-
tinue through metaphase I to metaphase II if isolated and incu-
bated in an appropriate medium for 24 h.  

5    Quality Evaluation: Assessment of Maturity 

 Traditionally, evaluation of oocyte maturity has been based upon the 
expansion and radiance of the cumulus–corona complex which sur-
rounds the harvested oocyte [ 7 ,  8 ]. With this assessment, oocytes 
are rapidly categorized as mature (correlated to metaphase II of 
maturation) when they possess an expanded and luteinized cumulus 
matrix and a radiant or  sun-burst  corona radiata. A less expanded 
cumulus–corona complex denotes an intermediate stage of maturity 
(correlated to metaphase I of maturation), and absence of expanded 
cumulus is generally associated with immaturity (correlated to pro-
phase I of maturation). While this type of analysis usually closely 
approximates the true nuclear status of the oocyte, it is too often 
imprecise and may lead to subsequent laboratory errors in the han-
dling of gametes. In fact, nuclear maturation of the oocyte and cel-
lular maturation of the cumulus are frequently disparate [ 8 – 12 ]. 
When disparity occurs, immature oocytes may be inseminated pre-
maturely and fail to produce a favorable outcome. Besides fertiliza-
tion failure, other detrimental side effects accompany combining 
sperm and eggs at suboptimal times; ovulation induction protocols 
may not be suitably appraised and male factor issues become diffi cult 
to interpret based on poor fertilization results. 

 Because of these pitfalls, techniques have been developed to 
more accurately assess the meiotic status of the oocyte. A system-
atic approach can be used to produce a  maturation score  by grad-
ing the size of the follicle, expansion of the cumulus mass, radiance 
of the corona cells, size/cohesiveness of associated membrana 
granulosa cells, and shape/color of the oocyte itself if visible within 
the mass of surrounding cellular investments. Alternatively, frank 
visualization of the oocyte and its germinal vesicle or fi rst polar 
body can be attempted by spreading out the cumulus mass, or by 
removing it altogether with the aid of enzymes. 

 If clearly visible or denuded of cells, oocytes are classifi ed 
according to the presence or absence of fi rst polar bodies/germinal 
vesicles and are inseminated/injected accordingly:
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    Metaphase II (MII) : First polar body present, no germinal vesicle; 
Inseminated or injected 3–5 h after collection  
   Metaphase I (MI) : No fi rst polar body, no germinal vesicle; 
Inseminated or injected 1–5 h after extrusion of the fi rst polar body  
   Prophase I (PI) : Germinal vesicle present; Inseminated or injected 
26–29 h after collection    

 Our experience has been that oocytes collected at more 
advanced stages of in vivo maturation demonstrate the greatest 
ability to form two pronuclei after insemination [ 6 ,  13 ,  14 ]. 
Fertilization rates drop only slightly when oocytes require a period 
of 5–15 h in culture before extruding the fi rst polar body, but fer-
tilization is markedly reduced when more than 15 h pass before the 
maturational process is completed. The reason for this is likely 
related to sperm functionality as well as oocyte maturity since pro-
cessed sperm may be more than 24 h old before being placed with 
an early MI or PI oocyte. Under these conditions, the precise cause 
of the lower incidence of fertilization of very immature oocytes is 
diffi cult to interpret [ 6 ]. 

 Approximately 20–30 % of oocytes collected for in vitro fertil-
ization are meiotically immature at the time of harvest from the 
ovary. This is undoubtedly due to the stimulation of multiple folli-
cles during clinical ovulation induction, some large and well vascu-
larized, and some small with late recruitment. If all oocytes are 
placed with sperm at the same time, a proportion slightly higher 
than this percentage will fail to become fertilized normally. Logically 
enough, when oocytes are placed with sperm only as they have 
reached full maturity, far better fertilization results are attained. 

 The incidence of abnormal fertilization (1 pronucleus, 3 or 
more pronuclei) is not different between MII oocytes and MI or 
PI oocytes that have matured in culture before insemination or 
injection [ 6 ,  13 ,  14 ]. Pregnancy potential after the transfer of pre-
embryos developed from MII and MI oocytes is similar regardless 
of whether zero or 20 h has been required for maturation before 
insemination or injection [ 15 ]. Only preembryos developing from 
PI oocytes demonstrate a signifi cantly reduced potential for 
implantation and live birth, although such births are certainly 
within the realm of possibility [ 6 ,  16 – 19 ].  

6    The Metaphase II Oocyte (Figs.  1 – 3 ) 

      The MII oocyte is often termed  mature ,  ripened ,  or preovulatory , 
vague descriptions that fail to specify the exact meiotic status of the 
gamete. This oocyte is at a resting stage of meiosis II after extru-
sion of the fi rst polar body and direct passage to metaphase II. 
Chromosomes are divided between the oocyte and the polar body 
(23 chromosomes, 46 chromatids, 2 n  DNA in each), those in the 
oocyte being attached to spindle microtubules [ 1 ]. 
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  Fig. 1    Spreading out the cumulus enables one to visualize an oocyte more clearly. 
This oocyte exhibits homogeneously colored ooplasm and possesses a fi rst polar 
body at 2 o’clock. Cells of the corona radiata are moderately expanded       

  Fig. 2    Stripped of its cumulus cells, the fully mature human oocyte at metaphase 
II of meiosis is shown here ( o  oolemma,  p  perivitelline space,  f  fi rst polar body, 
 z  zona pellucida)       
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  Fig. 3    An oocyte with chromosomes at metaphase II of maturation. Minute cyto-
plasmic inclusions speckle the oocyte surface. Minor defects are noted in the 
zona pellucida at 1 and 6 o’clock. The zona is relatively thin and compact       

 For a while after its formation, the fi rst polar body remains 
connected to the oocyte by the meiotic spindle, forming a cyto-
plasmic bridge. Chromosomes within the fi rst polar body may 
remain clumped together, may undergo a second meiotic division, 
or may scatter within the cytoplasm; generally a nucleus is not 
formed [ 1 ,  20 ]. The fi rst polar body contains cortical granules 
because of its extrusion before sperm penetration and cortical 
granule release; in the oocyte, one to three layers of cortical gran-
ules are present at the periphery. 

 Under the microscope, the oocyte is characterized by its round, 
even shape and displays an ooplasm of light color and homoge-
neous granularity. It is usually associated with an expanded, lutein-
ized cumulus and a  sun-burst  corona radiata. Membrana granulosa 
cells harvested along with the MII oocyte are loosely aggregated, 
with mature features [ 6 ,  8 ,  11 ,  19 ].  

7    The Metaphase I Oocyte (Figs.  4 – 6 ) 

      The MI oocyte is considered  nearly mature  or  intermediate  in mat-
uration. The oocyte has completed prophase of meiosis I; the ger-
minal vesicle and its nucleolus have faded and disappeared. During 
this stage a spindle forms, and recombined maternal and paternal 
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  Fig. 4    A mature-appearing oocyte in its natural state near the time of ovulation. 
At ×100 magnifi cation, the oocyte is seen surrounded by a radiant corona, many 
layers thick, and a less dense outer cumulus oophorus. Under the cover of these 
obscuring cells, the oocyte itself is diffi cult to evaluate, and therefore, precise 
maturational status is uncertain, but a fi rst polar body cannot be visualized       

  Fig. 5    The nearly mature human oocyte at metaphase I of meiosis ( o  oolemma, 
 p  perivitelline space,  z  zona pellucida,  note  no fi rst polar body)       
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chromosomes line up randomly towards the poles. Later, at telo-
phase, whole chromosomes sort independently to oocyte or fi rst 
polar body. 

 An MI oocyte requires 1–24 h in culture before reaching full 
maturity. Those needing less than 15 h are considered  late  in matu-
rity, while those requiring more than 15 h are defi ned as  early  [ 6 , 
 8 ,  11 – 14 ]. 

 Under the microscope, the MI oocyte is characterized by the 
absence of both germinal vesicle and fi rst polar body. A late MI 
oocyte is round and even in form, with homogeneously granular 
and light-colored ooplasm. Early MI oocytes may display minor 
central granularity. Mature-appearing cumulus cells are usually 
associated with late stages. 

 Because fi rst polar body extrusion can occur at any time after 
harvest, it is necessary to examine the oocyte at regular intervals 
to determine the correct timing for insemination. If sperm are 
placed with the oocyte before nuclear and cytoplasmic matura-
tion are complete, they generally fail to decondense within the 
ooplasm, or abnormal fertilization occurs. If insemination is 
delayed too long, in vitro aging may follow with similar unde-
sired consequences [ 1 ,  6 ].  

  Fig. 6    Early metaphase I oocyte demonstrating  slightly darkened , coarse ooplasm 
and an irregular shape at two poles. This oocyte has most likely undergone fairly 
recent germinal vesicle breakdown       
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8    The Prophase I Oocyte (Figs.  7 – 9 ) 

      The PI oocyte is often termed  immature or unripened . It possesses 
a tetraploid amount of DNA due to the presence of 46 double- 
stranded chromosomes. This oocyte begins to mature in response 
to gonadotropin surges and reduction in follicular maturation 
inhibiting factors. The germinal vesicle, which persisted through-
out earlier growth phases, begins its progression to germinal vesi-
cle breakdown (GVBD) and the oocyte enlarges. Most PI oocytes 
collected for in vitro fertilization have been stimulated to resume 
meiosis, are in the fi nal stages of the fi rst meiotic prophase, and 
have already reached full size. If a spermatozoon penetrates this 
immature oocyte, it will fail to promote activation since the oocyte 
is not meiotically mature, and its chromosomes will undergo pre-
mature condensation [ 21 ]. 

 GVBD may occur within minutes or require up to several 
hours after harvest; the length of time appears to depend on how 
far maturational events have progressed within the follicle before 
collection. More than 80 % will succeed in passing through meta-
phase I of maturation to ultimately reach metaphase II [ 6 ]. 

 The germinal vesicle, or nucleus, of the human oocyte is spher-
ical and contains a large, refractile, exocentric nucleolus. Upon 
close examination, a second smaller nucleolus may be detected. 
The germinal vesicle is centrally located within the ooplasm of 
young PI oocytes and in those that exhibit developmental arrest. 

  Fig. 7    An oocyte that appears undermature by the morphological aspects of the 
cumulus and corona cells. The coronal layer, although at least fi ve cells deep, is 
compact rather than radiant, and completely obscures the oocyte. The oocyte itself 
appears  centrally darkened , an observation often correlated to prophase I oocytes       
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  Fig. 9    A typical germinal vesicle-bearing oocyte showing coarse central granu-
larity, a clear peripheral zone, and irregular shape. The germinal vesicle pos-
sesses a large, exocentric nucleolus and two smaller indistinct bodies. Because 
of the peripheral location of the germinal vesicle, it can be assumed that GVBD is 
imminent       

  Fig. 8    The immature human oocyte at prophase I of meiosis ( g  germinal vesicle, 
 o  oolemma,  p  perivitelline space,  z  zona pellucida)       
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It migrates to a more cortical position in healthy oocytes before 
GVBD. The dissolution of the germinal vesicle marks the fi rst prac-
tical microscopic indication that meiosis has resumed. As the 
oocyte matures, defenses against polyspermy are established in the 
form of cortical granule accumulation and alignment at the oocyte 
periphery. These granules are sparse and discontinuous in imma-
ture oocytes [ 1 ]. 

 Under the microscope, the PI oocyte is characterized by its 
distinct germinal vesicle and refractile nucleolus. An irregular 
shape, darkened center, and granular ooplasm are almost always 
displayed. Attached cumulus cells are usually compact and multi-
layered, but may be proliferative. Free follicular membrana granu-
losa cells within the immature follicle are usually small and appear 
in compact masses. PI oocytes with very mature characteristics of 
the cumulus (expanded appearance and very radiant corona) gen-
erally fail to undergo GVBD [ 11 ,  12 ].  

9    The Zona Pellucida 

 The zona pellucida is the prime controller of interspecifi c fertiliza-
tion and as such forbids non-species sperm from entering and con-
tacting the oolemma. The human zona is a relatively thick 
(approximately 7–20 μm), transparent, acellular vestment that sur-
rounds the oocyte and is separated from it by the perivitelline 
space. Under bright-fi eld microscopy the healthy zona of an unfer-
tilized oocyte appears clear and continuous, shows little variation 
in its thickness, and usually displays minor porosity and a slightly 
speckled aspect. Excessive porosity and breakup of the structure 
within a dispersed matrix of granular material can be associated 
with oocyte aging and deterioration. As the period of in vitro cul-
ture passes, the zona often acquires increased porosity and addi-
tional variation in shape and thickness.  

10    Ooplasm 

 In our experience, approximately 8 % of oocytes collected for in 
vitro fertilization display a granular-appearing ooplasm at harvest. 
Fertilization rates are similar for clear and granular oocytes (91 % 
vs. 87 %) although triploid fertilization is marginally higher in the 
granular group.  

11    Vacuoles 

 Ooplasmic vacuolization generally indicates a poor prognosis for 
optimal development of the oocyte. Vacuoles form by dilation and 
coalescence of vesicular elements of smooth endoplasmic reticulum, 
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because of aggregation and fusion of preexisting smaller vacuoles, 
or may be the result of an aberrant endocytosis due to oolemma 
instability. Under the light microscope, vacuoles are noticeably 
membrane-bound, and appear vacant or empty. Although very 
small vacuolar structures (<5 μ) are relatively common and may 
not affect overall developmental potential, large vacuoles (>25 μ) 
probably represent defects that interfere with subsequent growth.  

12    Abnormalities in Cytoplasmic Structure or Organization. From: Van Blerkom 
and Henry [ 22 ] 

        1.    Dark cytoplasm, when examined under a dissecting micro-
scope, and coarse cytoplasm when examined by DIC micros-
copy. This is highly associated with aneuploidy.   

   2.    Extensive vesiculation indicated by the presence of highly 
irregular and coarse appearing cytoplasm.   

   3.    Organelle and/or vesicle clustering, identifi ed by the presence 
of a single, dark mass, usually centrally located. This is often 
associated with fragmented, pyknotic, and scattered 
chromosomes.   

   4.    Organelle-free cytoplasm or partial cortical depletion of organ-
elles. Very few of these were aneuploid.   

   5.    Intracellular necrosis, indicated by small, membrane-limited 
vesicles containing dense inclusions.   

   6.    A single massive accumulation of saccules of the smooth endo-
plasmic reticulum (SER), identifi ed by the presence of a 
smooth, elliptical body of pronuclear dimensions. This is asso-
ciated with aneuploidy.   

   7.    Vacuoles presumed to be of endocytotic origin. This is not 
associated with aneuploidy.      

13    Other Oocyte Abnormalities 

     1.    Bilayered zona pellucida (ZP); excessively pigmented and thick 
ZP; perivitelline debris   

   2.    Binovular or “double” oocytes: two oocytes surrounded by 
one ZP   

   3.    Refractile body   
   4.    Fragmented fi rst polar body (PB); overly large PB; overly 

small PB   
   5.    Severely misshapen oocyte      
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14    What to Do in the Event of 

     Medium contamination : Notify the laboratory director of any suspi-
cious cloudiness or precipitation in culture media. Investigate 
 further to see if potential contamination is restricted to one patient 
only, or affects others as well. If only one patient is affected, make 
new medium, dishes, and droplets, and proceed with the retrieval. If 
the potential contamination is noted after oocytes have already been 
placed in culture, prepare several wash dishes and wash all oocytes 
extensively before transferring to new droplets. In the unlikely event 
that the contamination affects several patients, a serious quality con-
trol problem has occurred and incubators require decontamination. 
The offending microbe will be identifi ed by sending a sample to the 
hospital microbiology laboratory. Be sure to make notation on the 
patient’s laboratory form if excessive tissue or epithelial cells (non-
granulosa) are present in the follicular aspirates. These cells may be 
a source of potential bacterial contamination.  
   Known viral condition : If hepatitis, herpes, or another viral condi-
tion is known, use special safety precautions during all procedures 
requiring oocyte/sperm handling; wash hands immediately before 
and after procedures. Take extreme care to avoid spillage and any 
form of contact with human fl uids. Warn other embryologists ver-
bally and document condition on the patient laboratory form by 
means of a red circular label. Only those embryologists who have 
been immunized with HEPTAVAX* should perform procedures 
on hepatitis positive patients (it is recommended that each member 
of the laboratory staff be immunized).  
   Excessive blood clotting : Extensive dissection of each clot is required.  
   Obvious oocyte immaturity : A long incubation period extending to 
the next day may be necessary before insemination. Notify the lab-
oratory director or supervisor for evaluation.  
   Obvious oocyte atresia : Do not inseminate.  
   No oocytes found during harvest:  All aspirates must be checked by a 
second individual (or more) before discarding the fl uid. The 
attending physician must be notifi ed immediately.        
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    Chapter 17   

 Sperm Retrieval and Quality Evaluation 

           Peter     J.     Stahl    ,     Peter     N.     Schlegel    , and     Marc     Goldstein    

    Abstract 

   Technical refi nements in sperm retrieval methods and the application of advanced reproductive technologies 
(ART) using surgically retrieved sperm have enabled biological paternity in azoospermic men who were 
considered untreatable 20 years ago. Achievement of optimal reproductive outcomes in these patients 
benefi ts greatly from a multistep, interdisciplinary process of sperm acquisition that involves reproductive 
endocrinologists, urologists, or other specialists in male subfertility, and laboratory personnel with exper-
tise in characterizing and isolating sperm from surgically retrieved specimens. The critical steps in this 
process are discussed in this chapter.  

  Key words     Microsurgical epididymal sperm aspiration  ,   MESA  ,   Male factor  ,   Sperm retrieval  ,   Testicular 
fi ne needle aspiration  ,   Testicular large needle aspiration  ,   Testicular sperm extraction  ,   TESE  , 
  Microdissection testicular sperm extraction  ,   mTESE  ,   Azoospermia  ,   Percutaneous epididymal sperm 
aspiration  ,   PESA  ,   Testicular core needle biopsy  ,   Testicular percBiopsy  

1      Introduction 

 The clinical evaluation of azoospermia is reviewed, which provides 
critical information about the nature of the azoospermia (obstruc-
tive vs. nonobstructive), determines adjuvant treatments to 
enhance sperm production prior to retrieval, and guides selection 
of the optimal method for sperm retrieval. Methods for sperm 
retrieval from the epididymis and testis are discussed, including 
percutaneous epididymal sperm aspiration (PESA), microsurgical 
epididymal sperm aspiration (MESA), percutaneous testicular fi ne 
(FNA) and large needle aspiration (LNA), percutaneous core nee-
dle testicular biopsy (percBiopsy), conventional testicular sperm 
extraction (TESE), and microdissection TESE (mTESE). 
Recommendations and methodology for the intra-procedural 
assessment of sample quality to guide the nature and extent of 
sperm retrieval procedures are provided.  
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2    Clinical Evaluation of Azoospermic Men 

 Proper and thorough evaluation of the azoospermic man is essen-
tial for determining whether the infertility is treatable, the need 
for adjunctive fertility therapy (i.e., varicocelectomy or gonado-
tropin replacement), and the optimal method for surgical sperm 
retrieval. Azoospermia may be associated with occult health-
threatening pathology, such as testicular cancer that can be missed 
without complete evaluation [ 1 – 4 ]. Although thorough discus-
sion of the evaluation for azoospermia is beyond the scope of this 
chapter, several critical points that affect the choice of sperm 
retrieval procedure must be emphasized. The key aspects of the 
evaluation are determination of the nature of azoospermia 
(obstructive vs. nonobstructive) and assessment of the risk for tes-
ticular complications. 

 The history is important for identifi cation of factors that may 
predispose to infertility. For example, a history of cryptorchidism 
or gonadotoxic exposure (such as chemotherapy or radiation for 
cancer treatment) suggests nonobstructive azoospermia (NOA), 
whereas a history of vasectomy or inguinal herniorrhaphy after 
prior proven fertility indicates obstructive azoospermia (OA). 
Moreover, the patient’s medical history is the cornerstone of the 
risk assessment for complications after sperm retrieval procedures. 
Patients with bleeding disorders (either congenital or pharmaco-
logically induced), low serum testosterone levels, and solitary  testes 
may be at higher risk for adverse outcomes and should be managed 
accordingly. 

 The volume, consistency, and presence of each testis, epididymis, 
and vas deferens should be assessed by physical examination. Small 
soft testes suggest impaired sperm production; while indurated 
epididymides or absence of palpable vasa deferentia with normal 
volume testes suggests obstruction. Each testis should also be 
examined for indurated areas suggestive of intra-testicular mass. 
The spermatic cords should be inspected and palpated for varico-
celes, which do not generally cause azoospermia but may adversely 
affect sperm production and are surgically correctable [ 5 ]. 

 Laboratory testing should include a semen analysis that must 
confi rm azoospermia by analysis of the pellet derived from cen-
trifugation, and serum tests for testosterone (T) and follicle stimu-
lating hormone (FSH) [ 6 ]. Normal serum hormone levels suggest 
but are not diagnostic of OA, particularly in the setting of normal 
testicular volumes. Although individual laboratory normal ranges 
are highly variable, it is important to recognize that young healthy 
males should have a serum FSH less than 7.6 IU/L. Low T and 
elevated levels of serum FSH typically suggest NOA. It is particu-
larly important to identify the rare patient with unrecognized 
hypogonadotropic hypogonadism (low T, FSH, and LH) because 
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spermatogenesis may be restored by treatment of the underlying 
disorder (i.e., dopamine agonist therapy for macroprolactinoma) 
or with gonadotropin replacement therapy in primary hypogonad-
otropic hypogonadism [ 7 ]. In contrast, men with low T and nor-
mal or elevated FSH levels suffer from NOA due to primary 
testicular failure. These patients are much more common and typi-
cally require surgical sperm retrieval for reproduction. 

 The laboratory evaluation of azoospermic men should also 
include genetic testing [ 6 ] that can be critically informative about 
both the prognosis for sperm retrieval and the risk of disease or 
subfertility in offspring conceived by ART. In OA, testing for 
CFTR mutations is indicated for men with non-palpable vasa def-
erentia or unexplained OA with low ejaculate volumes. Seventy 
percent of such men test will test positive [ 8 ]. In NOA patients, 
testing for karyotypic abnormalities and Y chromosome microdele-
tions is indicated. 

 Karyotypic abnormalities including 47XXY (Klinefelter’s 
 syndrome), are found in 14 % of men with NOA. Klinefelter’s syn-
drome is extremely common with a prevalence of 1/500–1/1,000 
men within the general population. Affected men often go undiag-
nosed and may initially present with infertility and NOA. 
Reproduction is possible in over 60 % of men with Klinefelter’s 
syndrome using microdissection testicular sperm extraction fol-
lowed by intracytoplasmic sperm injection (ICSI). It appears that 
these offspring are not at signifi cantly increased risk of Klinefelter’s 
syndrome or other cytogenetic abnormalities [ 9 ]. 

 Y chromosome microdeletions are transmissible genetic 
lesions that are detected in up to 10 % of American men with 
NOA. The most common is the AZFc deletion that comprises 
40 % of the microdeletions detected in azoospermic men. Sperm 
retrieval is possible in two-thirds of cases. The remaining 60 % of 
Y microdeletions detected in azoospermic men involve loss of the 
more centromeric AZFa and AZFb regions (or combinations of 
AZFb and c regions) of the Y chromosome. Unfortunately the 
latter microdeletions are associated with a near-zero chance of 
sperm retrieval, and must be identifi ed for triage of affected 
patients to use of donor sperm or adoption [ 10 ]. Whenever a 
genetic anomaly is detected, genetic counseling is mandatory 
prior to utilization of ART.  

3    Selection of the Optimal Sperm Retrieval Procedure 

 The sperm retrieval technique should be selected that minimizes 
trauma to the male reproductive tract and yields the highest quality 
sperm in a quantity suffi cient to satisfy the patient’s immediate and 
future reproductive goals. Sperm retrieval techniques vary by ana-
tomic target (epididymis vs. testis) and the method by which sperm 
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acquisition is attempted (percutaneous vs. surgical). Surgical tech-
niques furthermore vary by whether or not the procedure is assisted 
by intraoperative optical magnifi cation (conventional vs. microsur-
gical). The optimal method for sperm retrieval depends upon the 
etiology of azoospermia, the patient-specifi c risk of testicular com-
plications, the reproductive goals of the patient, the technical capa-
bilities of the embryology laboratory, and the skill set and 
preferences of the clinician performing the sperm retrieval proce-
dure (Fig.  1 ).

    Obstructive azoospermia is characterized by diffuse distribution of 
normal or near-normal sperm production throughout the testes. 
Millions of sperm accumulate in the dilated portions of the vas 
deferens and epididymis on the testicular side of the anatomic 
point of obstruction. In most cases, motile sperm may be found in 
the proximal portions of the epididymis and even in the testes of 
men with OA [ 11 ]. 

 Given the wide distribution of sperm throughout the testes 
and epididymides in men with OA, sperm retrieval is possible in 
most cases using any technique. However, each method is associ-
ated with different anesthetic requirements, safety profi les, required 
surgical skills, and sperm yields (Table  1 ). MESA is the retrieval 
technique that reliably yields suffi cient sperm for both immediate 

3.1  Sperm Retrieval 
Procedures in Patients 
with Obstructive 
Azoospermia

  Fig. 1    Flowchart for determining optimal sperm retrieval method       
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assisted conception and cryopreservation for future reproduction. 
Blind percutaneous procedures and testicular retrievals should be 
avoided in patients at high risk for testicular complications, includ-
ing men with solitary testes, those with congenital or pharmaco-
logically induced bleeding diatheses, and patients with low serum 
T who are at risk for post-procedural androgen defi ciency. The 
safest approach in these patients is MESA performed by an experi-
enced microsurgeon.

     Nonobstructive azoospermia is characterized by severely defi cient 
or absent sperm production such that sperm are not present in the 
ejaculate. However, testicular sperm are retrievable in more than 
half of men with NOA [ 12 ]. Histological evaluation of the testes of 
men with NOA commonly demonstrates a predominance of 
seminiferous tubules devoid of germ cells (Sertoli cell only pattern) 
or with germ cells that fail to mature to elongated spermatids 
(maturation arrest pattern). However, small foci of complete 
spermatogenesis are often present in these testes with more complete 
evaluation than is possible with a limited random biopsy. 

 The fundamental understanding that sperm production is ran-
domly and heterogeneously distributed throughout the testes is 
the most important principle to consider when selecting a sperm 
retrieval procedure for an NOA patient. Regardless of the method 
by which retrieval is attempted, the objective is to maximize the 
likelihood of sampling the small sperm-containing areas of the tes-
tes. Several strategies have been employed, including removal of a 
large volume of randomly selected seminiferous tubular tissue in a 
single biopsy (TESE), removal of multiple random specimens from 
multiple areas of each testis (multiple site TESE), and percutane-
ous testicular needle aspiration (FNA or LNA) or core needle 
biopsy (percBiopsy) from multiple random sites within each testis. 
Most recently, mTESE has been developed wherein larger diame-
ter, more opaque seminiferous tubules are visually identifi ed and 
selectively sampled with the aid of optical magnifi cation provided 
by an operating microscope [ 13 ]. 

 The optimal method for sperm acquisition in men with NOA 
remains controversial. The relevant literature is comprised pre-
dominantly of retrospective, non-randomized observational stud-
ies. Suffi ciently powered randomized prospective trials comparing 
sperm retrieval methods have not been performed in men with 
NOA. Nonetheless, signifi cant evidence suggests that open surgi-
cal sperm retrieval is more effective than percutaneous procedures 
for sperm acquisition in men with NOA. The characteristics of the 
sperm retrieval procedures most commonly used in clinical practice 
for treatment of NOA are listed in Table  2 .

   Although several groups have reported SRRs for percutaneous 
procedures in men with NOA that are similar to the published 
SRRs for open surgical approaches [ 14 ,  15 ], most studies that 
have directly compared percutaneous and surgical retrieval have 
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demonstrated that open surgery is associated with higher sperm 
retrieval rates [ 16 ,  17 ]. Furthermore, several studies have shown 
that sperm may be immediately identifi ed with open surgery in a 
signifi cant proportion of cases when percutaneous retrieval has 
failed [ 18 ,  19 ]. For these reasons, the American Urological 
Association recommends TESE or mTESE as the procedures of 
choice for sperm retrieval in men with NOA [ 20 ]. 

 Moreover, most comparisons of TESE with mTESE have dem-
onstrated that mTESE yields higher SRRs, increased quantities of 
retrieved sperm from smaller tissue fragments, and a lower risk of 
testicular atrophy or fi brosis [ 21 ]. However, mTESE requires sig-
nifi cantly longer operative times and microsurgical expertise that is 
not accessible at many centers.   

4    Percutaneous Methods for Sperm Retrieval 

 Percutaneous sperm retrieval techniques are minimally invasive 
procedures that may be performed in the outpatient setting under 
local anesthesia. They are considerably more convenient, less costly, 

   Table 2  
  Characteristics of sperm retrieval methods used in men with nonobstructive azoospermia   

 Procedure  Anesthetic  Required skills 

 Sperm 
retrieval 
rate (%)  Yield 

 Testicular FNA 
(21–23 G) 
[ 14 ,  28 ,  54 ] 

 Local with or 
without sedation 

 Spermatic cord 
block, 
percutaneous 
needle aspiration 

 17–59  <10 to thousands of sperm, 
cryopreservation possible 
in one study in 42 % 
of cases when sperm 
were retrieved [ 14 ] 

 Testicular LNA 
(14–20 G) 
[ 14 – 16 ,  28 , 
 32 ,  55 ] 

 Local with or 
without sedation 

 Spermatic cord 
block, 
percutaneous 
needle aspiration 

 26–60  <10 to thousands of sperm 
(poorly reported in most 
studies), cryopreservation 
possible in some cases 
(poorly reported) 

 TESE [ 16 , 
 21 ,  41 ] 

 General, regional 
with or without 
sedation, or local 
with or without 
sedation 

 Scrotal 
exploration, 
excisional testis 
biopsy 

 17–70  <10 to thousands of sperm 
(poorly reported in most 
studies), cryopreservation 
possible in some cases 
(poorly reported) 

 mTESE 
[ 21 ,  41 ] 

 General (preferred), 
regional plus 
sedation, or local 
plus sedation 

 Scrotal 
exploration, 
microsurgery 

 33–77  <10 to thousands of sperm 
(poorly reported in most 
studies), cryopreservation 
possible in some cases 
(poorly reported) 
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and more accessible than open surgical procedures because neither 
an operating room nor an anesthesiologist nor a trained surgeon is 
required. However, these procedures are performed blindly and 
pose a theoretical risk of injury to the testis, epididymis, and sper-
matic cord structures. In most reported series, however, signifi cant 
complications are rare. Perhaps of more signifi cance than the theo-
retical risk of complications is that percutaneous procedures gener-
ally yield lower quantities and quality of sperm with greater sample 
contamination with red blood cells than open surgical procedures, 
particularly when the open procedures are assisted by optical mag-
nifi cation. Therefore percutaneous sperm retrieval procedures are 
best suited to uncomplicated patients for whom cryopreservation 
of sperm for subsequent attempts at assisted reproduction is not a 
high priority. 

  Successful administration of local anesthetic enables offi ce-based, 
percutaneous sperm retrieval in appropriately selected cases. 
Anesthesia of the scrotum and scrotal contents is best achieved 
when a spermatic cord block is combined with infi ltration of the 
scrotal skin with a local anesthetic, as the skin and scrotal contents 
are innervated separately (the skin by cutaneous branches of the 
pudendal nerve, and the scrotal contents by branches of the 
genitofemoral and ilioinguinal nerves as well as sympathetic and 
parasympathetic nerves within the spermatic cord). This approach 
is safe and provides highly satisfactory or satisfactory anesthesia in 
92 % and 8 % of cases, respectively [ 22 ]. 

 Suggested equipment and medications for spermatic cord 
block are topical anesthetic cream (i.e., 2.5 % lidocaine/2.5 % 
 prilocaine cream, EMLA), local anesthetic without epinephrine 
(i.e., 0.25 % bupivacaine mixed 1:1 with 0.5 % lidocaine) buffered 
with NaHCO 3  (local anesthetic mixture mixed 9:1 with 8.4 % 
NaHCO3 solution), a 20 mL syringe with fi nger holes for one-
handed aspiration and injection, a 25–30 G 1.5 cm hypodermic 
needle, sterile drapes, and antiseptic solution. Administration of an 
oral or sublingual benzodiazepine such as clonazepam 1 h prior to 
the procedure may facilitate patient relaxation and comfort. Topical 
anesthetic cream is applied to the scrotal skin for 15 min, after 
which the scrotum is washed with antiseptic solution and isolated 
with sterile drapes. 

 The spermatic cord is identifi ed at the inguinal–scrotal junc-
tion after it has exited the external inguinal ring or within the high 
scrotum. It is grasped between the thumb and index or middle 
fi nger of the surgeon’s non-dominant hand and isolated, making 
sure that the vas deferens is included. The needle is inserted per-
pendicularly to the spermatic cord and advanced until the surgeon 
is certain that the tip of the needle has reached the most posterior 
aspect. The spermatic cord is then infi ltrated with 10 mL of buff-
ered local anesthetic as the needle is slowly withdrawn. Manipulation 
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of the needle within the spermatic cord is minimized so as to 
decrease the chance of vascular or vasal injury. After completion of 
the spermatic cord block, the scrotal block is completed by subcu-
taneous infi ltration of the scrotal skin at the intended site of the 
procedure with local anesthetic solution (e.g., 1 % lidocaine with 
epinephrine). It may be helpful to buffer the acidity of this solution 
with a 1:9 addition of bicarbonate solution to the anesthetic to 
limit the acidity of fl uid that can have contact with the retrieved 
sperm as well as to limit the pain of injection of an acidic solution 
in the scrotum.  

  Percutaneous epididymal sperm aspiration (PESA) (Fig.  2 ) is 
typically performed in the outpatient setting after administration 
of local anesthesia, with or without oral or intravenous sedation. 
It is a simple and safe method that is effective in approximately 
81–100 % of men with OA [ 23 – 28 ]. PESA is only effective when 
the epididymis is dilated due to obstruction, and therefore should 
only be used in patients with OA. Equipment needed for the 
procedure includes two 1 mL syringes, a 21–28 G butterfl y needle 
connected to silicone tubing, human tubule fl uid (HTF) or another 
appropriate sperm transport solution, a sperm collection container, 
and a benchtop microscope.

   The epididymis is stabilized between the thumb and forefi nger of 
the surgeon’s non-dominant hand. The butterfl y needle is inserted 
through the skin into the caput epididymis. Constant and gentle 

4.2  Percutaneous 
Epididymal Sperm 
Aspiration

  Fig. 2    Percutaneous epididymal sperm aspiration (PESA)       
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 negative pressure is applied by aspirating with a 1 mL syringe attached 
to the silicone tubing of the butterfl y needle. The needle is manipu-
lated within the epididymis until fl uid is returned. Some investigators 
prefer to use a standard straight needle connected directly to a 1 mL 
syringe. It is important to note that in some cases the amount of fl uid 
aspirated is so small that it is not easily visible. After aspiration, the 
epididymal aspirate is fl ushed with a small amount of sperm transport 
solution into the sperm collection container. A droplet of the col-
lected fl uid is placed on a slide and examined microscopically for the 
presence, quantity and motility of sperm. Multiple or bilateral punc-
tures may be required to obtain suffi cient sperm-containing fl uid. We 
have generally avoided PESA because of the admixture of sperm with 
high DNA fragmentation with the best sperm that necessarily occurs 
with this procedure.  

  Testicular sperm aspiration is generally considered the least 
involved and technically easiest procedure for acquiring sperm. 
It may be performed in the offi ce setting under local anesthesia, 
requires little time, is well-tolerated, does not require advanced 
surgical or microsurgical training, and is generally safe. Testicular 
needle aspiration techniques are more versatile than PESA and 
may be used in patients with both OA and NOA, although the 
sperm retrieval rates (SRR) are lower in patients with NOA. 
Generally, these procedures may be subdivided into FNAs that use 
small bore needles (21–23 G) and LNAs that use large bore 
needles (14–20 G). 

 Reported SRRs in OA patients with FNA and LNA are 
52–100 % [ 29 – 31 ] and 98–100 % [ 15 ,  29 ,  32 ], respectively. 
Reported SRRs in NOA for FNA and LNA are 7–59 % [ 14 ,  17 ,  28 , 
 33 ,  35 ] and 26–60 % [ 15 ,  16 ,  28 ,  34 ], respectively. The wide range 
of reported SRRs with testicular sperm aspiration in NOA refl ects 
signifi cant inter-study variability in patient characteristics, needle 
aspiration technique, needle size, number of testicular punctures, 
and surgeon experience. 

 Required equipment includes a 10 or 20 mL syringe with fi n-
ger holes for one-handed creation of negative pressure during aspi-
ration, a smaller 1–5 mL fl ushing syringe fi lled with human tubule 
fl uid (HTF) or another appropriate sperm transport solution, a 
14–23 G hypodermic or butterfl y needle connected to silicone 
tubing, a clamp for occlusion of the silicone tubing (if used), a 
sperm collection container, and a benchtop microscope. 

 The testis is stabilized with the surgeon’s non-dominant hand 
within the taut scrotal skin after a spermatic cord and scrotal skin 
block. The needle is inserted through medial or lateral surface of the 
testis near the anterior mid-pole, where the testes are relatively avas-
cular, and directed towards the contralateral upper pole while con-
stant, negative pressure is applied (Fig.  3 ). It is important to avoid 
the midline of the lower pole because of the critical location of the 
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testicular blood supply in this region of the testis under the tunica 
albuginea. The needle may be gently redirected and manipulated 
within the testis without exiting the entry site through the tunica 
albuginea, so as to maximize the area of the testis sampled while 
minimizing intrusions through the vascular tunica albuginea. If a 
butterfl y needle is used, the silicone tubing is clamped to maintain 
negative pressure prior to removal of the needle from the testis, after 
which the 20 mL syringe is exchanged for the smaller fl ushing 
syringe containing sperm transport solution.

   The contents of the tubing are then fl ushed into the sperm 
collection container. If a butterfl y needle is not used, the aspirated 
fl uid and/or tissue fragments in the needle and syringe are simply 
fl ushed into the sperm collection container. A droplet of the col-
lected fl uid is placed on a slide and examined microscopically for 
the presence, quantity and quality (morphology and motility) of 
sperm. If signifi cant tissue fragments were obtained, those frag-
ments should be mechanically disrupted prior to microscopic eval-
uation of the specimen. Multiple punctures are often required.  

  Testicular percBiopsy (Fig.  4 ) is another minimally invasive 
percutaneous technique whereby sperm may be harvested from the 
testis in the offi ce setting under local anesthesia. In contrast to 
TESA and PESA, testicular percBiopsy provides morphologically 
undisturbed testicular tissue fragments that are suffi cient for 
standard histologic assessment of spermatogenesis. Most studies of 
testicular percBiopsy for sperm retrieval have focused upon men 

4.4  Testicular Core 
Needle Biopsy 
(Testicular PercBiopsy)

  Fig. 3    Needle aspiration of testis       
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with OA, in whom reported SRRs are 82–100 % [ 30 ,  35 ,  36 ]. 
One small study has also reported successful sperm retrieval in 
60 % of 10 men with NOA using testicular percBiopsy [ 37 ].

   Testicular percBiopsy is performed with an automatic spring- 
loaded needle with an outer cannula and an inner, notched rod in 
which a testicular tissue fragment is automatically cut, trapped and 
withdrawn from the testis upon fi ring (i.e., Trucut needle). A 14 G 
spring-loaded needle with a short 1 cm excursion is ideal. In addi-
tion to the spring-loaded biopsy needle, other required equipment 
includes a tissue collection container fi lled with human tubule fl uid 
(HTF) or another appropriate sperm transport solution, a separate 
specimen container containing Bouin’s solution or another appro-
priate fi xative (if diagnostic biopsy is clinically indicated), and a 
benchtop microscope. A scalpel for mini-incision of the scrotal skin 
is optional. 

 The testis is stabilized with the surgeon’s non-dominant hand 
within the taut scrotal skin after a spermatic cord and scrotal skin 
block. A mini-incision of the scrotal skin with a pointed scalpel 
blade avoids contamination of the sample with skin and facilitates 
accurate placement of the biopsy needle tip prior to fi ring. The 
needle tip is placed through the skin or skin mini-incision until the 
tip of the needle is in direct contact with the tunica albuginea of 
the testis. Gentle pressure is applied to maintain steady contact 
with the tunica albuginea and the spring-loaded biopsy needle is 

  Fig. 4    Testicular core needle biopsy       
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fi red. The needle should be directed such that its path is through 
the relatively avascular medial or lateral anterior mid-pole towards 
the contralateral upper pole. 

 After each biopsy, the spring-loaded needle is removed and the 
tissue is placed in the proper specimen container. If diagnostic 
biopsy is being performed, manipulation of the biopsy specimen 
should be minimized. Core needle biopsies obtained for the pur-
pose of sperm retrieval should be mechanically disrupted within 
the sperm transport media to liberate sperm from intact seminifer-
ous tubules within the biopsy prior to microscopic analysis. 
Multiple core biopsies may be obtained through the same entry 
points in the skin and testis.  

  Patients who undergo percutaneous sperm retrieval procedures 
should be treated similarly to any patient who undergoes a minor 
surgical procedure. Immediate, appropriate post-procedural care, 
activity restrictions, and appropriate clinical follow-up are critically 
important to decrease the risk of complications and to ensure that 
any complications that do arise are expeditiously managed. Ice and 
compression should be applied to the scrotum immediately 
following any sperm retrieval procedure, including those performed 
percutaneously. Placement of an ice pack within an appropriately 
sized scrotal supporter for 30 min is usually suffi cient. Patients 
should be advised to rest for 1–2 days, to minimize physical activity 
for 2 weeks, and to avoid heavy lifting for at least 4 weeks. Mild 
post- procedural scrotal swelling is expected, but signifi cant swelling 
or scrotal pain should be promptly evaluated. Clinical follow-up 
including physical examination of the scrotum is mandatory and 
should occur within 2 weeks of the procedure. Post-procedural 
scrotal ultrasonography is not required in routine cases but is an 
excellent modality by which possible complications may be 
investigated.   

5    Surgical Methods for Sperm Retrieval 

 Open surgical methods for sperm retrieval from the epididymis and 
testis are the most commonly performed sperm retrieval proce-
dures and are considered by most experts to be the gold standard [ 21 ]. 
During these procedures, the testis or epididymis is surgically 
exposed and epididymal fl uid or testicular tissue is extracted under 
direct vision, with or without optical magnifi cation provided by an 
operating microscope. 

  Microsurgical epididymal sperm aspiration (MESA) (Fig.  5 ) is the 
gold standard approach for epididymal sperm retrieval in OA 
because it yields millions of high quality, motile sperm with 
minimal specimen contamination with red blood cells [ 38 ,  39 ]. 

4.5  Post-procedural 
Care Following 
Percutaneous Sperm 
Retrieval

5.1  Microsurgical 
Epididymal Sperm 
Aspiration
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General anesthesia, spinal or local anesthesia may be used. Required 
equipment includes a 6–25× operating microscope, surgical and 
 microsurgical instruments including an ophthalmic micro-knife, a 
benchtop phase-contrast or light microscope, 5 μL glass pipettes, 
silicone tubing that attaches to both a syringe and the pipettes, 
human tubule fl uid (HTF) or another appropriate sperm transport 
solution, and glass slides with coverslips.

   After induction of general anesthesia the patient’s scrotum is 
shaved, prepped, and draped in sterile fashion. The scrotal skin, 
dartos muscle, and tunica vaginalis are divided to expose the testis 
and epididymis. The surgeon grasps the testis with his or her non- 
dominant hand and stabilizes the epididymis between his or her 
thumb and index fi nger. The epididymis is inspected at 10–15× 
magnifi cation to select dilated tubules containing golden, semi- 
translucent fl uid (usually in the caput) for aspiration. Opaque, yel-
low tubules typically contain only sperm heads and debris and 
should be avoided. 

 The epididymal tubules are exposed by careful incision or 
excision of the overlying epididymal tunic at 15–20× magnifi cation. 
Meticulous hemostasis is obtained with bipolar electrocautery to 
avoid contamination of the epididymal fl uid with blood, avoiding 
the application of excess heat to the underlying epididymal 
tubules. The epididymal tubule is then sharply punctured with 
an ophthalmic micro-knife or aspirated using the quantitative 
micropuncture apparatus. A touch-preparation slide of epididy-
mal fl uid is the prepared by immediately and gently pressing a 

  Fig. 5    ( a ) Microsurgical epididymal sperm aspiration (MESA). ( b ) View of MESA with procedural apparatus       
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slide onto the incised epididymal tubule. The epididymal fl uid on 
the slide is covered with a coverslip and examined under the 
benchtop microscope. 

 This procedure is repeated until an epididymal site containing 
microscopically adequate fl uid is identifi ed, moving toward the 
caput of the epididymis with each successive puncture that does 
not yield suffi cient quality epididymal fl uid. In nearly all patients, 
better sperm motility is found closer to the testis in the caput 
region of the epididymis. It is exceedingly rare to have no sperm 
motility in all areas of the obstructed epididymis. Such a fi nding 
should alert the surgeon that they are too far distal in the obstructed 
reproductive tract, except in the extremely rare patient with ciliary 
dysfunction. If necessary, the efferent ductules may be exposed by 
refl ection of the caput epididymis away from the testis and indi-
vidual tubules are aspirated with compression of the testis to facili-
tate outfl ow of intratesticular fl uid. In some cases, it may be 
necessary to expose and aspirate the contralateral epididymis to 
optimize the yield of the procedure. 

 When adequate epididymal fl uid is identifi ed, it is collected 
atraumatically with glass micropipettes by simple capillary action or 
with a specialized micropuncture apparatus. The tip of a 5 μL 
micropipette (0.5 mm luminal diameter, 0.9 mm outer diameter) 
is placed adjacent to the effl uxing epididymal tubule. Fluid is col-
lected into multiple pipettes until its fl ow ceases or enough high- 
quality epididymal fl uid has been collected. Ten to 20 microliters 
of epididymal fl uid may be easily collected with this technique 
within 10–20 min [ 40 ]. The micropipettes are fl ushed with a small 
amount of HTF or another sperm transport solution into a collec-
tion container by connecting a 1 mL syringe to the pipette with 
medical grade silicone tubing (or tubing from a butterfl y needle). 
If the micropuncture apparatus is used, the collecting tubing and 
micropipette are similarly back-fl ushed with sperm wash medium. 
The epididymal tubule is sealed with bipolar electrocautery and 
hemostasis is ensured. The epididymis and testis are returned to 
their normal anatomic position within the tunica vaginalis, which 
is closed with an absorbable suture. The dartos and skin are then 
closed. Bacitracin ointment is applied to the incision. Postoperatively, 
a scrotal supporter provides patient comfort and minimizes scrotal 
edema.  

  Open excisional biopsy of seminiferous tubular tissue, referred to 
as TESE (Fig.  6 ) is the most commonly described and performed 
procedure for sperm retrieval. TESE may be performed in cases of 
both OA and NOA, though some clinicians prefer less- invasive 
techniques to minimize the morbidity of sperm retrieval in cases of 
OA. Several techniques have been described that vary in the 
approach by which the testis is surgically accessed and the number 
and location of excisional testicular biopsies that are taken.

5.2  Conventional 
Testicular Sperm 
Extraction
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   Reported SRRs with TESE in men with NOA range from 17 
to 70 % [ 41 ]. The large range of reported outcomes refl ects signifi -
cant inter-study heterogeneity in the characteristics of the patient 
populations studied, methodological differences in TESE tech-
nique, and differences in surgical and laboratory expertise in fi nd-
ing sperm within testicular tissue. In a 2005 analysis of the 
published literature including observational studies, Colpi et al. 
reported a mean SRR of 52 % for TESE [ 42 ]. However, only a few 
studies have included adequate numbers of patients and have also 
reported histological features of men with NOA who underwent 
TESE. In these studies, reported SRRs are 41–58 % [ 43 – 47 ], with 
the higher SRR reported in a cohort predominantly composed of 
men with hypospermatogenesis, which is the most favorable histo-
logic variant of NOA. 

 TESE is performed in an operating room under local, regional, 
or general anesthesia. Standard surgical instruments including a 
small curved scissor, and an electrocautery device, appropriate 
suture material, HTF buffered with HEPES and Plasmanate/other 
protein source or another sperm transport solution, Bouin’s solu-
tion or another appropriate fi xative (if diagnostic biopsy is indi-
cated), and specimen collection containers are required. A benchtop 
microscope is highly recommended to direct the procedure. 

  Fig. 6    Conventional testicular sperm extraction (TESE)       
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 The scrotal skin is incised transversely within a skin fold or 
longitudinally within the median raphe. The underlying dartos 
muscle is divided with cautery to expose the tunica vaginalis. At this 
point either a small incision may be made in the tunica vaginalis 
to fashion a window through which the testis may be accessed, or 
a large incision in the tunica vaginalis may be made through which 
the testis and epididymis may be completely delivered into the 
surgical fi eld. If multiple biopsies are planned, the latter approach 
provides maximal exposure and facilitates access to all portions of 
the testis. 

 A small incision is made in the tunica albuginea of the testis in 
an avascular plane between the transverse subtunical blood vessels, 
which may be visually identifi ed using optical magnifi cation pro-
vided by loupes or an operating microscope [ 48 ]. Meticulous 
hemostasis is obtained with bipolar or monopolar electrocautery. 
The testis is gently squeezed to extrude seminiferous tubular tis-
sue, which is sharply excised using a small sharp curved scissor (i.e., 
curved Iris scissor). If a diagnostic biopsy is indicated, the exci-
sional biopsy is transferred directly from the scissor to a nonstick 
surface (such as a moistened piece of cut-out surgical drape) with-
out grasping the tissue, in order to preserve the architecture of the 
seminiferous tubules to enable proper histologic assessment of 
spermatogenesis. Excised seminiferous tubular tissue for sperm 
retrieval is placed directly into a specimen collection container con-
taining sperm transport solution. If a benchtop microscope is 
accessible in the operating room, the tissue is processed within 
sperm transport solution to mechanically disrupt the seminiferous 
tubules. A droplet of the testicular tissue suspension is examined 
under the microscope to direct the extent and duration of the 
procedure. 

 Multiple specimens may be taken from the same site by repeat-
edly squeezing the testis to extrude tissue. Moreover, multiple 
incisions in the tunica albuginea may be made to sample different 
areas of one or both testes. Indeed, observational evidence sug-
gests higher SRRs with multiple biopsies taken from multiple sites 
in comparison to single site biopsies [ 49 ]. Furthermore, several 
publications have shown that sperm are found in a signifi cant por-
tion of cases in second or third biopsies when the fi rst biopsy is 
negative [ 50 ]. 

 The tunica albuginea is closed with delayed absorbable or non- 
absorbable suture once the surgeon has decided to stop excising 
testicular tissue. Meticulous hemostasis must be obtained, after 
which the tunica vaginalis is closed. Long-acting local anesthetic 
without epinephrine (0.5 % bupivacaine) may be injected into the 
space between the tunica albuginea and tunica vaginalis after  closure 
of the tunica vaginalis. The skin and dartos muscles are closed with 
absorbable suture after infi ltration with long-acting local anesthetic 
containing epinephrine (0.5 % bupivacaine with  epinephrine). 
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Postoperatively, an ice pack is left within a scrotal supporter. 
Activities are restricted to mostly rest for 1–2 days, minimization of 
vigorous activity for 2–3 weeks, and avoidance of heavy lifting for 
4 weeks. Patients are provided with postoperative analgesics and 
reevaluated clinically within 4 weeks of surgery.  

  Microdissection testicular sperm extraction (mTESE) (Fig.  7 ) 
employs high power optical magnifi cation to optimize the 
effi ciency, safety and effi cacy of TESE. This technique requires the 
coordinated efforts of a trained microsurgeon and an experienced 
embryology team. Reported SRRs are the highest of all sperm 
retrieval techniques in NOA (33–77 %) and most comparative 
studies have demonstrated superiority compared to TESE in SRR, 
sperm yield per mg of testicular tissue excised, and safety profi le 
[ 12 ,  13 ,  21 ]. However, mTESE is signifi cantly more time- 
consuming, more expensive, and less accessible due to the scarcity 
of trained andrological microsurgeons.

   The initial surgical steps are identical to those used during 
conventional TESE to expose the testis. However, the operating 
microscope is brought into the fi eld prior to incision of the testis. 
Optical magnifi cation facilitates incision of the tunica albuginea in 
an avascular plane so as to minimize disruption of the blood sup-
ply to the testicular parenchyma. The tunica albuginea is incised in 
the testicular equatorial plane for 270°, thereby maximizing surgi-
cal exposure of the testis and allowing for manual eversion and 

5.3  Microdissection 
Testicular Sperm 
Extraction

  Fig. 7    Microdissection testicular sperm extraction (mTESE)       
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microdissection of the upper and lower testicular poles. Wide incision 
of the tunica albuginea is important to allow clear access to all 
areas of bleeding, especially the rich plexus of vessels that are 
immediately underneath the tunica albuginea. Small areas of 
bleeding are selectively coagulated with a micro-bipolar forceps, 
thereby minimizing damage to adjacent testicular tissue. 

 Healthy-appearing seminiferous tubules that appear thicker 
and more opaque are identifi ed by anatomic microdissection within 
the superfi cial and deep layers of the testis. Manipulation of the 
tissue must be done in an atraumatic fashion to avoid disruption of 
tissues from their blood supply, but is necessary to allow access to 
all areas of testicular tissue. Each selected tubule is carefully dis-
sected out along as much of its length as possible. A microsurgical 
platform forceps (to allow grasping of the fi ne seminiferous 
tubules) is highly preferred to expedite the procedure. As they are 
extracted, tubules are mechanically disrupted and passed to an 
embryologist that is present in the operating room for immediate 
evaluation. By evaluating testicular samples in real time, the sur-
geon can stop the procedure as soon as the presence of sperm is 
confi rmed, thereby minimizing operative time and removal of tes-
ticular tissue. Complete bilateral testicular microdissection may 
take up to 4 h, or initially more, early in a surgeon’s experience. 
Once the procedure is completed, the tunica albuginea is reap-
proximated with delayed absorbable or non-absorbable suture. 
Closure of the tunica vaginalis, dartos muscle, and scrotal skin is 
performed as was described for TESE.   

6    Intra-procedural Evaluation of Sperm Quality 

 Intra-procedural evaluation of sperm quality within extracted epi-
didymal fl uid and testicular tissue provides critical information that 
directs the duration and extent of sperm retrieval procedures. 
Immediate microscopic evaluation of extracted specimens is the 
cornerstone of the quality evaluation and relies upon several impor-
tant factors including the intra-procedural handling and processing 
of extracted specimens, the method by which wet mount slides are 
prepared, and the expertise of the embryologist or andrologist per-
forming the microscopic evaluation. 

  The intra-procedural quality evaluation of epididymal fl uid is easier 
when specimen contamination with red blood cells is minimized. 
During MESA, which yields signifi cantly less contaminated fl uid 
than PESA, a clean touch-prep slide can be made by simply 
touching the slide to the incised epididymal tubule. A droplet of 
HTF or another sperm transport solution is gently mixed with the 
epididymal fl uid on the slide and the fl uid mixture is covered with 

6.1  Preparation of 
Wet Mount Slides from 
Epididymal Fluid
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a coverslip. Touch-prep wet mount slides are the simplest, quickest 
slides to make and are useful for intraoperative decision-making 
during MESA. 

 Wet mount slides can also easily be prepared from epididymal 
fl uid after it has been collected and deposited into the sperm col-
lection containers during MESA or PESA. Such slides may be 
made with more precision than touch-prep slides and are preferred 
for quantitative determination of sperm concentration and percent 
motility. Ten microliters of sperm-containing fl uid is placed on a 
glass slide and covered with a coverslip to achieve an optimal cham-
ber depth of approximately 20 μM. Shallower chambers (less vol-
ume) for microscopic evaluation may encumber sperm motility, 
whereas sperm will move in and out of focus in deeper chambers 
(larger volume) and be more diffi cult to observe and count [ 51 ].  

  Extracted testicular tissue is immediately placed in 0.5–1 mL of 
HTF or another appropriate sperm transport solution within a 
small petri dish or conical tube. If the specimen is contaminated by 
blood, it may be gently irrigated with lactated Ringer’s solution 
either during or immediately following extraction using a 10 mL 
syringe attached to an angiocatheter. The use of gauze to remove 
blood from testicular tissue should be avoided so as to avoid loss of 
seminiferous tubules that may become trapped within the gauze 
fi bers. 

 The effi ciency of fi nding sperm in extracted testicular tissue is 
enhanced by aggressive mechanical disruption of seminiferous 
tubular tissue to allow sperm to be released from the tubules and 
identifi ed. Intra-procedural processing of testicular tissue is criti-
cally important in men with NOA to optimize the effi ciency of 
sperm recognition, enabling the surgeon to stop removing testicu-
lar tissue as soon as adequate sperm are identifi ed. The extracted 
tissue is minced with a small sharp scissor for several minutes. After 
mincing, the processed suspension of testicular tissue is aspirated 
into a small syringe and passed through sequentially smaller angio-
catheters (16–24 G). This process is continued until the suspen-
sion is easily passed multiple times through a 24 G angiocatheter 
to assure that the testicular tissue suspension has been adequately 
disrupted. This method of testicular tissue processing can increase 
sperm yield up to 300-fold [ 52 ]. Wet mount slides are prepared by 
placing 10 μL of the testicular tissue suspension on a glass slide and 
covering with a coverslip.  

  Microscopic evaluation is best performed with a phase-
contrast microscope, but may also be performed with a standard 
light microscope. The wet mount slide is viewed under 200–400× 
magnifi cation. The presence and quantity of other cell types 
including red blood cells and germ cells are noted. Sperm 
concentration, total motility, progressive motility, and morphology 

6.2  Preparation of 
Wet Mount Slides from 
Testicular Tissue

6.3  Microscopic 
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are assessed by standard World Health Organization (WHO) 
methodology. Testicular sperm are expected to have abnormal 
motility, and epididymal sperm will commonly have retained 
cytoplasmic droplets. Immediate, real-time reporting of extracted 
sperm quality provides critical information to the operating surgeon 
that may be used for intra-procedural decision-making. In some 
cases, reassessment of motility after 30–60 min of incubation in 
HTF or another sperm transport solution, or stimulation of 
motility with pentoxyfi lline, may aid sperm selection for 
intracytoplasmic sperm injection (ICSI).  

  Standardized criteria that establish quantitative and qualitative 
guidelines for surgically retrieved epididymal or testicular sperm do 
not exist. For obstructed patients, enough sperm should be 
harvested from every patient so that the sample may be divided 
into multiple aliquots that contain at least several thousand motile 
sperm with strictly normal morphology. This approach maximizes 
the opportunity for both immediate assisted reproduction and 
cryopreservation. The number of sample aliquots required depends 
upon the reproductive goals of the couple and the number of 
anticipated IVF cycles that will be required to meet those goals. 

 During MESA, microsurgical exploration of the epididymis 
with selective sampling from multiple epididymal sites yields opti-
mal results. Some experts advocate bilateral procedures unless the 
aspirate from the fi rst side is optimal, whereas other experts believe 
that there is little advantage to exploring both epididymides. The 
typical yield in patients with an intact epididymis is 80–100 million 
total sperm with 30–50 % motility [ 41 ]. For men with caput-only 
(as in patients with congenital absence of the vas), maximal sperm 
motility is typically only 5–10 %. In obstructed patients, abundant 
high quality sperm are available for ICSI after thawing of cryopre-
served samples even when the percentage of sperm with strictly 
normal morphology is less than 1 %. 

 For patients with NOA, obtaining at least 1,000 testicular 
sperm, preferably with twitching motility and nearly normal mor-
phology (no major head defects and full length sperm tail) is 
desired. However, the number of sperm obtained must be bal-
anced with the extent of the procedure and the potential effects on 
sperm production that may result from extensive testicular dissec-
tion. If signifi cant dissection is required to fi nd more sperm, but 
adequate sperm to inject all eggs have been retrieved, the proce-
dure should be halted. It should be noted that testicular sperm 
never have strictly normal morphology [ 53 ], and that pregnancy is 
possible even using signifi cantly abnormal-appearing sperm from 
the testes of men with NOA.   

6.4  Real-Time 
Interpretation of 
Sample Quality to 
Direct Sperm Retrieval
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7    Conclusion 

 Biological paternity is now possible for azoospermic men using 
sperm retrieval procedures and ICSI. The effi cacy and safety of 
sperm retrieval can be by informed selection of an appropriate 
sperm retrieval procedure, proper technical performance of the 
procedure that is selected, and intra-procedural microscopic assess-
ment of the retrieved specimen to direct the extent of the proce-
dure. In this chapter we have provided an overview of these clinical 
processes.     
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    Abstract 

   Major diffi culties exist in the accurate and meaningful diagnosis of male reproductive dysfunction, and our 
understanding of the epidemiology and etiology of male infertility has proven quite complex. 

 The numerous spermatozoa produced in mammals and other species provides some degree of protection 
against adverse environmental conditions represented by physical and chemical factors that can reduce 
reproductive function and increase gonadal damage even resulting in testicular cancer or congenital 
malformations. The wide fl uctuations of sperm production in men, both geographical and temporal, may 
refl ect disparate environmental exposures, occurring on differing genetic backgrounds, in varying psycho-
social conditions, and leading to the diversifi ed observed outcomes. 

 Sperm analysis is still the cornerstone in diagnosis of male factor infertility, indeed, individually com-
promised semen paramaters while adequately address therapeutic practices is progressively fl anked by 
additional tests. Administration of drugs, IUI, correction of varicocele, and, to a certain extent, IVF 
although they may not be capable of restoring fertility itself often result in childbearing.  

  Key words     ICSI  ,   IVF  ,   Assisted fertilization  ,   Spermatogenesis  ,   Andrology  ,   Male infertility  ,   Surgically 
retrieved spermatozoa  

1       Introduction 

 In contrast with general medicine, “infertility” belongs to a special 
category of human ailments. Where a specifi c disease is present, 
diagnosis and treatment are closely linked and the successful out-
come involves a close binomial relationship between the patient 
and the medical practitioner. In human infertility, the treatment is 
focused on the two partners, and the discomfort generated by 
human infertility is usually not affecting their general health but is 
linked for the most part to the performance of the female and the 
male gametes per se. 

 Infertility is commonly defi ned as the failure of conception 
after 12 months of unprotected intercourse [ 1 ]. It affects about 
14 % of individuals in reproductive age and in about half is 
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related to the male partner resulting in considerable distress for 
the couple [ 2 ]. 

 While the diagnosis of male factor infertility is the most 
straightforward the etiology is still unclear. In fact, the underlying 
cause of oligo-astheno-terato-zoospermia (OAT) is still unknown 
rendering the effectiveness of any conventional treatment for male 
infertility extremely doubtful. Reports have drawn attention to 
genetic defects in spermatozoa as a cause of male infertility [ 3 ]; 
however, the availability in the last 20 years of micromanipulation 
techniques has made it feasible to treat infertility related to issues 
in the male partner in ways that previously would have been 
deemed hopeless. These new therapeutic options have opened 
fresh perspectives, providing ground for critical analysis of the 
available conventional diagnostic and therapeutic approaches that 
involve either drugs, varicocele surgery, intrauterine insemination 
(IUI), IVF, and ICSI. 

 According to varying surveys, it appears now that the male 
partner is the culprit in some 25–50 % of infertility cases. Since the 
focus on human semen quality and its relationship to male fertility 
began in the late 1940s [ 4 ,  5 ], numerous studies have probed the 
fl uctuations in sperm concentration among human ejacuates in 
relation to the ability to reproduce [ 6 ]. Apart from physiological 
variations, three elements that appear to potentially affect human 
sperm production include environmental, genetic, and psychoso-
cial factors. While each of these can act individually they can often 
compound their effect producing the male infertile state. 

 In the general population, about 25 % of couples do not 
achieve pregnancy within 1 year, 15 % seek treatment for infertility, 
and less than 5 % remain childless. Nonetheless, despite advances 
in the diagnostic workup of infertile men, in about 50 % of men 
with compromised spermatogenesis the cause is unrecognized [ 7 – 9 ]. 
It has been demonstrated that DNA damage in human spermatozoa 
has been linked with poor semen performance, resulting in poor 
fertilization rates, impaired embryo development, increased preg-
nancy loss and a possible health consequences in the offspring, not 
excluding cancer [ 10 – 13 ]. However, at this stage the origin and 
role of sperm DNA fragmentation in the male gamete, as currently 
measured, is still controversial. 

 The introduction of intracytoplasmic sperm injection (ICSI) 
nearly 20 years ago offered a way to bypass many of these problems 
[ 14 ]. Within 3 years of its introduction methods such as micro- 
droplet IVF [ 15 ], partial zona dissection [ 16 ], and sub-zonal 
sperm insertion [ 17 ] became obsolete. Emerging half a century 
earlier, the fi eld of clinical andrology, had long left most affl icted 
men either childless or facing donor insemination. 

 In this treatise, we fi rst outline the criteria currently utilized to 
evaluate couples with male factor infertility. We identify the  etiology 
of this condition by focusing on different aspects related to sperm 
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production, genetics, and environmental factors. We also describe 
the most recent approaches and their clinical outcomes to the 
treatment of male infertility.  

2     Screening the Male Patient 

 Semen analysis still provides the fundamental information on 
which clinicians base their initial diagnosis while gaining informa-
tion on the fertility potential of a male patient. The diagnosis of 
male infertility is based upon the semen profi le, constructed 
according to recognized guidelines [ 18 – 20 ]. This measures the 
volume of the ejaculate, the concentration of spermatozoa, their 
motility, and their morphology. Marked inter-ejaculates variability 
is a recurrent phenomemon [ 21 ,  22 ], in addition many recorded 
parameters of the spermatogenic profi le are subjective, and so 
assessments have been inconsistent across laboratories [ 23 – 25 ]. 
Although WHO has published a range of 'normal' values, these 
are not evidence-based, either in terms of their diagnostic value, 
or in terms of their relationship to the normal ejaculate. As a con-
sequence, many couples with 'unexplained' infertility eventually 
prove to have defective spermatozoa when appropriately sensitive 
assays (such as acrosome reaction, antisperm antibodies, PLCζ) 
are used, yet some couples with subnormal semen parameters 
prove to have normal sperm function [ 26 ,  27 ]. Given this evi-
dence, it would perhaps be most approapriate for laboratories to 
establish their own defi nition of ‘normal’ based on their individual 
experience in screening ejaculates. 

 Since many of the male diagnostic categories are of a descrip-
tive nature (e.g., idiopathic oligozoospermia) or of questionable 
therapeutic relevance (e.g., male accessory gland infection) and 
genetic and epigenetic causes of infertility for a man to reproduce, 
this classifi cation is now in need of review [ 28 ,  29 ]. The relative 
frequency of the major diagnostic categories obtained from 8,500 
couples from 33 centers in 25 countries [ 30 ] showed that the larg-
est seminal abnormalities were of unknown cause. Other common 
male problems included varicocele, and male accessory gland infec-
tion, and systemic, iatrogenic, and endocrine conditions were also 
very frequent. 

 The position of andrology in the male infertility workup has 
been strengthened by the introduction of testicular sperm extrac-
tion (TESE) or microsurgical epididymal sperm aspiration (MESA) 
following appropriate differential diagnosis of infertility causes 
(obstructive/non-obstructive azoospermia, congenital bilateral 
absence of the vas deferens) and in some cases, testicular biopsies. 
The effectiveness of treating varicoceles in terms of pregnancy out-
come is still a matter of discussion. However, it seems clear that 
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spermatogenesis can be, at least partially restored, after microsurgical 
varicocelectomy in some men with cryptozoospermia or secretory 
azoospermia [ 31 ]. 

 While obtaining an inferility history it is important to attempt 
to identify any risk factors (e.g., cryptorchidism, environmental 
hazards), that may be of aid in their andrological assessment, 
unfortunately, the overzealous enthusiasm of the reproductive spe-
cialists may drive the excessive use of unconfi rmed diagnostic tests. 
However, these tests that claim to predict fertility status or to indi-
cate the appropriate ART procedure risk to emotionally and fi nan-
cially drain childless men. 

 A number of epidemiological factors that may have a bearing 
on a couple's fertility include age, though the impact of male age 
is less certain than that of the female. Smoking by both partners is 
highly relevant as well, there being evidence that smokers have 
lower sperm concentrations than nonsmokers [ 32 – 34 ]. 
Occupational, environmental, and genetic factors may also be 
highly relevant. In regard to the latter, there is no doubt that recent 
advances in assisted conception technology have increased our 
understanding of the etiology of male infertility, particularly by 
drawing attention to the major contribution of specifi c genes 
[ 3 ,  29 ,  35 – 38 ].  

3     Genetic and Epigenetic Aspects of Male Infertility 

 Human male germ-cell development begins in early embryogenesis, 
but the fi rst mature spermatozoa appear only at puberty (ca. 12 
years old). Genetic disorders disrupting this male-specifi c cell dif-
ferentiation and maturation can be refl ected at the chromosomal 
or molecular DNA level. 

 In the case of of chromosomal anomalies, these can be numeral, 
structural, or both. Aneuploidy leading to male infertility may 
involve the sex chromosomes (e.g., an additional X-chromosome 
in Klinefelter’s syndrome) or autosomes (e.g., trisomy 21). 
Structural chromosome anomalies (small deletions, translocations, 
inversions) can lead to male infertility and these may involve both 
sex or autosomal chromosomes. Chromosomal rearrangements 
such as reciprocal translocations can give rise to abnormal meiotic 
chromosome pairing, and in turn disruption of spermatogenesis. 
For instance, evidence has accumulated since the 1970s that dis-
ruption through meiosis and recombination follows a signifi cant 
rearrangement of the Y-chromosome. In fact, deletions in the Yq 
region can be associated with azoospermia, suggesting a spermato-
genesis locus in the region designated AZF (Azoospermia Factor) 
where a later study has shown three such loci (AZFa, AZFb, AZFc) 
in Yq [ 29 ]. 
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 Our comprehension concerning these genes involved in human 
spermatogenesis is still poor and mostly deduced from animal stud-
ies, but such extrapolation should be treated with caution due to 
the various spectrum of altered spermatogenesis/spermiogenesis 
seen in humans. Genes involved in spermatogenesis may be 
expressed functionally in the germ line, during the development of 
male gonads, or in testicular somatic cells, but those expressed spe-
cifi cally in the germ line are assumed to be the most relevant for 
regulation of germ cell maturation. This appears to be the case for 
RBM, SPGY, and DAZ genes, even if the number of candidate 
genes that may regulate male fertility continues to increase, and 
disruption of any gene that is involved in male gonad development 
(e.g., the androgen receptor gene mutation) leads to sterility with 
intersexual phenotypes. Recessive and dominant mutations in 
genes generally controlling somatic cells may indirectly induce 
infertility as a consequence of other problems, as seen for instance 
in men with Kartagener's syndrome, cystic fi brosis, or myotonic 
dystrophy. 

 There is probably a link between genetic and environmental 
factors. Exposure to DNA and chromosome-damaging agents is of 
great concern, and such damage in germ cells may contribute to a 
legacy of genetically based male infertility projecting on future 
generations. Abnormal chromosomal number is an important 
genetic hazard, in fact ionizing radiation and a variety of chemical 
compounds have been shown to increase aneuploidy in mammals 
[ 39 ] or by inducing chromosomal breakage. Alternatively, chemi-
cals may act on the spindle and so affect the process of chromo-
somal segregation. Physical rearrangements of chromosomes can 
give rise to abnormal meiotic chromosome pairing, which in turn 
can result in infertility as refl ected in Klinefelter Syndrome. 
Structural rearrangements, particularly reciprocal translocations, 
have been associated with infertility as seen in Robertsonian trans-
location. More than a dozen chemicals have been shown to induce 
transmissible translocations in the mouse. Some such as ethylene 
oxide, induce mutations in the germ cell genome [ 40 ], but thus far 
no environmental agent has been shown to produce heritable 
germ-line mutations which bear on the fertility of the next genera-
tion. The current lack of evidence in humans regarding germ-line 
mutations is due to various factors namely the small number of 
human genes currently available to estimate these mutations. 

 While the benefi ts of ICSI are clear, the success of this approach 
may have also reinforced the perception that the sperm cell is sim-
ply a vehicle for the transport of the paternal genome. Therefore, if 
any motile spermatozoa are available it has become quite common 
to expect normal fertilization and embryogenesis, regardless of the 
potential intrinsic defects which may be associated with subfertile 
spermatozoa [ 41 ]. In addition to a haploid set of chromosomes, 
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the human sperm cell must provide the oocyte with an activation 
stimulus, a functional centrosome, proper packaging and coding of 
the genome, and, possibly, other factors such as mRNAs and 
microRNAs (miRNAs) that may regulate transcription or comple-
ment the maternal transcriptome within the cleaving embryo 
[ 42 – 46 ]. 

 During spermatogenesis, sperm chromatin undergoes a 
 dramatic reorganization, including protamine replacement of his-
tones, histone modifi cations and DNA methylation [ 47 ,  48 ]. 
Protamines are small arginine-rich proteins whose positive charge 
allows a tight binding of sperm nuclear DNA and form cysteine 
disulphide bonds that facilitate a higher order chromatin packag-
ing than histones [ 49 ]. The thiol-rich nature and so the tendency 
of eutherian protamine to form –S-S– cross-links after spermiation 
in the epididymis is also believed to be responsible for to nuclear 
compaction and DNA stability. Others have claimed that –S-S– 
cross-links has nothing to do with chromatin compaction and 
when in fact it almost certainly relates to a role in stiffening/rigidi-
fi cation of the nucleus that may help it penetrate the relatively 
tough zona [ 50 ] as seen in other vertebrates that have dense nuclei 
void of cysteine in the protamine [ 51 ]. In fact, human spermato-
zoa have the lowest content of protamine-related cysteine among 
mammals—ca. 8.5 mols% v. about 12.5 in the rat. Protamine 
replacement takes place in a stepwise fashion in which histones are 
initially replaced by testis-specifi c histone variants, which are then 
replaced by transition proteins, followed by their replacement with 
protamines [ 52 ]. 

 Modifi cations of the N-terminal region of histones confer 
another epigenetic regulatory mechanism on gene expression. 
Generally, methylation of the histones is associated with silencing 
of the gene, while acetylation is associated with transcription [ 53 ]. 
These and other histone modifi cations offer a short-term mecha-
nism for regulation of gene expression and mark DNA imprinting 
control regions during spermatogenesis [ 54 ,  55 ]. While the signifi -
cance of this epigenetic process is well known, the relevance and 
implications for patients with severe male factor infertility is 
intriguing. 

 Methylation of the genome is associated with repression of 
gene expression. Methylation is carried out by DNA methyltrans-
ferases, which transfer a methyl group to deoxycytosines found in 
CpG islands, and regulate transcription [ 47 ,  56 ]. It has recently 
been demonstrated that the methylation pattern in the testis is dif-
ferent from somatic tissue, this being diminished eightfold [ 57 ]. 
Whether this hypomethylation is present in mature spermatozoa, 
or whether it represents an epigenetic process to prepare sperma-
tozoa for increased transcription following pronuclear develop-
ment is still not known. 
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 Some genes are differentially methylated according to the gender 
of their lineage, a process known as imprinting. For example, insu-
lin-like growth factor (IGF)-II and H19 are reciprocally methyl-
ated in maternal and paternal loci, respectively, resulting in paternal 
expression of IGF-II and maternal of H19. Imprinted genes are 
not only regaulated by DNA methylation, similarly histone modi-
fi cations are likely involved in regulating their transcription [ 56 ]. 
In oocytes, gene imprinting occurs later than in spermatogenesis, 
and is so labile that may be affected by culture conditions or medi-
cation used during ovulation induction [ 58 ]. Conversely, the 
impact on the imprinting of embryonic genome by using less 
mature spermatozoa as those obtained through testicular biopsy 
are not clear. However, it is generally accepted that altered parental 
imprinting marks have been shown to be associated with compro-
mised embryo development [ 59 ,  60 ]. 

 Imprinted genes are usually found in clusters, such as those 
found on chromosome 11p15 linked to Beckwith–Wiedemann 
syndrome (BWS), and the cluster on chromosome 15q11–13 asso-
ciated with Angelman syndrome (AS) [ 61 ]. Since both AS and 
BWS have been reported to be more represented in offspring from 
ART [ 62 ,  63 ], and since ICSI often involves the use of immature 
or dysfunctional spermatozoa, the role of abnormal DNA methyla-
tion and altered imprinting profi les in the male gamete of infertile 
men is of intense interest [ 42 ,  64 ]. A relatively recent report failed 
to evidence no difference in global methylation patterns of sperma-
tozoa from men with abnormal protamine expression; however, 
more sensitive techniques are needed to defi nitively answer the 
question [ 65 ] even if a subsequent important study has indicated a 
higher rate of abnormal methylation of imprinted genes in infertile 
men [ 66 ]. 

 Recent studies have demonstrated that mature spermatozoa 
contain 10–20 fg/cell RNA [ 67 ]. While this level of RNA is trivial 
compared with the large quantity in other cells, it is nevertheless 
surprising given the extensive removal of excess cytoplasm during 
spermiogenesis and the transcriptionally quiescent state of the cell 
[ 68 ]. The mRNAs found in the RNA pool lack intronic sequences 
and contain poly-A tails, indicating they are normally and fully pro-
cessed following transcription [ 69 ]. 

 The role, if any, that the sperm mRNA plays in embryogenesis 
is controversial. Krawetz and others have demonstrated that a sta-
ble pool of mRNA appears to consist of transcripts involved in 
spermatogenesis, and may be used to profi le transcription and 
translation events during spermatogenesis [ 44 ,  70 – 72 ]. 

 In addition to mRNA, in human spermatozoa small antisense 
RNAs have been identifi ed that remain in the embryo throughout 
early embryogenesis [ 72 ,  73 ]. These small RNAs include PIWI- 
interacting RNAs (piRNAs) associated with MIWI, a germ-line- 
specifi c member of the argonaute family of proteins [ 74 – 76 ]. 
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Both piRNAs and MIWI are present in the mature spermatozoa, a 
fi nding that raises the exciting possibility that paternal miRNAs 
may have a role in regulating gene expression in the embryo [ 47 , 
 68 ]. While this hypothesis is still being evaluated, a recent study 
[ 77 ] has raised serious questions as to whether such a role exists. In 
one study, many of the miRNAs in spermatozoa are also present in 
oocytes at higher concentrations, and co-injection of oocytes with 
spermatozoa and anti-miRNAs to suppress any potential function 
of the miRNAs, did not seem to affect embryogenesis [ 77 ].  

4     Assisted Fertilization 

 With the fi rst successful human delivery in 1978, in vitro fertiliza-
tion (IVF) opened a fl oodgate of possibilities for infertile patients. 
The decade that followed was a time of exciting research that set 
the framework for widespread clinical implementation of this novel 
procedure as a fi eld of young and ambitious scientists raced to 
improve effi ciency and answer unsolved questions. Human IVF 
provides a benchmark in our history, and marked the fi rst time a 
species consciously combated it’s own reproductive defi ciencies 
and took propagation into their hand. 

 Notwithstanding its historic signifi cance the practicioners of 
IVF had hurdles to overcome. For instance, patients with marginal 
semen characteristics and poor spermatozoa experienced limited 
successes with traditional IVF. Suboptimal functioning capacity, 
i.e., diminished concentration, motility, and/or morphology pres-
ent a more complex obstacle for spermatozoa attempting to pen-
etrate the thick glycoprotein layer—the zona pellucida (ZP)—that 
constitutes the egg coat. Traditional means of overcoming such 
hurdles were limited and dealt primarily with increasing sperm 
concentration and at enhancing their selection. Embryologists 
opted to increase the sperm concentration within the inseminating 
suspension or if extremely few spermatozoa with impaired motility 
were available lower the actual volume of the insemination medium 
to enhance comingling of the two gametes. Simple procedures 
included the “swim-up” method that selected only highly motile 
cells in the upper fraction. Other methods utilized multilayer 
density gradients to select highly motile spermatozoa that also 
exhibited higher penetration capacity [ 78 ,  79 ]. While these selec-
tion procedures optimized the ability to treat IVF patients with 
moderately compromised semen characteristics, often described by 
moderate oligo-asthenospermia, they fell short in dealing with 
more severe issues of sperm dysfunction. 

 The focus then shifted to efforts to assist the spermatozoon to 
penetrate the zona pellucida. Early attempts involving complete 
removal of the zona resulted in polyspermy or impaired embryonic 
development. These were followed by attempts to overcome the 
zona as a barrier either by “softening” it enzymatically with trypsin 
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or pronase [ 80 ,  81 ], or penetrating it chemically via localized or 
“pinpoint” exposure to acidifi ed Tyrode's solution prior to sperm 
exposure. The latter technique became known as zona-drilling 
(ZD) [ 82 ] but the low pH solution involved proved to possibly 
damage the oocyte [ 83 ]. A variant of ZD opened a fi ssure in the 
zona via mechanical means—dubbed partial zona dissection 
(PZD)—utilized a larger but virtual opening than did ZD, thus 
mitigating the rate of polyspermy [ 16 ]. The PZD procedure 
seemed to lend itself to a situation in patients exhibiting some 
oligozoospermia and pseudo-asthenozoospermia, though the 
sperm required to be capacitated, undergo acrosome reaction and 
display a progressive motility. Still a large obstacle persisted in the 
form of sperm cells that exhibit motility in place required further 
assistance to properly interact with oolemma. This procedure was 
replaced by a more refi ned procedure in which spermatozoa were 
brought with a pipette through the zona and deposited beneath 
the zona into the perivitelline space—sub-zonal insemination 
(SUZI). This provided some success in patients with more impaired 
sperm motility while controlling the incidence of polyspermy but 
yielded fertilization rates still relatively low, not least because of 
requiring spermatozoa to undergo a complete acrosome reaction—
a necessary precursor to fusion with the oolemma [ 84 ,  85 ]. These 
preliminary efforts to artifi cially assist sperm penetration soon 
became obsolete with the introduction of a microsurgical method 
for insertion of spermatozoa directly into the egg [ 14 ].  

5     ICSI and Clinical Results 

 Intracytoplasmic sperm injection (ICSI), a procedure that involves 
the insertion of a single spermatozoon into the cytoplasm of an 
oocyte was once considered a theoretical option while procedures 
such as SUZI were being applied. ICSI bypasses both the zona pel-
lucida and sperm defects in the male gamete that compromise its 
ability to fertilize. Documented trials on mammalian gametes date 
this approach as far back as 1966 [ 86 ]. However, initial efforts 
with human gametes yielded a high incidence of oocyte damage 
and an unsatisfactory level of embryo implantation [ 87 ,  88 ]. 
However, this was investigated further at the Free University in 
Brussels, and a clinical study was after promising fertilization results 
from a murine model, and four human pregnancies were reported 
in 1992 [ 14 ]. 

 While ICSI is currently employed widely, its crowning achieve-
ments arguably lie in the establishment of pregnancies with male 
germ cells from azoospermic men. Until advanced micromanipula-
tion techniques were pioneered, such couples relied on donor 
sperm or adoption. A complete absence of spermatozoa in the 
ejaculate occurs in 1 % of all men and 10–15 % of all infertile men, 
and diagnosis of this condition is subcategorized into obstructive 

Male Factor Treatments



394

(OA) and non-obstructive (NOA) azoospermia. The obstructive 
form can result from CBAVD, trauma, infection, vasectomy, or 
failed vasectomy reversal. Sperm retrieval and subsequent ICSI 
may be achieved via epididymal aspirations including microscopic 
(MESA), percutaneous (PESA), and fi ne needle (FNA) [ 89 ,  90 ]. 
The non-obstructed form of azoospermia due to a failure of sper-
matogenesis requires surgical intervention to obtain spermatozoa 
for subsequent injection. Testicular sperm extraction (TESE) and 
the now-refi ned micro-TESE (mTESE) retrieve seminiferous 
tubules for search with the latter achieving a higher probability of 
sperm retrieval and maintaining a greater anatomical integrity of 
the testicle [ 91 ]. 

 Aside from primary indicators, ICSI is the preferred option for 
male patients experiencing various sperm-related problems that 
include ejaculatory dysfunction, retrograde ejaculation, and com-
plications stemming from paraplegia. Post-ejaculatory urinalysis is 
often utilized when a patient experiences low-volume or absent 
ejaculation. Conditions linked to ultralow ejaculate volumes 
include retrograde ejaculation, lack of emission, ejaculatory duct 
obstruction, hypogonadism, and CBAVD. The quest for sperma-
tozoa is carried out following a high-speed centrifugation and 
examination of a pellet under oil at 400× magnifi cation with an 
inverted microscope. 

 The direct and reliable ICSI outcome lends itself well to meth-
ods requiring blastomere biopsies on embryos such as preimplan-
tation genetic diagnosis (PGD). Such genetic testing is utilized to 
avoid transmission of serious recurrent disorders by identifying 
single gene mutations from biopsied blastomeres after PCR, 
whole-genome amplifi cation, or SNP arrays. Furthermore, the sex 
of the embryo as well as chromosomal translocation can be identi-
fi ed using fl uorescent in situ hybridization, or FISH. Also, select-
ing only one isolated spermatozoon for contact with an oocyte 
signifi cantly decreases the chance of viral transmission with HIV, 
HBV, and HCV amongst others. In fact, viruses that are freely 
present in semen and accompanying cells yield a reduction when 
exposed to sperm gradient preparation, which further decreases 
the probability of transmission [ 92 ]. 

 For the past 18 years (September 1993 to December 2010), a 
total of 11,038 IVF and 19,983 ICSI cycles (Fig.  1a ) have been 
performed at our center where ICSI is currently utilized in approx-
imately 73 % in all cycles (Fig.  1b ). The resulting positive pregnan-
cies was in about 40 % of all cases, based on the presence of at least 
one fetal heartbeat.

   Approximately 90 % ( n  = 17,938) of all ICSI cycles were per-
formed using ejaculated spermatozoa, and the remainder involved 
specimens ( n  = 2,045) that were surgically retrieved from the epi-
didymis or testis (Fig.  2 ). In cycles utilizing ejaculated spermato-
zoa, a total of 153,596 MII were oocytes injected, resulting in a 
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  Fig. 1    ART cycles performed at Cornell in the past 18 years ( a ) and the proportion of cycles utilizing ICSI ( b )       

Ejaculated
89.8

Surgically retrieved
10.2

  Fig. 2    A total of 20,629 ICSI cycles performed from September 1993 to December 
2010 according to the semen source       

survival rate of 94.5 % (Fig.  3a ). Of those that survived 114,370 
oocytes fertilized normally, with only 1PN in 3,615 and 3PN in 
5,110 and the remaining 22,089 being unactivated (Fig.  3b ).

    Among men with severe oligozoospermia (Table  1 ), fertiliza-
tion reached 66.1 % with a clinical pregnancy rate of 44.0 %, one 
thus comparable to normozoospermic cycles.
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   In cases where no spermatozoa were identifi ed in a counting 
chamber ( n  = 179), specimens were further processed to fi nally 
obtain an average concentration of 0.009 ± 0.002 × 10 3 /ml and 
motility of 13.3 % ± 16. These cryptozoospermic cases had a fertil-
ization rate of 59.6 % (1,082/1,815) and clinical pregnancy of 
38.0 % (68/179). 

 A total of 902 cycles were performed with epididymal sper-
matozoa and 1,143 cycles with testicular spermatozoa (Table  2 ). 
Both fertilization (71.5 %) and clinical pregnancy rates (52.5 %) 

MII Injected
n = 153,596

5.5

94.5

No fert
15.2

Surviving oocytes

Lysed

Fertilization patterns
n = 145,184

2PN
78.8

1PN
2.5

3PN
3.5

a

b

  Fig. 3    Survival (a) and fertilization (b) characteristics of ejaculated spermatozoa       

   Table 1  
  ICSI outcome of men with severe oligozoospermia (≤1 × 10 6 /ml)   

 No. of cycles  1,372 

 Mean density (10 6 /ml ± SD)  0.3 ± 0.3 

 Mean motility (% ± SD)  17.3 ± 19 

 Mean morphology (% ± SD)  0.6 ± 1 

 Fertilization (%)  8,597/13,006 (66.1) 

 Clinical pregnancy (+FHB %)  604 (44.0) 
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were higher ( P  < 0.001) with epididymal versus testicular samples 
(TESE fertilization 56.9 % and clinical pregnancy rate 40.8 %). 
In assessing whether or not cryopreservation affected the clinical 
outcome, we observed that fresh MESA had a higher clinical 
 pregnancy than TESE ( P  = 0.04) and a similar result was observed 
when specimens were cryopreserved (frozen MESA 47.6 versus 
frozen TESE 36.1 %;  P  = 0.003). When we looked within a par-
ticular surgical retrieval method, the clinical pregnancy rate with 
TESE was comparable regardless of the sample being fresh or 
cryopreserved. However, fresh MESA showed a higher preg-
nancy rate in comparison to its frozen counterpart (61.9 vs 
47.6 %,  P  = 0.0001) (Fig.  4 ).

   Table 2  
  ICSI outcome and surgical sampling   

 MESA  TESA 

 No. of cycles  902  1,143 

 Mean density (10 6 /ml ± SD)  28.5 ± 35  0.4 ± 2 

 Mean motility (% ± SD)  8.9 ± 14  3.1 ± 7 

 Mean morphology (% ± SD)  1.5 ± 3  0 

 Fertilization (%)  6,167/8,629 (71.5) *   5,964/10,482 (56.9) *  

 Clinical pregnancy (+FHB %)  475 (52.7) †   466 (40.8) †  

   *† χ 2 , 2 × 2, 1 df, Sperm source on fertilization and clinical pregnancy rates,  P  < 0.001  

61.9

41.3
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36.1

MESA
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Fresh Frozen

*
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*P = 0.04
P = 0.003
P = 0.0001

  Fig. 4    Clinical pregnancies derived from surgically retrieved specimens either fresh or cryopreserved       
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    In 8,293 patients where a viable fetal heart was observed by 
ultrasound, 898 of these later miscarried, aborted, or had an ecto-
pic. The ongoing pregnancy rate was 36.1 % per retrieval 
(7,444/19,226), and 38.7 % per replacement procedure 
(7,444/10,676). So far, we have 8,695 neonates born from 6,537 
deliveries. 

 In a small series, we have performed testicular biopsies with 
patients diagnosed with Klinefelter's Syndrome. A total of 88 cou-
ples had 131 testicular biopsies. We were able to retrieve sperma-
tozoa in 72.5 % ( n  = 95) that resulted in a fertilization rate of 
52.3 % (570/1,087). Thirty-fi ve women (36.8 %) have delivered 
thus far, generating 50 healthy babies. 

 The degree of spermatogenic failure often varies in NOA cases 
and consequently suffi cient spermatozoa for ICSI can only be identi-
fi ed in 40–60 % of the patients. In those cases where few sperm cells 
are present it is often necessary to search the biopsy for an extended 
period of time (Fig.  5 ). We assessed whether such an extended search 
for spermatozoa in these NOA patients has an effect on ICSI out-
come. The average search time for routine TESE cases was no more 
than 30 min (control), mostly in relation to the oocyte cohort. 

  Fig. 5    Testicular tissue dissection with presence of spermatozoa ( a ), spermatozoon-like structure ( b ), 
and complete azoospermia ( c )       
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The extensive searches, often carried out by several embryologists, 
were divided into four groups based on time: 30 min to 1 h, 1–2 h, 
2–3 h, and >3 h, and compared to clinical outcome. A total of 739 
NOA men who underwent 1,087 ICSI cycles were included in this 
study. The mean ages of the female and male patients were 37.2 and 
35.4, respectively. Of the 1,087 cycles included in this study, 225 
(26.1 %) required an extended search. The length of sperm hunt 
ranged from 30 min to as long as 10 h with a mean of 82 min. The 
average number of embryologists involved in the searches was 4 ± 2. 
Pentoxifylline was used in almost all of the extended search cycles 
and in about 57 % of the control cycles.

   The control and the extended search groups had similar patient 
profi les and number of oocytes retrieved. The fertilization rate was 
44.0 % in the search group and 57.1 % in the control group 
( P  < 0.002), delivery rates were 34.3 % and 46.8 %, respectively 
( P  < 0.001). Fertilization and pregnancy rates were plotted accord-
ing to the length of time spent for each search (30 min–1 h, 1–2 h, 
2–3 h, >3 h). The fertilization rates for these fi ve groups were 54.2, 
46.3, 28.0, and 25.4 %, respectively ( R  2  = 0.9315;  P  < 0.001). A pro-
gressive decrease in pregnancy rate with lengthening search times 
was also observed ( P  < 0.0001; Fig.  6 ). Pregnancy loss rates were 
comparable between all the extended search groups and control.

   It appears that the length of time required to extensively 
search a testicular tissue sample and to perform ICSI on all the 
oocyte cohorts, is inversely related to fertilization and pregnancy 
outcomes. In spite of the time-dependent clinical performance, 
searching for precious spermatozoa is still warranted even after 
several hours of hunting. Though labor-intensive and time-
consuming, this procedure still grants many couples the opportu-
nity to conceive.  
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  Fig. 6    Pregnancy outcome as a function of search time       
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6     Conclusions 

 Infertility is a common and distressing condition, and problems in 
the male partner are one of the common causes. 

 The information generated by conventional semen analysis has 
historically classifi ed patients into categories lacking knowledge of 
causality and leaving conventional therapy as somewhat empirical 
and at times ineffective (Table  3 ). A single condition such as oligo-
zoospermia may involve a multitude of different etiologies. It is 
not until we resolve the causes of male infertility at a molecular 
level that we shall be able to achieve the holy grail of diagnosis, 
treatment, and prevention.

   The epidemiology of male reproduction has been evolving 
quite rapidly in recent years. A better understanding of spermato-
genesis and its genetic control has led to the formulation of new 
hypotheses on the role of the DNA packing and small RNAs. 

 Apart from a few exceptions, central hypogonadism and some 
post-testicular forms, the only available treatment option for the 
large majority of male infertility situations is medically assisted repro-
ductive technologies, represented by in vitro fertilization [ 14 ,  93 ] or 

   Table 3  
  Diagnostic categories for the infertile 
male based on WHO criteria   

  No demonstrable cause  

 Idiopathic oligozoospermia 

 Idiopathic asthenozoospermia 

 Idiopathic teratozoospermia 

 Idiopathic azoospermia 

 Obstructive azoospermia 

 Isolated seminal plasma abnormalities 

 Sexual or ejaculatory dysfunction 

  Systematic causes  

 Endrocrine 

 Iatrogenic 

 Congenital abnormalities 

 Acquired testicular damage 

 Varicocele 

 Immunological infertility 

 Male accessory gland infection 
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in the presence of extreme OAT and various forms of azoospermia, 
ICSI as the preferred method [ 14 ]. ICSI is the most effective means 
of treating couples with male factor infertility and previous ART 
fertilization failures. This is consistent with the spermatozoa col-
lected from the epididymis and from the testis achieving comparable 
fertilization and consistent pregnancy outcomes. 

 However, ART is a symptomatic therapy which does not 
address the underlying cause for infertility with the risk of transmit-
ting both identifi ed and concealed genetic anomalies. An increased 
incidence in chromosomal anomalies and possibly neonatal malfor-
mations have been reported especially when the indication for uti-
lizing ART is severe male factor infertility [ 94 ,  95 ]. Apart from the 
mentioned health consequences of the offspring fathered by a man 
with severe spermatogenic failure, including the inability to repro-
duce such as sons of men with Y deletions. In fact, there is still very 
little known about the long term health conditions of both the 
infertile man and their offspring [ 35 ,  96 ]. A higher incidence of 
sperm aneuploidy in infertile men with secretory azoospermia [ 97 –
 100 ] translates to a higher frequency of gonosomal abnormalities 
in the male progeny [ 101 ,  102 ], possibly because of meiotic defects 
surfacing during male germ line maturation [ 103 ]. 

 A different issue arises from the DNA fragmentation observed 
in suboptimal spermatozoa that could affect embryo development 
and in genotypically normal offspring, become a source of epigen-
etic disorders [ 104 ]. However, such fragmentation does not seem 
to preclude establishment of a pregnancy [ 105 ,  106 ], the success 
of which can be attributed to a corrective role exerted by the 
selection of the best individual spermatozoon during the ICSI 
procedure [ 107 – 109 ]. 

 Since some ART procedures have been implicated in various 
adverse outcomes of offspring, basic research is required to eluci-
date the biological mechanisms underlying the genetic and epigen-
etic effects of assisted reproduction. In addition, it is important for 
clinicians to precisely record the assisted reproduction procedures 
including the stimulation protocol, method of embryo culture, 
culture media used, and timing of embryo transfer. As it is not yet 
possible to evaluate precisely the consequences of assisted repro-
duction on imprinting, long-term, large-scale epidemiological fol-
low- up studies that could estimate the magnitude of the risks posed 
by assisted reproduction on human pregnancies are paramount.     
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    Chapter 19   

 Techniques for Slow Cryopreservation of Embryos 

           Lucinda     Veeck Gosden    

    Abstract 

   The slow cryopreservation of embryos has been used for nearly three decades as a means of storing surplus 
conceptuses from single IVF (in vitro fertilization) cycles. Doing so has allowed caregivers to maximize preg-
nancy rates without wastage of precious biological materials. Very detailed methods are described here using 
a popular biological freezing unit manufactured by Planer PLC (Middlesex, UK). Culture media preparation 
and tranfer protocols, including replacement in both natural and stimulated cycles, are included.  

  Key words     Cryopreservation  ,   Thawing  ,   Prouclear stage oocyte  ,   Embryo  ,   Blastocyst  ,   Slow freezing  

1      Introduction 

 As published in the 2008 CDC Report, it was demonstrated that, in 
women over the age of 35 years old, implantation rates after thaw-
ing and transfer of frozen embryos was remarkably similar, even 
somewhat better than fresh transfer in women over age 41, when 
compared to fresh embryo transfer in the same age groups. In 
younger women and donor oocyte recipients, while implantation 
rates were still considerably higher transferring fresh embryos, the 
differences were less pronounced than a decade ago [ 1 ] (Centers 
for Disease Control,  Assisted reproductive technology fertility clinic 
report , 2008, Figs.  1 – 3 ). It is evident that cryopreservation strate-
gies have become mainstream in most IVF programs and far more 
effective in terms of assisting couples in their quest for a child. For 
example, it was shown that when the cumulative effect of adding 
thawed pregnancies (only from cycles failing to become pregnant 
following fresh transfer) to fresh pregnancies was examined, ulti-
mate delivery outcomes are signifi cantly enhanced [ 2 ,  3 ]. 
Additionally, patients at risk of ovarian hyperstimulation syndrome 
(OHSS) have been managed more effectively by freezing all con-
ceptuses upfront, thereby reducing, although not eliminating, the 
likelihood of adverse clinical symptoms following pregnancy [ 4 ]. 
Some programs still decline to freeze a single conceptus unless the 
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  Fig. 1    Implantation rate versus age using fresh nondonor embryos. Centers for Disease Control,  Assisted 
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  Fig. 2    Implantation rate versus age using frozen–thawed embryos in nondonor cycles. Centers for Disease 
Control,  Assisted reproductive technology fertility clinic report , 2008       

patient has others in cryostorage or will not be receiving a fresh 
transfer. Since cryopreservation results have improved tremen-
dously with single embryo transfer after freezing and thawing, this 
strategy is now less often observed. There are even occasional 
reports of good results after routinely freezing all conceptuses 
upfront, thereby eliminating fresh transfer altogether [ 5 ,  6 ].

      The primary goal in establishing a freezing program is to do as 
little damage as possible while exposing gametes and embryos to 
non-physiologic low temperatures. Protocols in use today are 
essentially “freeze-dry” techniques that involve dehydrating the 
cell to prevent intracellular ice from forming. 

1.1  Freezing 
Considerations
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 The formation of intracellular ice crystals can mechanically 
damage oocytes and conceptuses by disrupting and displacing 
organelles, or slicing through membranes. This is why freezing 
techniques are based on the necessity for cryoprotective agents and 
controlled ice formation at critical temperatures. It has been shown 
that when human cells are placed into a medium that contains 
an intracellular cryoprotective agent, intracellular water readily 
exits the cell as a result of the higher extracellular concentration of 
cryoprotectant. This causes some cell shrinkage until osmotic equi-
librium is reached by the slower diffusion of the cryoprotectant into 
the cell [ 7 ]. Once equilibrium is reached, the cell resumes a normal 
appearance. The rate of permeation of cryoprotectant and water is 
dependent on temperature; equilibrium is achieved faster at higher 
temperatures. For this reason, oocytes and embryos are usually 
added to cryoprotective media at room temperature. However, 
since some cryoprotectants like dimethylsulfoxide (DMSO) are 
toxic at elevated concentrations, these are often used at lower tem-
peratures to reduce adverse effects. 

 Cryoprotectants are also benefi cial in their ability to lower the 
freezing point of a solution. Solutions may remain unfrozen at 
−5 °C to −15 °C because of “supercooling” (cooling to well below 
the freezing point without extracellular ice formation). When solu-
tions supercool, cells do not dehydrate appropriately since there is 
no increase in osmotic pressure from the formation of extracellular 
ice crystals. To prevent supercooling, an ice crystal is introduced in 
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a controlled fashion in process call “seeding.” This contributes to 
intracellular dehydration as water leaves the cell to achieve equilib-
rium with the extracellular environment [ 7 ,  8 ]. If the rate of cool-
ing is too rapid, water cannot pass quickly enough from the cell, 
and as temperature continues to drop, it reaches a point when the 
intracellular solute concentration is not high enough to prevent 
the formation of ice crystals. Mammalian oocytes and embryos, 
which possess relatively small ratios of surface area to unit volume 
and hold substantial intracellular water, have until recently with the 
improvement of vitrifi cation techniques, been cooled at slow rates 
(0.1–1 °C/min) to permit adequate dehydration. 

 Membrane permeability by cryoprotectants differs between 
the oocyte, embryo, and blastocyst. As such, it has been found that 
different cryoprotective agents are more suitable for certain stages 
of gamete and embryo development. DMSO and 1,2 propanediol 
(PROH) are frequently used for freezing early cleavage-stage 
embryos, and propylene glycol (glycerol) is commonly used for 
blastocysts. All three intracellular agents have fairly small molecules 
that permeate cell membranes easily. In addition to these, there are 
several extracellular substances that help dehydrate and protect 
cells. The most frequently used extracellular substance is sucrose, 
which possesses large, non-permeating molecules and exerts an 
osmotic effect to aid in accelerated cell dehydration. Sucrose can-
not be used alone but is often used in conjunction with standard 
permeating, intracellular cryoprotectants.  

  If cooling is terminated at relatively high temperatures (≥−30 °C), 
the cell carries more intracellular ice than if cooled longer to lower 
temperatures (≤−80 °C). In order to protect the cell, thawing 
must be carried out rapidly to induce rapid ice dispersal. Conversely, 
samples cooled to ≤−80 °C should be thawed more slowly to allow 
for gradual rehydration [ 9 ]. If water reenters the cell too rapidly, it 
may swell or burst. It is common to expose thawed specimens to 
progressively lower dilutions of cryoprotectant to gently and slowly 
remove it from the cell.  

  The idea behind vitrifi cation is to protect the cell by completely 
avoiding all ice crystal formation. To accomplish this, cryoprotec-
tive solutes must be increased to 40 % (wt/vol) or higher. DMSO 
is frequently used, but PROH, glycerol, and other agents have 
been tested. Because at room temperature high concentrations of 
cryoprotectant are toxic, embryos are exposed to them at 0 °C. 
Samples may be plunged directly into liquid nitrogen without 
needing to introduce a seed; the viscosity is so great that solutions 
solidify into glasslike states. Vitrifi ed specimens must be thawed 
rapidly in ice water, a process that can be troublesome [ 10 – 12 ]. 
Nonetheless, the use of vitrifi cation has been gaining in popularity 
for many years now; some IVF programs have essentially dropped 

1.2  Thawing 
Considerations

1.3  Vitrifi cation and 
Ultrarapid Freezing
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slow freezing methods in favor of a more simplifi ed and rapid 
vitrifi cation model [ 13 – 15 ]. 

 Using ultrarapid freezing, specimens are exposed for short 
intervals (2–3 min) to relatively high concentrations of DMSO 
(3.5 M) and sucrose (0.25 M) followed by direct plunging into 
LN 2 . Specimens are then thawed rapidly in a 37 °C waterbath and 
cryoprotectant removed in a single step [ 16 ]. Using these simple 
and rapid techniques, a number of children have been born. Gordts 
et al. as early as 1990 [ 17 ], reported four pregnancies after ultrar-
apid freezing of pronuclear stage oocytes. In this study, much bet-
ter survival was noted for pronuclear oocytes as compared to 
cleaved embryos, a fi nding that has been reported by other inves-
tigators as well [ 18 ]. In contradiction to this, Lai et al. report an 
83 % survival rate (at least one blastomere intact) and 16 % birth-
rate for ultrarapidly frozen cleaved embryos [ 19 ]. Mitochondrial 
distribution and overall subcellular structure are described as being 
normal after using this method of freezing [ 20 ]. 

 Technically, vitrifi cation and ultrarapid freezing are very similar 
techniques. If no ice crystals form during the latter process, it is 
actually a vitrifi cation procedure [ 21 ].   

2    Materials 

  Freezing–thawing      media for prezygotes/embryos/blastocysts  
 (prepared weekly or bimonthly) 

 Date prepared/prepared by: ____________/____________ 
 Base water resistivity (>18 MΩ/cm required): ____________ 

  Lot numbers :

 Component  Supplier 
 Lot number 
and date 

 1,2 Propanediol  Sigma; P1009 

 Sucrose  Sigma; S1888 

 Glycerol  Sigma; G9012 

    Solution I (1,000 mL) 

 Component  Measurement  Supplier  Lot number and date 

 HHI medium 
(stands for 
“Harvest, 
Hatching, 
ICSI”) 

 700 mL  Laboratory 
Stock 

 This is simply a HEPES-
supplemented medium 
based on Stage I 
sequential culture 
medium 

 Plasmanate  300 mL 
(30.0 %) 

 NHS; 
120-42P 

Slow Cryopreservation of Embryos



412

    Solution II (300 mL; 0.2 M sucrose) 

 Component  Measurement  Supplier 

 Solution I  300 mL  Just prepared 

 Sucrose  20.55 g  Sigma; #S1888 

    Solution III (50 mL; 0.1 M sucrose) 

 Component  Measurement  Supplier 

 Solution I  50 mL  Just prepared 

 Sucrose  1.71 g  Sigma; #S1888 

    Solution IV (150 mL; 0.4 M sucrose) 

 Component  Measurement  Supplier 

 Solution I  150 mL  Just prepared 

 Sucrose  20.55 g  Sigma; #S1888 

    Formulae for non-sucrose freeze–thaw solutions 

 #  Solution I  PROH 

 1.  1.5 M  44.3 mL  5.7 mL 

 2.  1.0 M  46.2 mL  3.8 mL 

 3.  0.5 M  48.1 mL  1.9 mL 

 4.  0.0 M  50.0 mL  – 

    Formulae for sucrose freeze–thaw solutions 

  #   Solution II  PROH 

 5.  1.5MS.2  44.3 mL  5.7 mL 

 6.  1.0MS.2  46.2 mL  3.8 mL 

 7.  0.5MS.2  48.1 mL  1.9 mL 

 8.  0.0MS.2  50.0 mL  – 

    Formulae for blastocyst freeze–thaw solutions with glycerol 

 #  Solution I, II, III, or IV  Glycerol 

 9.  Bl Cryo 5 % G  47.5 mL Solution I  2.5 mL 

 10.  Bl Cryo 10 % GS.2  45.0 mL Solution II  5.0 mL 

 11.  Bl Thaw 10 %GS.4  45.0 mL Solution IV  5.0 mL 

 12.  Bl Thaw 5 %GS.4  47.5 mL Solution IV  2.5 mL 

(continued)
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 #  Solution I, II, III, or IV  Glycerol 

 13.  Bl Thaw S.4  50.0 mL Solution IV  – 

 14.  Bl Thaw S.2  50.0 mL Solution II  – 

 15.  Bl Thaw S.1  50.0 mL Solution III  – 

       Prezygote freezing

 Action  Ramp #  Program#1 

 Start temp  22.0 °C 

 Start  Chamber 

 Rate  01  −1.00 °C 

 Temp  01  −6.5 °C 

 Temp=  01  Chamber 

 Hold  02  5 min 

 Temp  02  −6.5 °C 

 Rate  03  −0.50 °C 

 Temp  03  −80.0 °C 

 Temp=  03  Chamber 

 Seeding  Manual 

 Seed temp  −6.5 °C 

 Seed=  Chamber 

 Soak time  5 min 

 Trigger  Temp 

   Embryo freezing

 Action  Ramp #  Program#3 

 Start temp  22.0 °C 

 Start  Chamber 

 Rate  01  −2.00 °C 

 Temp  01  −7.0 °C 

 Temp=  01  Chamber 

 Hold  02  5 min 

 Temp  02  −7.0 °C 

 Rate  03  −0.30 °C 

 Temp  03  −30.0 °C 

 Temp=  03  Chamber 

2.1  Computerized 
Programs: Planer 
Biological Freezer

(continued)
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 Action  Ramp #  Program#3 

 Seeding  Manual 

 Seed temp  −7.0 °C 

 Seed=  Chamber 

 Soak time  5 min 

 Trigger  Temp 

   Blastocyst freezing

 Action  Ramp #  Program#4 

 Start temp  22.0 °C 

 Start  Chamber 

 Rate  01  −2.00 °C 

 Temp  01  −7.0 °C 

 Temp=  01  Chamber 

 Hold  02  10 min 

 Temp  02  −7.0 °C 

 Rate  03  −0.30 °C 

 Temp  03  −38.0 °C 

 Temp=  03  Chamber 

 Seeding  Manual 

 Seed temp  −7.0 °C 

 Seed=  Chamber 

 Soak time  5 min 

 Trigger  Temp 

   Prezygote thawing

 Action  Ramp #  Program#6 

 Start temp  −100.0 °C 

 Start  Chamber 

 Hold  01  5 min 

 Temp  01  −100.0 °C 

 Rate  02  8.00 °C 

 Temp  02  22.0 °C 

 Temp=  02  Chamber 

 Hold  03  5 min 

(continued)
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 Action  Ramp #  Program#6 

 Temp  03  22.0 °C 

 Seeding  No seeding 

 Trigger  Temp 

3        Methods 

       Freezing success with this stage has spanned more than three 
decades and has resulted in thousands of births. It is thought that 
the prezygote’s lack of a spindle in large part explains its excellent 
survival and potential for implantation. Being single-celled, it is 
easy to determine whether or not a prezygote has survived thaw-
ing; when its membrane is not intact, the cell appears fl attened and 
usually dark in color. Left in culture for 15–24 h, the healthy 
thawed pronucleate oocyte enters into syngamy, completes the fer-
tilization process, and proceeds to the fi rst cleavage. Cell division is 
the true indicator of survival after thaw; fewer than 5 % of prezy-
gotes appearing healthy after thaw fail to follow this pattern. 

 Despite the good results achieved after freezing at this stage, 
there are also certain disadvantages. Because prezygotes are frozen 
before cleavage occurs, there are no standard morphological 
parameters to aid in selection; consequently, prezygotes with poor 

3.1  Prezygotes 
(Figs.  4 – 6 )

  Fig. 4    Four prezygotes photographed immediately after thawing. These were 
frozen using 1,2 propanediol as the cryoprotectant, without sucrose. Although 
one prezygote is slightly misshapen, it regained its round shape within a short 
period of time. All four display intact zonae and oolemmae       
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  Fig. 6    Three conceptuses developing from frozen–thawed prezygotes stored for 
482 days. One of these implanted in the uterus of a 38-year-old mother and led 
to the birth of a healthy female child       

  Fig. 5    The same conceptuses after 24 h of culture. Three have developed to the 
2-cell stage, and one is cleaving to four cells. Two gestational sacs were identi-
fi ed by ultrasound and one male child delivered       

developmental potential are sometimes frozen. It is disappointing 
to freeze a large number of prezygotes for a woman only to fi nd 
that the ones not frozen arrest in culture or exhibit abnormal mor-
phological characteristics on days 2 or 3. In such cases, the patient 
might have been better served if consideration of freezing had 
been delayed 2–5 days. 
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 It is important to freeze the prezygote before breakdown of 
pronuclei since waiting too long negatively impacts results. This 
urgency to begin freezing may be inconvenient for some programs 
without adequate staffi ng. 

 The morphology of thawed prezygotes is generally similar to 
their pre-freeze appearances, but occasionally the cytoplasm is 
clearer and organelle accumulation around pronuclear structures is 
reduced. After thawing, nucleoli are often seen scattered within 
pronuclei despite their alignment at pronuclear junctions before 
freezing. Interestingly, two pronuclei have been observed several 
times to coalesce into one large pronucleus during these proce-
dures (personal observation). 

     Before loading the cryovial, wash prezygotes in 1.5 M PROH to 
avoid transferring oil. To do this, fi rst use an automatic pipettor 
with sterile tip or a fl amed glass pipette to transfer prezygotes to 
1.5 M PROH within a sterile dish. Change the pipettor tip/glass 
pipette and avoid oil layer when loading conceptus into cryovial.

    1.    Evaluate the morphology of the pronuclear specimen. 
Document.   

   2.    Appropriately label a Nunc 1.8 mL sterile cryovial. Prepare a 
dated QC sample cryovial in the same manner.   

   3.    Pipette 0.3 mL freezing medium (1.5 M PROH) into cryovi-
als using sterile technique. Freezing medium should be at 
room temperature.   

   4.    Place prezygotes into cryovials, carrying as little culture 
medium as possible. Take care to place prezygotes at the bot-
toms of the vials and do not allow bubbles of air to enter. 
Visually check each cryovial under higher magnifi cation after 
loading to assure that the specimens are properly located 
inside. Cryovials must be maintained in a level, upright posi-
tion at all times and caps must be well tightened. Equilibrate 
cryovials at room temperature for 30 min (40 min maximum 
from the time the fi rst cryovial loaded); during this time, 
securely load cryovials onto freezing canes (canes must be also 
be at room temperature).   

   5.    Approximately 3 min prior to beginning the freezing run, turn 
Planer main switch to the “ON” position and open valve of 
LN 2  tank.   

   6.    The Planer will display  Run ,  Print ,  Program  on the screen. 
Press  Run .   

   7.    The Planer will display  Enter Passcode  on the screen. Enter 
“3333.”   

   8.    Choose program number and name by pressing the < and > keys. 
Choose the pronuclear freezing program and press  Enter .   

3.1.1  Detailed Prezygote 
(Pronuclear Stage) Slow 
Freezing and Thawing 
Methods: Specifi c 
Techniques Using a 
Biological Freezing Unit 
(Planer Kryo 10-1.7 II or III)
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   9.    When the proper temperature is reached, an audible alarm will 
sound that indicates the unit is at room temperature. Carefully 
load freezing canes/cryovials and QC sample cryovial (ther-
mosensor must be immersed in freezing medium) into Planer 
and set clock alarm for 26 min. Press  Run . The freezing pro-
gram will now be under computerized control until the time of 
manual seeding. Temperature will drop within the unit at a 
rate of −1.0 °C/min until a temperature of −6.5 °C is reached. 
When −6.5 °C is reached, the display will read  Soaking . 
Immediately record the date, patient’s names, and display tem-
perature of the chamber on a QC log sheet.   

   10.    After 5 min of soaking, an audible alarm will sound to indicate 
that manual seeding may be performed. Check the tempera-
ture of the chamber and ensure that it is at a temperature of at 
least −6.0 °C. If not, delay seeding and wait for the chamber to 
reach this temperature. If this does not occur, press  Run  in 
order for program to continue as if seeding had been per-
formed. When the appropriate control temperature is reached, 
press  Run  again to put the unit into manual override (pause) 
in order to perform manual seeding. Record this temperature 
in the QC log sheet before proceeding with seeding. In this 
case, you will have to perform the seeding and then wait for 
5 min before pressing  Run  again to resume program. If cham-
ber is at the proper temperature when the audible alarm, record 
this display temperature on the QC log sheet.   

   11.    Perform manual seeding:
   (a)    Freeze sponge forceps in liquid nitrogen by immersing 

forceps in fi lled dewar.   
  (b)    Quickly raise freezing cane from unit and grasp cryovial at 

the level of the meniscus of medium. Watch for ice crystal 
formation within the cryovial. When crystals are visualized, 
immediately return the cryovial to Planer. Check the cryovial 
for ice crystal formation after approximately 30 s (medium 
should appear “slushy”). If needed, reseed to achieve crystal 
formation. This is a critical step in the process.       

   12.    Press  Run . Under computerized control, the Planer will hold 
at same temperature for an additional fi ve minutes before pro-
ceeding with program. After hold period, temperature will 
drop at a rate of −0.5 °C/min until a temperature of −80 °C is 
reached. Machine should be checked at regular intervals to 
ensure that operation is satisfactory. Approximately 2 1 / 2  h are 
required to complete the program.   

   13.    An audible alarm sounds at the completion of the freezing pro-
gram and the display reads  Remove Sample . At this point, the 
cryovials should be removed from the Planer and immediately 
plunged into LN 2  within styrofoam/plastic container.   
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   14.    Cryovials should be snapped into properly prelabeled storage 
canes, label side up, while constantly under LN 2 . Storage canes 
are then fi tted into cryosleeves. Storage canes and cryosleeves 
must be at LN 2  temperature before touching cryovials.   

   15.    Transfer canes/cryosleeves to appropriate canisters within des-
ignated storage tanks.   

   16.    Press  Run  to end program. The display will read  Do Not Switch 
Off  while the unit stabilizes to room temperature. This should 
take 4–5 min. When the display reads  Ready To Restart , turn 
off main switch and LN 2  valve. Attach the patient’s chart 
recording to the back of the cryopreservation form.       

      1.    Turn Planer main switch to the “ON” position and open valve 
of LN 2  tank.   

   2.    The Planer will display  Run ,  Print ,  Program  on the screen. 
Press  Run .   

   3.    The Planer will display  Enter Passcode  on the screen. Enter 
“3333.”   

   4.    Choose program number and name by pressing the < and > keys. 
Choose the prezygote thawing program and press  Enter .   

   5.    An audible alarm will sound when the unit is at −10 °C.   
   6.    Quickly transfer patient cryovial from storage receptacle and 

snap onto freezing cane within the Planer unit.   
   7.    Press  Run . Under programmed control, the Planer will hold 

for 5 min and then warm at a rate of +8.0 °C/min until room 
temperature is reached. An audible alarm will sound at the end 
of the thawing process which takes approximately 20 min. Wait 
for an additional 5 min after alarm sounds before removing 
cryovial from unit (this delay will allow the actual sample tem-
perature to reach the warmer chamber temperature).   

   8.    At the fi nish of the thawing program, remove cryovial from 
freezing cane and allow to equilibrate at room temperature for 
5 min. During this time, prepare a 4-well culture dish with 
1.0 M PROH, 0.75 M PROH, 0.5 M PROH, and 0.25 M 
PROH dilutions (the 0.75 M dilution is prepared by adding 
one part 1.0 M to one part 0.5 M; the 0.25 M dilution is pre-
pared by adding one part 0.5 M to one part 0.0 M). Prepare 
one Falcon 3037 organ culture dish with 0.0 M PROH dilu-
tion. Label wells and dish appropriately. All dilutions should be 
maintained at room temperature.   

   9.    Press  Run  to end program. The display will read  Do Not Switch 
Off  while the unit stabilizes to room temperature. This should 
take 1–2 min. When the display reads  Ready To Restart , turn 
off main switch and LN 2  valve.   

3.2  Prezygote 
Thawing
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   10.    Empty contents of cryovial into petri dish and locate thawed 
prezygote. If it cannot be found in the fi rst scan, refi ll cryovial 
with freezing medium (1.5 M PROH at room temperature), 
gently shake vial, and pour contents into fresh dish. Repeat this 
process up to 10 times if prezygote cannot be located. One should 
be able to tell almost immediately whether or not the prezygote 
has survived the freeze–thaw process by judging ooplasmic 
color and the integrity of the zona pellucida. Occasionally, only 
an empty zona pellucida is located.   

   11.    Transfer prezygote into 1.0 M PROH medium. Wait for 
3 min.   

   12.    Transfer prezygote into 0.75 M PROH medium. Wait for 
3 min.   

   13.    Transfer prezygote into 0.5 M PROH medium. Wait for 3 min.   
   14.    Transfer prezygote into 0.25 M PROH medium. Wait for 

3 min.   
   15.    Transfer prezygote into 0.0 M PROH medium in an organ 

culture dish. Wait for 3 min.   
   16.    Prepare a fi re-polished sterile pipette and locate patient’s cul-

ture dish.   
   17.    Transfer prezygote into fresh medium droplet, wash through 

four outside droplets, and place in clean droplet. Label droplet 
appropriately. Incubate overnight.   

   18.    Record survival information on the thawing form; note how 
many conceptuses remain in storage.      

      1.    Natural cycle replacement
   (a)    Regular ovulatory cycle with normal luteal phase 

progesterone   
  (b)    Thaw day of ovulation or next (day after LH peak and/or 

day of E 2  drop)
 ●    Transfer day after thaw  
 ●   No progesterone unless indicated or previous failure 

without it  
 ●   Medrol and tetracycline starting on day of LH surge 

for 4 days          
   2.    Programmed cycle replacement with GnRHa

   (a)    Luteal suppression 0.2 mg GnRHa; 0.1 mg on predeter-
mined day 1 until day 15   

  (b)    Transdermal estrogen patches: 
 0.1 mg every other day, days 1–4 
 0.2 mg every other day, days 5–8 

3.3  Frozen Prezygote 
Replacement 
Protocols
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 0.3–0.4 mg every other day, days 9–14 (depending on 
estrogen levels) 

 0.2 mg every other day, days 15—pregnancy testing 
(if pregnant, until E2 rises at approximately 7 weeks)   

  (c)    Tetracycline and Medrol starting on day 15 for 4 days   
  (d)    Thaw day 16, transfer day 17   
  (e)    50 mg progesterone starting on day 15, daily until end of 

12th week of gestation, gradually weaned down starting 
weeks 9–10 (depending on serum levels) 

          Progesterone:  Natural cycle ,  if required : 200 mg micronized vaginal 
suppositories two or three times a day; continued until negative 
pregnancy test or through week 12 if pregnant (gradually weaned 
down starting week 9–10, depending on serum levels). 

  Programmed cycle : 50 mg/day IM beginning day 15; continued 
until negative pregnancy test or through week 12 if pregnant 
(gradually weaned down starting week 9–10, depending on 
serum levels)  

  Estrogen patches: Programmed cycle: Climara (comes in 0.1 mg 
patches; gives high serum E 2  levels)  

  Medrol: 16 mg/day for 4 days starting day of LH surge (natural 
cycle) or day 15 (programmed cycle)  

  Tetracycline: 250 mg four times per day for 4 days starting day of 
LH surge (natural cycle) or day 15 (programmed cycle)     

               The fi rst reported birth following cryopreservation and thaw 
developed from a frozen embryo [ 22 ]. Like pronuclear oocytes, 
cleaving embryos do well after thawing and contribute to preg-
nancy at acceptable rates. Almost any cleavage stage can be frozen 
successfully, from 2-cell to blastocyst. Freezing the embryo is con-
venient because, unlike the prezygote, there are no time restraints. 
In addition, both morphology and growth rate are known, allow-
ing for selection of potentially viable conceptuses. It is becoming 
more common to choose the best embryos for fresh transfer and 
freeze all others with good morphology only after fresh selection 
has been made. 

 Sometimes survival is diffi cult to evaluate because not all 
 blastomeres survive the rigors of freezing and thawing. Dying blas-
tomeres may be present amongst the living ones, but can be 
removed easily during assisted hatching procedures. Generally, an 
embryo possessing >50 % viable blastomeres upon thaw is consid-
ered a survivor. There is no convincing evidence that the loss of 
one or two blastomeres is overtly detrimental to very early developing 
embryos [ 23 – 26 ]. Despite this, it has been reported that fully 
intact human embryos demonstrate a higher implantation rate 
than do partially intact ones [ 27 ]. 

3.4  Embryos 
(Figs.  7 – 17 )
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      1.    Evaluate the morphology of the embryo. Document.   
   2.    Appropriately label a Nunc 1.8 mL sterile cryovial. Prepare a 

dated QC sample cryovial in the same manner.   
   3.    Pipette 0.3 mL freezing medium (1.5 M solution with sucrose) 

into cryovials using sterile technique. Freezing medium should 
be at room temperature.   

3.4.1  Detailed Embryo 
Slow Freezing and 
Thawing Methods: Specifi c 
Techniques Using a 
Biological Freezing Unit 
(Planer Kryo 10-1.7 II or III)

  Fig. 7    In this example, two of four embryos, stored for 861 days, survived thaw-
ing with all blastomeres intact. The remaining two conceptuses lost a single 
blastomere during the process. Degenerative cells were removed before intra-
uterine transfer to a 35-year-old woman. A healthy female child was delivered       

  Fig. 8    A photomicrograph of two day 3 embryos as they appeared just before 
freezing       
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   4.    Take embryos through non-sucrose dilutions as follows: 0.5 M 
solution (no sucrose) for 5 min; 1.0 M (no sucrose) for 5 min; 
1.5 M (no sucrose) for 10 min; 1.5 M with sucrose for 10 s. 
Change pipette before loading cryovials to avoid transferring oil.   

  Fig. 9    After cryostorage for 144 days, both embryos survived, although two blas-
tomeres were damaged and microsurgically removed in the upper right concep-
tus. The 38-year-old patient failed to achieve pregnancy after the transfer of 
these embryos, but returned for second thawing attempt of prezygotes and sub-
sequently conceived       

  Fig. 10    Four embryos photographed just before freezing on day 3 after harvest       
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  Fig. 11    The same four embryos as in Fig.  10 , photographed a few hours after 
thawing 94 days later. All tolerated the freezing and thawing procedures well. 
After intrauterine transfer, the 35-year-old mother became pregnant from this 
cohort and subsequently delivered a healthy male infant       

  Fig. 12    Four embryos photographed on day 3 after harvest, just before freezing 
was carried out       

   5.    Place embryos into cryovials, carrying as little culture medium 
as possible. Take care to place embryos at the bottoms of the 
vials and do not allow bubbles of air to enter. Visually check 
each cryovial under higher magnifi cation after loading to assure 
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  Fig. 13    The same four embryos photographed a few hours after thawing 68 days 
later. Two of these had degenerative blastomeres and fragments removed before 
the photograph was taken. The 37-year-old patient became pregnant after the 
transfer of these conceptuses, showing two sacs and one fetal heart by ultra-
sound. Miscarriage followed       

  Fig. 14    Five conceptuses photographed before freezing on day 3 after harvest       

that the specimens are properly located inside. Cryovials must be 
maintained in a level, upright position at all times and caps must 
be well tightened. Equilibrate cryovials at room temperature for 
15 min (25 min maximum from the time the fi rst cryovial 
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  Fig. 16    Seven healthy-appearing conceptuses photographed before freezing on 
day 3 after harvest       

  Fig. 15    Upon thawing 68 days later, all demonstrated evidence of survival. 
A preclinical pregnancy and loss was established in the 38-year-old mother after 
transfer       

loaded); during this time, securely load cryovials onto freezing 
canes (canes must be also be at room temperature).   

   6.    Approximately 3 min prior to beginning the freezing run, turn 
Planer main switch to the “ON” position and open valve of 
LN 2  tank.   

   7.    The Planer will display  Run ,  Print ,  Program  on the screen. 
Press  Run .   
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   8.    The Planer will display  Enter Passcode  on the screen. Enter 
“3333.”   

   9.    Choose program number and name by pressing the < and > keys. 
Choose the embryo freezing program and press  Enter .   

   10.    When the proper temperature is reached, an audible alarm will 
sound that indicates the unit is at room temperature. Carefully 
load freezing canes/cryovials and QC sample cryovial (ther-
mosensor must be immersed in freezing medium) into Planer 
and set clock alarm for 14 min. Press  Run . The freezing pro-
gram will now be under computerized control until the time of 
manual seeding. Temperature will drop within the unit at a 
rate of −2.0 °C/min until a temperature of −7.0 °C is reached. 
When −7.0 °C is reached, the display will read  Soaking . 
Immediately record the date, patient’s names, and display tem-
perature of the chamber on a QC log sheet.   

   11.    After 5 min of soaking, an audible alarm will sound to indicate 
that manual seeding may be performed. Check the tempera-
ture of the chamber and ensure that it is at a temperature of at 
least −6.5 °C. If not, delay seeding and wait for chamber to 
reach this temperature. If this does not occur, press  Run  in 
order for program to continue as if seeding had been per-
formed. When the appropriate control temperature is reached, 
press  Run  again to put the unit into manual override (pause) 
in order to perform manual seeding. Record this temperature 
in the QC log sheet before proceeding with seeding. In this 
case, you will have to perform the seeding and then wait for 
5 min before pressing  Run  again to resume program. If the 

  Fig. 17    Upon thawing four of these conceptuses 122 days later, all survived. 
Unfortunately, no pregnancy was established in the 38-year-old woman produc-
ing these conceptuses       
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chamber is at the proper temperature when the audible alarm 
sounds, record this display temperature on the QC log sheet.   

   12.    Perform manual seeding:
   (a)    Freeze sponge forceps in liquid nitrogen by immersing 

forceps in fi lled dewer.   
  (b)    Quickly raise freezing cane from unit and grasp cryovial at 

the level of the meniscus of medium. Watch for ice crystal 
formation within the cryovial. When crystal is visualized, 
immediately return cryovial to Planer. Check cryovial for 
ice crystal formation after approximately 30 s (medium 
should appear “slushy”). If needed, reseed to achieve crystal 
formation. This is a critical step in the process.       

   13.    Press  Run . Under computerized control, the Planer will hold 
at same temperature for an additional 5 min before proceeding 
with program. After hold period, temperature will drop at a 
rate of −0.3 °C/min until a temperature of −30 °C is reached. 
Machine should be checked at regular intervals to ensure that 
operation is satisfactory. Approximately 1 1 / 4  h are required to 
complete the program.   

   14.    An audible alarm sounds at the completion of the freezing 
program and the display reads  Remove Sample . At this point, the 
cryovials should be removed from the Planer and immediately 
plunged into LN 2  within styrofoam/plastic container.   

   15.    Cryovials should be snapped into properly prelabeled storage 
canes, label side up, while constantly under LN 2 . Storage canes 
are then fi tted into cryosleeves. Storage canes and cryosleeves 
must be at LN 2  temperature before touching cryovials.   

   16.    Transfer canes/cryosleeves to appropriate canisters within des-
ignated storage tanks.   

   17.    Press  Run  to end program. The display will read  Do Not Switch 
Off  while the unit stabilizes to room temperature. This should 
take 4–5 min. When the display reads  Ready To Restart , turn 
off main switch and LN 2  valve. Attach the patient’s chart 
recording to the back of the cryopreservation form.       

      1.    Ensure that the 30 °C waterbath is at the appropriate 
temperature.   

   2.    Remove cryovial from the liquid nitrogen storage tank and 
warm in a 30 °C waterbath for approximately 30 s with gentle 
agitation.   

   3.    Allow cryovial to sit at room temperature for 1 min. During 
this time, prepare a 4-well culture dish with 1.0 M PROH 
(sucrose), 0.75 M PROH (sucrose), 0.5 M PROH (sucrose), and 
0.25 M PROH (sucrose) (the 0.75 M dilution is prepared by 
adding one part 1.0 M to one part 0.5 M; the 0.25 M dilution 

3.5  Embryo Thawing 
(Waterbath Method)
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is prepared by adding one part 0.5 M to one part 0.0 M). 
Prepare two Falcon 3037 organ culture dishes, one with 0.0 M 
PROH (sucrose) and one with 0.0 M PROH (no sucrose) 
dilutions. Label wells and dishes appropriately.   

   4.    Empty contents of cryovial into petri dish and locate specimen. 
If not located in the fi rst scan, refi ll cryovial with 1.5 M PROH 
(sucrose) at room temperature, gently shake vial, and pour 
contents into fresh dish. Repeat this process up to 10 times if 
specimen cannot be located. One should be able to tell almost 
immediately whether or not the specimen has survived the 
freeze–thaw process by judging both blastomere color and 
integrity of the zona pellucida. Survival is defi ned as greater 
than 50 % of the blastomeres remaining intact and exhibiting a 
healthy appearance.   

   5.    Transfer embryo into 1.0 M (sucrose) medium. Allow to 
equilibrate for 3 min.   

   6.    Transfer embryo into 0.75 M (sucrose) medium. Allow to 
equilibrate for 3 min.   

   7.    Transfer embryo into 0.5 M medium (sucrose). Allow to 
equilibrate for 3 min.   

   8.    Transfer embryo into 0.25 M medium (sucrose). Allow to 
equilibrate for 3 min.   

   9.    Transfer embryo into 0.0 M medium (sucrose) in the organ 
culture dish. Wait for 3 min.   

   10.    Transfer embryo to the 0.0 M (no sucrose) medium in the 
second organ culture dish. Wait for 3 min.   

   11.    During this last interval, prepare a fi re-polished sterile pipette 
and locate patient’s culture dish.   

   12.    Transfer embryo into fresh medium droplet, wash through 
four outside droplets, and place in clean droplet. Label droplet 
appropriately. Incubate until intrauterine transfer.   

   13.    Record survival information on the thawing form; note how 
many frozen conceptuses remain in storage.      

      1.    Natural cycle replacement
   (a)    Regular ovulatory cycle with normal luteal phase 

progesterone   
  (b)    Thaw day after ovulation or next (2 days after LH peak 

and/or day after E 2  drop)
 ●    Transfer day of thaw  
 ●   No progesterone unless indicated or previous failure 

without it  
 ●   Medrol and tetracycline starting on day of LH surge 

for 4 days          

3.6  Frozen Embryo 
Replacement 
Protocols
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   2.    Programmed cycle replacement with GnRHa
   (a)    Luteal suppression 0.2 mg GnRHa; 0.1 mg on predeter-

mined day 1 until day 15   
  (b)    Transdermal estrogen patches: 

 0.1 mg every other day, days 1–4 
 0.2 mg every other day, days 5–8 
 0.3–0.4 mg every other day, days 9–14 (depending on 

estrogen levels) 
 0.2 mg every other day, days 15—pregnancy testing (if 

pregnant, until E 2  rises at approximately 7 weeks)   
  (c)    Tetracycline and Medrol on day 15 for 4 days   
  (d)    Thaw and transfer day 17   
  (e)    50 mg progesterone on day 15, daily until end of 12th week 

of gestation, gradually weaned down starting weeks 9–10 
(depending on serum levels)

           Progesterone:  Natural cycle ,  if required : 200 mg micronized vaginal 
suppositories two or three times a day; continued until negative 
pregnancy test or through week 12 if pregnant (gradually weaned 
down starting week 9–10, depending on serum levels). 

  Programmed cycle : 50 mg/day IM beginning day 15; continued 
until negative pregnancy test or through week 12 if pregnant 
(gradually weaned down starting week 9–10, depending on 
serum levels)  

  Estrogen patches: programmed cycle: climara (comes in 0.1 mg 
patches; gives high serum E 2  levels)  

  Medrol: 16 mg/day for 4 days starting day of LH surge (natural 
cycle) or day 15 (programmed cycle)  

  Tetracycline: 250 mg four times per day for 4 days starting day of 
LH surge (natural cycle) or day 15 (programmed cycle)     

        Blastocysts have generated a great deal of interest over the last 
decade. It may well be that we are walking a road towards routine 
culture to this stage, and as a consequence, to routine freezing of 
expanded blastocysts. Most groups report successful freezing with 
subsequent live births, some of these using coculture systems to 
support embryo growth [ 3 ,  28 – 31 ]. 

 Often, blastocysts are frozen following the fresh transfer of day 
3 conceptuses; after intrauterine transfer, remaining viable embryos 
are examined each day for 2 or 3 additional days to evaluate their 
suitability for freezing. This has been termed the post-transfer 
observation period. Blastocysts forming on either day 5 or day 6 
are cryopreserved for future use. Only rarely and under special 

3.7  Blastocysts 
(Figs.  18 – 21 )
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circumstances have later blastocysts been frozen since pregnancy 
rates have been disappointing after freezing day 7/8 specimens. 
Despite poor results beyond day 6, no differences were found 
between day 5 and day 6 blastocysts. While it is intuitive to assume 
that embryos reaching the blastocyst stage faster (day 5) might be 
“healthier” than their day 6 counterparts, our own data suggest 
that the rate of development within this window may not be crucial 
to subsequent post-thaw success as long as blastocysts have reached 
the same stage of growth [ 3 ]. 

  Fig. 18    Blastocyst immediately after thawing; note contraction       

  Fig. 19    Same blastocyst, expanded and then recontracted, after hatching in culture 
within 30 min after thawing       

 

 

Slow Cryopreservation of Embryos



432

      1.    Evaluate the morphology of the blastocyst. Document.   
   2.    Appropriately label a Nunc 1.8 mL sterile cryovial. Prepare a 

dated QC sample cryovial in the same manner.   
   3.    Pipette 0.3 mL freezing medium (10 % glycerol/0.2 M sucrose) 

into cryovials using sterile technique. Freezing medium should 
be at room temperature.   

3.7.1  Detailed Blastocyst 
Slow Freezing and 
Thawing Methods: Specifi c 
Techniques Using a 
Biological Freezing Unit 
(Planer Kryo 10-1.7 II or III)

  Fig. 21    Same blastocyst after thawing 141 days later. Membrane blebbing 
through the zona pellucida is seen, likely a result of subtle zona pellucida 
damage during thaw. This single blastocyst was transferred and a healthy male 
child was delivered       

  Fig. 20    Expanded blastocyst from a 39-year-old woman just before freezing       
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   4.    Place blastocysts in 5 % glycerol (no sucrose) for 10 min. Change 
pipette before loading cryovials to avoid transferring oil.   

   5.    Transfer to 10 % glycerol/0.2 M sucrose for 10 min.   
   6.    Place blastocysts into cryovials, carrying as little medium as 

possible. Take care to place them at the bottoms of the vials 
and do not allow bubbles of air to enter. Visually check each 
cryovial under higher magnifi cation after loading to assure that 
the specimens are properly located inside. Cryovials must be 
maintained in a level, upright position at all times and caps 
must be well-tightened. Securely load cryovials onto freezing 
canes (canes must be also be at room temperature).   

   7.    Approximately 3 min prior to beginning the freezing run, turn 
Planer main switch to the “ON” position and open valve of 
LN 2  tank.   

   8.    The Planer will display  Run ,  Print ,  Program  on the screen. 
Press  Run .   

   9.    The Planer will display  Enter Passcode  on the screen. Enter 
“3333.”   

   10.    Choose program number and name by pressing the < and > keys. 
Choose the blastocyst freezing program and press  Enter .   

   11.    When the proper temperature is reached, an audible alarm will 
sound that indicates the unit is at room temperature. Carefully 
load freezing canes/cryovials and QC sample cryovial (ther-
mosensor must be immersed in freezing medium) into Planer 
and set clock alarm for 14 min. Press  Run . The freezing pro-
gram will now be under computerized control until the time of 
manual seeding. Temperature will drop within the unit at a 
rate of −2.0 °C/min until a temperature of −7.0 °C is reached. 
When −7.0 °C is reached, the display will read  Soaking . 
Immediately record the date, patient’s name, and display tem-
perature of the chamber on a QC log sheet.   

   12.    After 5 min of soaking, an audible alarm will sound to indicate 
that manual seeding may be performed. Check the tempera-
ture of the chamber and ensure that it is at a temperature of at 
least −6.5 °C. If not, delay seeding and wait for chamber to 
reach this temperature. If this does not occur, press  Run  in 
order for program to continue as if seeding had been per-
formed. When the appropriate control temperature is reached, 
press  Run  again to put the unit into manual override (pause) 
in order to perform manual seeding. Record this temperature 
on the QC log sheet before proceeding with seeding. In this 
case, you will have to perform the seeding and then wait for 
5 min before pressing  Run  again to resume program. If the 
chamber is at the proper temperature when the audible alarm 
sounds, record this display temperature on the QC log sheet.   
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   13.    Perform manual seeding:
   (a)    Freeze sponge forceps in liquid nitrogen by immersing 

forceps in fi lled dewer.   
  (b)    Quickly raise freezing cane from unit and grasp cryovial at 

the level of the meniscus of medium. Watch for ice crystal 
formation within the cryovial. When crystal is visualized, 
immediately return cryovial to Planer. Check cryovial for 
ice crystal formation after approximately 30 s (medium 
should appear “slushy”). If needed, reseed to achieve 
crystal formation. Remember, this is a critical step in the 
process.       

   14.    Press  Run . Under computerized control, the Planer will hold 
at same temperature for an additional 10 min before proceed-
ing with program. After hold period, temperature will drop at 
a rate of −0.3 °C/min until a temperature of −38 °C is reached. 
Machine should be checked at regular intervals to ensure that 
operation is satisfactory. Approximately 1 1 / 2  h are required to 
complete the program.   

   15.    An audible alarm sounds at the completion of the freezing pro-
gram and the display reads  Remove Sample . At this point, the 
cryovials should be removed from the Planer and immediately 
plunged into LN 2  within styrofoam/plastic container.   

   16.    Cryovials should be snapped into properly prelabeled storage 
canes, label side up, while constantly under LN 2 . Storage canes 
are then fi tted into cryosleeves. Storage canes and cryosleeves 
must be at LN 2  temperature before touching cryovials.   

   17.    Transfer canes/cryosleeves to appropriate canisters within des-
ignated storage tanks.   

   18.    Press  Run  to end program. The display will read  Do Not Switch 
Off  while the unit stabilizes to room temperature. This should 
take 4–5 min. When the display reads  Ready To Restart , turn 
off main switch and LN 2  valve. Attach patient’s chart record-
ing to the back of the cryopreservation form.       

      1.    Ensure that the 30 °C waterbath is at the appropriate 
temperature.   

   2.    Remove cryovial from the liquid nitrogen storage tank and 
hold at room temperature for one minute; follow by warming 
in a 30 °C waterbath for approximately 30 s with gentle 
agitation.   

   3.    Allow cryovial to sit at room temperature for 1 min. During 
this time, prepare a 4-well culture dish with 10 % glyc-
erol/0.4 M sucrose, 5 % glycerol/0.4 M sucrose, 0.4 M 
sucrose, and 0.2 M sucrose. Prepare one Falcon 3037 organ 
culture dish with the 0.1 M sucrose dilution. Label wells and 
dish appropriately.   

3.8  Blastocyst 
Thawing
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   4.    Empty contents of cryovial into petri dish and locate specimen. 
If not located in the fi rst scan, refi ll cryovial with 10 % glyc-
erol/0.4 M sucrose at room temperature, gently shake vial, 
and pour contents into fresh dish. Repeat this process up to 10 
times if specimen cannot be located. One should be able to tell 
whether or not the specimen has likely survived the freeze–
thaw process by judging color and cellular aspects.   

   5.    Transfer into 10 % glycerol/0.4 M sucrose medium. Allow to 
equilibrate for 1 min.   

   6.    Transfer into 5 % glycerol/0.4 M medium. Allow to equili-
brate for 3 min.   

   7.    Transfer into 0.4 M sucrose medium. Allow to equilibrate for 
3 min.   

   8.    Transfer into 0.2 M sucrose medium. Allow to equilibrate for 
2 min.   

   9.    Transfer into 0.1 M sucrose medium in the organ culture dish. 
Wait for 1 min.   

   10.    Prepare a fi re-polished sterile pipette and locate patient’s cul-
ture dish.   

   11.    Transfer into fresh medium droplet, wash through four out-
side droplets, and place in clean droplet. Label droplet appro-
priately. Incubate until intrauterine transfer.   

   12.    Record survival information on the thawing form; note how 
many frozen conceptuses remain in storage.      

      1.    Natural cycle replacement
   (a)    Regular ovulatory cycle with normal luteal phase 

progesterone.   
  (b)    Day 5 blastocysts: Thaw 3 days after ovulation or next 

(4 days after LH peak and/or 4 days after E 2  drop); cul-
ture overnight before transfer.   

  (c)    Day 6 blastocysts: Thaw 4 days after ovulation or next 
(5 days after LH peak and/or 5 days after E 2  drop); trans-
fer day of thaw.

 ●    No progesterone unless indicated or previous failure 
without it or luteal phase defect.  

 ●   Medrol and tetracycline starting on day of LH surge 
for 4 days.          

   2.    Programmed cycle replacement with GnRHa
   (a)    Luteal suppression 0.2 mg GnRHa; 0.1 mg on predeter-

mined day 1 until day 15   
  (b)    Transdermal estrogen patches: 

 0.1 mg every other day, days 1–4 

3.9  Frozen 
Blastocyst 
Replacement 
Protocols
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 0.2 mg every other day, days 5–8 
 0.3–0.4 mg every other day, days 9–14 (depending on 
estrogen levels) 
 0.2 mg every other day, days 15—pregnancy testing (if 
pregnant, until E 2  rises at approximately 7 weeks)   

  (c)    Tetracycline and Medrol on day 15 for 4 days   
  (d)    Thaw and transfer day 20 (day 6 blastocysts) or thaw day 

19 and transfer day 20 (day 5 blastocysts)   
  (e)    50 mg progesterone on day 15, daily until end of 12th 

week of gestation, gradually weaned down starting weeks 
9–10 (depending on serum levels) 

          Progesterone:  Natural cycle ,  if required : 200 mg micronized vaginal 
suppositories two or three times a day; continued until negative 
pregnancy test or through week 12 if pregnant (gradually weaned 
down starting week 9–10, depending on serum levels). 

  Programmed cycle : 50 mg/day IM beginning day 15; continued 
until negative pregnancy test or through week 12 if pregnant 
(gradually weaned down starting week 9–10, depending on 
serum levels)  

  Estrogen patches: Programmed cycle: Climara (comes in 0.1 mg 
patches; gives high serum E 2  levels)  

  Medrol: 16 mg/day for 4 days starting day of LH surge (natural 
cycle) or day 15 (programmed cycle)  

  Tetracycline: 250 mg four times per day for 4 days starting day of 
LH surge (natural cycle) or day 15 (programmed cycle)      

4    Summary 

 Nearly 30 years ago, the world’s fi rst pregnancy from a frozen and 
thawed embryo was reported [ 22 ]. Since then, most IVF programs 
have embraced cryopreservation technologies as a method for aug-
menting pregnancy from a single ovarian stimulation cycle. As ovu-
lation induction protocols have improved, allowing the recruitment 
of multiple healthy oocytes, so has the need grown to responsibly 
manage their numbers. It is not unusual today to collect in excess 
of ten mature oocytes from a woman, often substantially more. 
Before freezing techniques were routinely used in the laboratory, a 
woman producing so many gametes would be forced either to limit 
the number inseminated or risk having to discard healthy embryos. 
These concerns are not an issue today because cryopreservation has 
simply become routine in nearly all IVF programs. 

 However, routine cryopreservation programs do not exist 
without some diffi culties. Cryoprotective media are only as good 
as the components they are made from, and various groups report 
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problems with lot numbers of purchased media, reagents, or protein 
supplements. Cryoprotective agents must be precisely measured 
if making one’s own solutions. Biological freezers must be well-
maintained and regularly undergo stringent quality control mea-
sures lest future thaws prove less than satisfactory. By the time 
discrete problems involving freezing and thawing are fi rst recog-
nized, many women may have had their embryos frozen under 
adverse conditions, requiring months of agonizing thaw attempts 
with poor results. Add these concerns to the issues of divorcing 
couples (ownership problems), non-payment of storage fees, 
prolonged storage without decision from parents regarding dispo-
sition, frozen embryo abandonment, or unforeseen natural hazard 
in the laboratory, and one begins to realize the great responsibility 
of supervising the care of frozen biological tissues.     
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    Chapter 20   

 Cryopreservation of Eggs 

           Zsolt   Peter     Nagy  ,        Liesl   Nel-Themaat  ,       Ching-Chien   Chang  ,      
 Daniel   B.     Shapiro    , and     Diana   Patricia     Berna   

    Abstract 

   Oocyte cryopreservation is playing an increasingly important role in the fi eld of human infertility treatment. 
The ability to store viable oocytes for later use has given many women the option to delay childbearing in 
order to pursue other ventures in life, without the concern of losing the opportunity to have a family. 
Furthermore, oocyte cryopreservation is very valuable for diseased patients who have to undergo treatments 
that may compromise fertility. Also, infertility patients who produce large numbers of oocytes during 
a retrieval cycle now have the option of storing some eggs prior to fertilization, thereby reducing the 
number of embryos that have to be managed. Lastly, oocyte cryopreservation enables egg donation pro-
grams that are independent of fresh donations, which makes it possible for numerous recipients to benefi t 
from a single donor. 

 Traditionally, slow freezing was the only method available for oocyte cryopreservation. However, 
recent years have shown that ultrarapid cooling of oocytes results in higher survival and developmental 
rates. Thus, vitrifi cation is today’s preferred method of oocyte cryopreservation and therefore the only 
technique described. 

 In this chapter, we present two reliable methods of oocyte vitrifi cation that have been in use for several 
years and that have been experimentally validated. Since no single vitrifi cation method is clearly superior to 
the rest, other systems are also briefl y described to give the reader options when deciding which methods 
to utilize in their practice.  

  Key words     Oocyte cryopreservation  ,   Vitrifi cation  ,   Egg freezing  ,   Open pulled straw  ,   Cryotop  

1      Introduction 

    Oocyte cryopreservation is an integral part of infertility treatment. 
The ability to store oocytes long-term not only enables the delay of 
childbearing for social reasons, but also allows patients undergoing 
treatment for various diseases known to diminish fertility to save 
oocytes for use later in life. More recently, frozen donor egg banks 
have started to play an enormous role in helping patients with poor 
egg quality, genetic mutations, and social infertility to obtain donor 
oocytes. This increased availability of donor oocytes has reduced 
the need for fresh-cycle donors, who are sometimes diffi cult to fi nd. 
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According to 2010 data from the Society for Assisted Reproduction 
Technologies (SART), more than 18,000 embryo transfers (ET) 
were performed (fresh and frozen combined), and although the 
data does not distinguish between fresh and cryopreserved donor 
oocytes, it can be assumed that a signifi cant proportion of these 
were from cryopreserved oocytes (  www.sart.org    ). In the USA, 
more than 50 % of reproductive medicine clinics were offering 
oocyte cryopreservation in 2009 [ 1 ]. This proportion is also expected 
to increase dramatically as more clinics become effi cient in donor 
oocyte cryopreservation. 

 Traditionally, oocyte cryopreservation is considered relatively 
ineffi cient. Research using animal models has highlighted the princi-
pal challenges of mammalian egg freezing, which apply to the human 
oocyte as well. Slow freezing protocols, which have been used most 
frequently, typically result in low survival rates due to the large 
volume-to-surface ratio of the large egg and the sensitivity of the 
meiotic spindle to freezing techniques. In recent years, however, 
oocyte vitrifi cation has shown great promise with high survival rates 
and developmental rates. Furthermore, the technique is more practi-
cal than many slow-cooling protocols due to the short incubation 
and cooling times generally required. 

 Several different protocols have been described, using unique 
media formulations and carrier devices. These mostly utilize similar 
principles of cryoprotectant exposure, dehydration, rapid cooling, 
warming, and rehydration. To date, however, no single one appears 
to be clearly superior to the others. Therefore, in this chapter, we 
will describe two of the most commonly used systems, the Open 
Pulled Straw (OPS) system, which has been in use for nearly 13 
years and the Cryotop method, which has been in use for 7 years. 
The effectiveness of both these systems has been documented. 
We will then proceed to touch on some of the other devices and 
commercially available media that have been successfully used to 
cryopreserve human oocytes. Deciding which system to use would 
ultimately be the choice of individual programs based on personal 
preference and their own research. Our goal is to simply provide a 
detailed description of two dependable protocols and then introduce 
the equally effective alternatives. 

 There are basically two different categories that will be dis-
cussed: (1) mini-straw systems, where oocytes are vitrifi ed in a 
small column of vitrifi cation medium in a fi ne straw-like device, 
and (2) minimum volume vitrifi cation (MVV) systems, where the 
oocyte is vitrifi ed with only a thin layer of medium on the carrier 
surface or on a medium fi lm. The protocols and devices will thus 
be presented in these two categories. We would like to note that 
the discussed systems are not all-inclusive, and a recent review 
listing a more extensive list of the available carriers used in human 
and animal models for vitrifi cation of embryos and oocytes is 
 available [ 2 ]. 
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 One consideration when choosing devices is whether to use an 
“open” or “closed” system. Concerns about contamination from 
direct exposure of the gametes to liquid nitrogen (LN 2 ) have initi-
ated the development of several closed systems, in which the gam-
etes are never exposed to LN 2  directly due to a tightly sealed outer 
sleeve, or sealing of the straw after loading the gametes and before 
submersion into LN 2 . Some of the original open systems have thus 
been modifi ed to create new, closed systems. Modifi cation of these 
carriers do not typically signifi cantly change the procedures that can 
be used with these specifi c devices, and therefore, the techniques for 
open and closed systems will be discussed simultaneously.  

2    Materials 

  The OPS (Fig.  1a ) system was fi rst described by Vajta et al. in 1998 
as a purpose-driven method of embryo and oocyte vitrifi cation in 
the bovine model [ 3 ]. It consists of a fi nely pulled plastic straw in 
which oocytes are vitrifi ed suspended in a small column of vitrifi ca-
tion medium. The pulled straw can be inserted into a larger outer 
straw and sealed for protection against cross-contamination to create 
a closed system, but this is optional. The OPS system was used 
during studies that resulted in the fi rst human birth after oocyte 
vitrifi cation [ 4 ] and the fi rst bovine birth after cryopreservation of 
immature oocytes [ 5 ]. Today this system is manufactured by RVT 
(Cairns, Australia) and is widely used for oocyte vitrifi cation, as it 
continues to result in high live birth rates. Dr. Gabor Vajta kindly 
provided the OPS protocols, and additional information can be 
found at   www.wix.com/opsstraws/home    .

        1.    Stereomicroscope equipped with heated stage for embryo 
visualization and manipulation.   

   2.    Slide warmer or heated pad next to microscope for warming 
dishes.   

   3.    Open Pulled Straws.   
   4.    60 mm Petri dish.   
   5.    Four-well Nunc dish (Nalge Nunc International. Rochester, 

NY, USA).   
   6.    Calibrated pipettes and sterile tips (10, 100, and 1,000 μL).   
   7.    Styrofoam box or special liquid nitrogen holder, deep enough 

for total submersion of straws (approx. 15 cm deep).   
   8.    Liquid Nitrogen.   
   9.    Canes, goblets, canisters, and liquid nitrogen storage tank.   
   10.    Stopwatch.   
   11.    Marker pen.      

2.1  Mini-straw 
Systems: The Open 
Pulled Straw 
(OPS) System

2.1.1  Equipment

Cryopreservation of Eggs
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   HEPES-buffered Tissue Culture Medium (TCM) 199 (other han-
dling media that are routinely used for oocyte or embryo handling 
may also be used), supplemented with 20 % Serum Substitute 
Supplement (Irvine Scientifi c, Santa Ana, CA, USA) or protein 
supplement of choice.  

  HM supplemented with 7.5 % (v/v) ethylene glycol (EG, Sigma- 
Aldrich, St, Louis, MO, USA; Cat # E9129) and 7.5 % (v/v) 
dimethylsulfoxide (DMSO, Sigma-Aldrich, St. Louis, MO, USA; 
Cat # D2650, 5 mL ampoules. Use each ampoule within 3 weeks 
of opening).  

  HM supplemented with 16 % (v/v) EG, 16 % (v/v) DMSO, and 
0.5 M sucrose.  

2.1.2   Media

 Holding Medium (HM)

 Vitrifi cation Solution 1 
(VS1)

 Vitrifi cation Solution 2 
(VS2)

  Fig. 1    A selection of mini-straw ( a – c ) and minimum volume vitrifi cation ( d – i ) 
system carriers that have been used for human oocyte vitrifi cation: Open pulled 
straw ( a ), Cryopette ( b ), CryoTip ( c ), Cryotop ( d ), Cryolock ( e ), Cryoloop ( f ), McGill 
Cryoleaf ( g ), Rapid-i ( h , note the outer sleeve has been cut shorter than it would 
normally be), and High Security Vitrifi cation system ( i )       
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  HM supplemented with 1.0 M sucrose.  

  HM supplemented with 0.5 M sucrose.   

  All prepared media can be stored at 4 °C for up to 3 months.  See  
 Note 1  for volumes required and for storage tips.  

  Several other fi ne straw devices exist that can be used with described 
media, or in some cases have media formulated especially for use 
with the specifi c system. Below are brief descriptions of a select few, 
but several others exist [ 2 ].  

  The Cryopette (Fig.  1b ) is manufactured by Origio MidAtlanta 
Devices, Inc. (Mount Laurel, NJ, USA) and the system is sold with a 
custom cryobath, sealing and labeling devices, cutting tools and stor-
ing equipment. It may also be used with existing tools, but the starter 
kit that contains the above-mentioned components is encouraged. 
The carrier consists of a small plastic bulb attached to a fi ne tube, 
which can be used as a one-piece pipette and vitrifi cation carrier. 
Vitrifi cation in LN 2  provides a cooling rate of 23, 700 °C/min, 
and warming in water at 37 °C a warming rate of 34,480 °C/min. 
To aspirate the oocytes into the tube, the fi ngers are used to 
squeeze the bulb to create suction. After loading, the open end of 
the pipette is sealed using the special sealer before vitrifi cation. 
This ensures a closed system and prevents any contact with LN 2 . 
While Origio manufactures and recommends the Medicult vitrifi -
cation and warming media kits, the Cryopette can be used with any 
other media formulations, such as described for the OPS system 
above. Detailed information on the system is available on the company 
Web site at   www.origio.com    . When this chapter was prepared, no 
publications on human oocyte vitrifi cation using the device existed.  

  Like the Cryopette, the CryoTip (Fig.  1c ) is a fi nely pulled plastic 
straw that can be sealed for a closed vitrifi cation system. It is manu-
factured by Irvine Scientifi c (Santa Ana, CA, USA) and is attached 
to a metal cap that slides over the tip for protection and to ensure 
that the straw will sink in LN 2 . There is also a connector that 
attaches to the CryoTip for aspiration. The device is designed for 
use with Irvine Scientifi c’s closed vitrifi cation system media, which 
are similar in formulation to media described for the OPS and 
Cryotop systems. Information is available on the company Web 
site at   www.irvinesci.com    . 

 A recent publication found that preservation of human oocyte 
structure after vitrifi cation and warming using the CryoTip was 
inferior to that obtained using a MVV system (Cryotop) [ 6 ], 
although a live birth using the device after vitrifi cation and 
warming of human oocytes have been reported [ 7 ]. The authors 
suggested results were likely due to a lower cooling rate/warming 

 Warming Solution 1 (WS1)

 Warming Solution 2 (WS2)

2.1.3  Storage

2.1.4  Other Fine Straw 
Devices

2.1.5  Cryopette 
Vitrifi cation System

2.1.6  CryoTip
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rate and longer exposure time to the cryoprotectants in the 
CryoTip method [ 6 ]. Thus, although the system offers the advan-
tage of lowering contamination potential, survival rates appear to 
be compromised.   

  The Cryotop method is a minimum vitrifi cation volume vitrifi ca-
tion approach, where the oocytes are vitrifi ed in <0.1 μL of vitrifi -
cation medium [ 8 ]. This approach increases the cooling and 
warming rate (~22,800 and 42,100 °C/min, respectively) while 
allowing a signifi cant reduced amount of cryoprotectants in the 
vitrifi cation media [ 9 ]. The Cryotop device (Fig.  1d ) is manufac-
tured by Kitazo Supply Co. (Fujinomiya, Japan) and consists of a 
very fi ne polypropylene strip attached to a hard plastic handle. It 
also comes with a protective outer sleeve for storage. The vitrifi ca-
tion and warming procedure described below was modifi ed from 
[ 9 ]. Figure  3  is a diagram of the original protocol. More details 
regarding the Cryotop device and method is available at   www.
kitazato-biopharma.com    . 

      1.    Stereomicroscope equipped with heated stage for embryo 
visualization and manipulation.   

   2.    Slide warmer or heated pad next to microscope for warming 
dishes.   

   3.    Cryotops.   
   4.    30 mm Petri dish.   
   5.    Four-well Nunc dish.   
   6.    Calibrated pipettes and sterile tips (10, 100, and 1,000 μL).   
   7.    Styrofoam box or special LN 2  holder, deep enough for total 

submersion of Cryotops (approx. 15 cm deep).   
   8.    Liquid Nitrogen.   
   9.    Canes, goblets, canisters, and liquid nitrogen storage tank.   
   10.    Stopwatch.   
   11.    Marker pen.      

  The Cryotop method can be used with a variety of vitrifi cation and 
warming media, and Kitazo Supply Co. also sells media specially 
formulated for use with the device. Media formulations described 
below are from the original publication of the Cryotop method 
[ 9 ]. Later publications using the system modifi ed the media slightly 
by increasing the serum supplement to 20 %, and adding DMSO 
to equal proportions of EG [ 8 ,  10 ] ( see   Note 5 ). 

  HEPES-buffered Tissue Culture Medium (TCM) 199 (other han-
dling media that are routinely used for oocyte or embryo handling 
may also be used), supplemented with 10 % Serum Substitute or 
protein supplement of choice.  

2.2  Minimum 
Volume Vitrifi cation: 
The Cryotop Method

2.2.1  Equipment

2.2.2   Media

 Basic Medium (BM)

Zsolt Peter Nagy et al.

http://www.kitazato-biopharma.com/
http://www.kitazato-biopharma.com/


445

  BM supplemented with 7.5 % mol/L EG. 
 (Optional: 7.5 % (v/v) DMSO,  see   Note 5 ).  

  BM supplemented with 15 % (v/v) EG and 0.5 M sucrose. 
 (Optional: 15 % (v/v) DMSO,  see   Note 5 ).  

  BM supplemented with 1.0 M sucrose.  

  BM supplemented with 0.5 M sucrose.   

  All prepared media can be stored at 4 °C for up to 3 months.  See  
 Note 6  for aliquot and storage tips.  

 
 Several other systems were developed in recent years, and the fol-
lowing list briefl y describes some of the most common carriers. See 
ref. [ 2 ] for a more extensive list of available vitrifi cation devices.  

  Similar to the Cryotop, the Cryolock (Fig.  1e ) is a MVV system 
that has a thin plastic tip onto which embryos or oocytes are loaded 
with a minute volume of medium, and a cap to protect the delicate 
tip after vitrifi cation directly in LN 2 . It can be used with any of the 
available vitrifi cation media kits, and has been tested extensively 
using the Cryotop method. The device is manufactured by 
BioDiseño (Bogota, Columbia) and more information is available 
at   www.biodiseno.com    . Live births following oocyte vitrifi cation 
using the Cryolock have been reported [ 11 ,  12 ] and high survival 
and clinical outcomes were obtained using the Cryotop method in 
combination with the Cryolock carrier [ 11 ].  

  The CryoLoop (Fig.  1f ) was originally designed by Hampton 
Research (Aliso Viejo, CA, USA) for cryocrystallography applica-
tions, but was adopted for embryo and oocyte vitrifi cation mainly 
in animal models several years ago. Although the original product 
has not been endorsed by the company for this purpose, similar 
devices, such as the Vitroloop (Vitrolife) and Vitriloop (SciTech 
Invention, Chandler, AZ, USA), are now produced by other man-
ufacturers specifi cally for embryo and oocyte vitrifi cation. The 
original device consists of a cryovial with a metal rod attached to 
the inside of the screw cap. At the tip of the metal rod, a fi ne nylon 
loop is mounted, where the embryos or oocytes are loaded with a 
thin fi lm of media. Good survival and developmental rates have 
been achieved using the Cryoloop for human oocyte vitrifi cation 
[ 11 ,  13 – 16 ], and since the device has been used for a several years, 
more data is available than for many of the newer carriers.  

  The Cryoleaf (Fig.  1g ) is also manufactured by Origio and is an 
open system that consists of a polypropylene rod with a thick 
handle on the one end and a thin, fl at tip on the opposite end 
onto which embryos/oocytes are loaded before direct submersion 

 Equilibration Solution (ES)

 Vitrifi cation Solution (VS)

 Warming Solution (WS)

 Diluent Solution (DS)

2.2.3  Storage

2.2.4  Other MVV 
Systems

2.2.5  Cryolock

2.2.6  Cryoloop

2.2.7  McGill Cryoleaf 
Open Vitrifi cation System
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into LN 2 . A colored protective tube that slides back and forth over 
the shaft and tip of the rod can be locked in position after loading 
to protect the delicate loading surface. An additional thick outer 
cap that snaps onto the rod handle is placed over the rod and col-
ored tube after vitrifi cation for additional protection. The manu-
facturer recommends the use of their Medicult vitrifi cation media 
kit with the McGill Cryoleaf, although other media, such as 
described for the Cryotop method, should also give good results. 
Since the device has been around for a few years, more clinical data is 
available than for many of the other carrier systems, especially for in 
vitro matured oocytes [ 17 – 19 ]. More information and additional ref-
erences are available on the company Web site (  www.origio.com    ).  

  The Rapid-i (Fig.  1h ) is a carrier device for that consists of a clear 
plastic rod with a fl at tip containing a 50 nL loading hole into which 
the embryos or oocytes are loaded with a small volume of medium. 
The inner rod fi ts into an outer sleeve straw that is sealed before sub-
mersion into LN 2 , ensuring a closed system. A recent study that com-
pared sealing the outer sleeve before and after  vitrifi cation using 
mouse embryos found a reduced subsequent embryo cell number with 
pre-sealing, likely due to a relatively low cooling rate (<500 °C/min) 
when insulating the rod in air before submersion into LN 2 . With post-
sealing, vitrifi cation is achieved by exposure to super-cooled air that 
collects in the pre-cooled outer sleeve, resulting in a cooling rate of 
approximately 1,200 °C/min and encouraging survival and develop-
mental rates [ 20 ]. The Rapid-i is manufactured by Vitrolife 
(Englewood, CO, USA) and specially formulated media can also be 
purchased for use with the device, although it is not necessary. 

 At the time when this chapter was prepared, the Vitrolife Web 
site stated that in the USA, the Rapid-i has been approved for vit-
rifi cation of 4–8 cell stage embryos only (  www.vitrolife.com    ) and 
data on human oocyte vitrifi cation could not be found.  

  The HSV vitrifi cation system (Fig.  1i ) is manufactured by Cryo 
Bio System (IMV International Corporation USA, Maple Grove, 
MN, USA) and is a closed system consisting of a capillary tube 
with a pre-formed gutter attached to a color-coded handling rod, 
which fi ts into an ionomeric resin straw. The outer straw is sealed 
before submersion into LN 2 . The kit also comes with a plastic 
insertion device for easy insertion and removal of the inner tube 
from the outer sleeve straw. There is no specifi c media for the car-
rier, and commercially available vitrifi cation and warming solutions 
or “home-made” solutions can be used. In a recent study, the 
molecular profi les of oocytes previously vitrifi ed and warmed using 
the HSV system were biologically comparable to those of freshly 
isolated gametes [ 21 ]. More research is needed to determine the 
physiological survival of oocytes following vitrifi cation and warm-
ing with this device. Information on the HSV system is available at 
  www.cryobiosystem.com    .    

2.2.8  Rapid-i

2.2.9  High Security 
Vitrifi cation (HSV) System

Zsolt Peter Nagy et al.
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3    Methods 

  All procedures (except the fi rst warming step) for the OPS system 
should be performed at room temperature (RT) of 25–27 °C. 
Therefore, the room, media, dishes, and handling devices should 
be at this temperature range. Warming in WS1 should be per-
formed at 37 °C, and this solution should be heated accordingly. 
Figure  2  is a diagram of the vitrifi cation and warming steps used in 
the OPS system.

     Oocyte retrieval and denuding is performed using conventional 
methods. Vitrifi cation of oocytes should be performed 2–6 h after 
retrieval (38–43 h after hCG administration), preferably at 2 h 
post-retrieval and immediately after removal of the granulosa and 
cumulus cells. For each batch of oocytes, a separate 60 mm petri 
dish should be prepared stepwise throughout the procedure 
(Fig.  2 ). A cylinder can be inserted into the LN 2  to pre-cool the 
outer straw (if used) with the metal weight at the bottom position 
and the open end up.  

      1.    Make a 50 μL drop of HM at the 12 o’clock position and one 
50 μL drop of VS1 directly adjacent and then one in the center 
below the fi rst two drops. Place denuded oocytes into the HM 
drop, wait one minute and then merge the HM drop with the 
adjacent VS1 drop. After 3 min, merge with the second VS1 
drop below and wait for 3 min.   

3.1  The Open Pulled 
Straw (OPS) System

3.1.1  Vitrifi cation 
of Oocytes

 Preparation

 Vitrifi cation Procedure

merge

VS2

60 mm Petri dish

4-well Nunc dish

3 4

21

FERTILIZATION
MEDIUM
(2-4 h)

SUBMERGE
IN LN2

START

START

VITRIFICATION WARMING

merge

1 min.

1 min. 5 min.

5 min. 5 min.

HM VS1

VS1

VS1

WS1 WS2

HM HM

VS2 VS2

load

20 sec. 20 sec.

3 min.

3 min.

9 min.

  Fig. 2    Diagram of the Open Pulled Straw vitrifi cation and warming procedures       
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   2.    While waiting, make a 100 μL drop of VS1 in the 3 pm posi-
tion of the dish. When the 3 min are up, transfer the oocytes 
into the VS1 drop near the surface, let them gently sink, and 
equilibrate undisturbed for 9 min. After equilibration, 
oocytes should have sunk to the bottom of the drop and no 
shrinkage should visible. If equilibration is not complete 
after 9 min, additional equilibration time (3–6 min) should 
be allowed.   

   3.    In the meantime, make two 100 μL drops of VS2 at the 
6 o’clock position. After equilibration, place oocytes into the 
one on the right and pipette up and down for approximately 
20 s, then place the oocytes in the second VS2 drop and pipette 
up and down for 20 s to ensure proper mixing.   

   4.    Pick up the oocytes in vitrifi cation groups (typically 2–3 vitrifi ed 
per straw) in approximately 1 μL of VS2 and place the drop at 
the 9 o’clock position. Load the oocytes into the OPS straw by 
touching the open end to the drop containing the oocytes and 
let the media and oocytes move into the straw by capillary 
force ( see   Note 2  for additional tips).   

   5.    Immediately submerge the entire straw tip into LN 2  while 
fi rmly holding the opposite end. Start at a 30° angle tip facing 
down and quickly rotate from the holding end until the tip is 
vertical in the LN 2 . The OPS can now be inserted into the pre- 
cooled outer straw (kept submerged in LN 2 ) and heat-sealed 
using fl amed, fl at forceps should a closed system be desired.       

   Warming is performed in a 4-well Nunc dish (Fig.  2 ). Media should 
be warmed to RT (25–27 °C) before starting the procedure. Place 
1,000 μL of WS1 into the fi rst well of the dish and heat to 37 °C 
before starting the warming procedure. Immediately before warm-
ing, place 100 μL of WS2 at RT into well 2.

    1.    After careful selection of the appropriate straw, the sealed end 
of the outer straw (if used) is cut open while the rest of the 
straw is kept under LN 2 .   

   2.    Use fi ne forceps to remove the OPS from the outer straw and 
quickly (should take 3 s) submerge the OPS tip directly into 
the WS1, curve facing up ( see   Note 3 ). As soon as WS1 starts 
entering the tip, seal the opposite open with forefi nger. 
Embryos will be expelled into SW1 drop from the pressure of 
the warming air in the OPS ( see   Note 4 ).   

   3.    Recover the oocytes within 1 min and transfer into WS2 with 
10–12 μL WS1 and gentle pipette oocytes with solution up and 
down for gradual mixing. Expel residual medium from pipette 
tip over oocytes in the well. Let equilibrate for 5 min.   

3.1.2  Warming 
of Oocytes

 Preparation
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   4.    While waiting, aliquot 100 μL of RT HM into well 3 and 4. 
Transfer oocytes, again mixing gently, into well 3 and wait 
for 5 min.   

   5.    Transfer oocytes into well 4 for 5 min.     

  After the fi nal wash, transfer oocytes into the fertilization or 
culture dish and return to incubator for 2–4 h before insemination.    

  All procedures (except the fi rst warming step) for the Cryotop 
method should be performed at room temperature (RT) of ~22 °C. 
Therefore, the room, media, dishes, and handling devices should be 
at this temperature. Warming in WS should be performed at 37 °C 
and this solution can be heated on a slide warmer accordingly. 

   Oocyte retrieval and denuding is performed using conventional 
methods. Vitrifi cation of oocytes should be performed 2–6 h 
after retrieval (38–43 h after hCG administration), preferably at 
2 h post retrieval and immediately after removal of the granulosa 
and cumulus cells. For each batch of oocytes, a 4-well Nunc 
dish should be prepared and warmed to RT as described below 
( see  Fig.  3 ,  Note 6 ).

   Label the appropriate number of Cryotops, remove the outer 
sleeves and lay them out for easy access during vitrifi cation. Before 
loading oocytes on each Cryotop, an outer sleeve should be 
clamped with large metal forceps so that it can be placed over the 
Cryotop while submerged in LN 2  with one hand while the other 
hand is holding unto the Cryotop. Fill a Styrofoam box or other 
container with LN 2  and place the labeled cane and goblet into 
the LN2 to have it ready for inserting each Cryotop after 
vitrifi cation.  

3.2  Cryotop Method

3.2.1  Vitrifi cation 
of Oocytes

 Preparation

VITRIFICATION WARMING

START

START

3

1 2

4 3

1 2

4
LOAD ONTO
CRYOTOP AND
SUBMERGE IN 
LN2

FERTILIZATION
MEDIUM
(2-4 h)

1 min.

4-well Nunc dish 4-well Nunc dish

ES WS

BM BM

DS

1 min. 3 min.

5 min. 5 min.

VS

  Fig. 3    Diagram of the Cryotop vitrifi cation and warming procedures       
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      1.    After collection and processing, equilibrate denuded oocytes 
for 5–15 min in ES until no signs of shrinkage can be detected 
under light microscopy and oocytes have sunken to the bot-
tom of the dish ( see   Notes 7, 8 ).   

   2.    Pick up oocytes individually or in groups of 2–3 and transfer 
to the vitrifi cation solution well (No. 4 of dish,  see  Fig.  3 , 
 Notes 8 ).   

   3.    After 30 s of rinsing, after the oocyte(s) remain on the bottom 
of the dish, pick up the oocyte(s) in an extremely small vol-
ume (<0.1 μL) of VS and transfer onto the polypropylene 
strip of a labeled Cryotop, about 2 mM behind the black tip 
( see   Notes 9, 10 ).   

   4.    Immediately submerge the entire strip into LN 2  vertically.   
   5.    Carefully slide the outer sleeve over the Cryotop without 

disturbing the polypropylene strip and ensure that is stays in 
the proper position.   

   6.    Transfer the Cryotop to a labeled cane and goblet before trans-
ferring the next oocyte(s) to VS.       

   Approximately 3 mL of WS is heated to 37 °C beforehand in a 
35 mm petri dish. A diluent/washing dish can be prepared by 
aliquoting about 0.5 mL diluent DS at RT in the 1st well of in a 
4-well Nunc dish, and BM (RT) in the 3rd and 4th well for 
washing. Fill a container with LN 2  and insert the cane and goblet 
holding the appropriate Cryotop(s) for easy access.  

      1.    Place the dish containing WS at 37 °C under the microscope 
and make sure the bottom of the dish is in focus.   

   2.    Select the appropriate Cryotop using metal forceps and hold 
the end between fi ngers while keeping the end with the oocytes 
submerged in LN 2 .   

   3.    Remove the protective sleeve using metal forceps while keeping 
the tip submerged under LN 2 .   

   4.    Rapidly submerse the polypropylene tip into WS while observ-
ing under the microscope and locate the oocytes on the strip 
( see   Notes 11, 12 ). Aspirate them in and out of the pipette tip 
for gentle mixing and to ensure they do not fl oat out of view. 
They should be in the warming dish for no more than 1 min.   

   5.    Transfer the oocytes into DS at RT for 3 min (well no.1 of 
4-well dish,  see  Fig.  2 ,  Note 13 ).   

   6.    Wash oocytes in the fi rst well of BM (well no. 3) for 5 min, and 
then in the second well of BM (well no. 4 of the dish) for 
5 min.   

   7.    Transfer oocytes to a regular culture dish and place in the 
incubator until further use.         

 Procedure

3.2.2  Warming of 
Oocytes

 Preparation

 Procedure
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4    Notes 

       1.    For each vitrifi cation procedure, the following volumes will be 
needed: 
 2,500 μL HM. 
 200 μL VM1. 
 200 μL VM2. 
 1,000 μL WM1. 
 1,000 μL WM2. 
 It is thus useful to aliquot appropriate volumes and store at 
4 °C for up to 3 months.      

      2.    For effective loading into the straw, keep the OPS straw with 
the narrow end curving down at a 45–60° angle. Touch the 
1 μL drop containing the oocytes on one side of the drop. 
Capillary force will pull a square-shaped column of VS2 
containing the oocytes into the straw. Keep the tip in the drop 
until the column stops moving and the bottom end of the col-
umn is completely fl at (not curved), which will ensure proper 
mixing during warming.      

      3.    After removal of the OPS straw from the outer straw, the timing 
from removal to immersion into WS1 is crucial to prevent 
damage to oocytes. Too quickly may result in bubbles or zona 
 pellucida damage, while taking too long will allow ice crystal 
formation and cell damage. The process should take about 3 s.   

   4.    Ensure that the entire VS2 column in the top of the OPS is 
submerged under WS1 to ensure even warming. Once sub-
merged, the column will initially start moving upwards into 
the straw. At that point, immediately seal the opposite end 
with the index fi ngertip to ensure that the oocytes will be 
expelled into the WS1 well. If they do not move out, attach a 
pipette or syringe with needle on the opposite end to expel. If 
a bubble forms between the WS1 and VS2 column, inappro-
priate loading was performed and survival rates may be 
compromised.       

       5.    DMSO can be added to ES and VS in equal proportion (15 % 
each v/v) to the EG for increased permeabilization and higher 
effi ciency [ 8 ], but was omitted from the current, original for-
mulation [ 9 ]. Some subsequent protocols also used 20 % 
serum supplement instead of 10 % [ 10 ].   

   6.    Media can be prepared in advance and stored in 2–3 mL 
aliquots at 4 °C up to 2 months. A properly labeled 4-well 
Nunc dish can be prepared and warmed to RT before start of 
the procedure. Place approximately 0.5 mL of ES in the 1st 
well and 0.5 mL of VS in the 4th well for a good workfl ow. 

4.1  OPS Method 
Notes

4.1.1  Media Preparation

4.1.2  Loading of Oocytes 
into Straws

4.1.3  Warming of 
Oocytes

4.2  Cryotop 
Method Notes

4.2.1  Preparation
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For large groups of oocytes (>10), it is useful to prepare more 
than one well of ES (well no. 1 and 2 of the 4-well dish, with 
VS in well no. 4).      

      7.    For large groups of oocytes, batches of no more than 10 
(depending on comfort level of the technician) should be 
equilibrated together in the 1st well to prevent over exposure 
to cryoprotectants. After approximately 7 min, the second 
batch can be transferred into the 2nd well of ES. This will 
ensure that by the time the fi rst batch is vitrifi ed, the second 
batch will be fully equilibrated and ready for vitrifi cation.   

   8.    When oocytes are placed into ES, they should be placed at the 
surface where they will initially fl oat and slightly shrink. As they 
equilibrate, they will descent to the bottom and re- expand. 
When they are transferred to VS solution, oocytes should be 
pipetted in and out several times to ensure even equilibration 
without losing them, as they tend to fl oat off before being thor-
oughly equilibrated. When they remain on the bottom of the 
dish, they can be loaded in a small volume of medium unto the 
polypropylene strip.   

   9.    The side on which the oocytes are loaded should be marked on 
the Cryotop to ensure the oocytes can be located upon warm-
ing and to prevent damaging them by warming them beneath 
the strip.   

   10.    Once the oocytes are transferred to the polypropylene strip, 
the drop of medium can be aspirated leaving the oocytes on 
only a small layer of medium and a halo can be seen around 
them. They should then be submerged into LN 2  immediately 
to prevent drying. The entire VS equilibration and loading 
process and submersion into LN 2  should take no longer than 
1 min.      

      11.    Care should be taken that the oocytes are warmed in such a 
way that they will be on top of the polypropylene strip, as they 
may be damaged if squeezed between the strip and the bottom 
of the dish. Upon warming, oocytes can be loosened from the 
polypropylene tip of the Cryotop by gently scraping the bottom 
of the strip against the bottom of the dish.   

   12.    The oocytes tend to fl oat and be diffi cult to see until they have 
equilibrated with the warming medium. Therefore, the tip of 
the Cryotop should be placed into the warming solution in 
view so that the oocytes can be observed the moment they are 
warmed and the observer can follow their location in the dish. 
If they fl oat off, they should be aspirated and placed at the 
bottom of the dish.   

   13.    After 1 min, when transferring the oocytes to DS, they should be 
placed at the bottom of the dish (they tend to sink naturally) 

4.2.2  Equilibration and 
Vitrifi cation

4.2.3  Warming
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with some extra WS that can be expelled over the oocytes to 
ensure gradual rehydration. The same technique should be 
followed when transferring the oocytes from DS to the BM 
for washing.           

  Acknowledgements 

 The authors would like to express their gratitude to the following 
individuals who shared valuable information regarding the various 
devices and protocols: Barry Behr, Ri-Cheng Chian, Vladimir 
Isachenko, Mitch Schiewe, Pierre Vanderzwalmen, and Gabor Vajta.  

   References 

    1.    Rudick B, Opper N, Paulson R, Bendikson K, 
Chung K (2010) The status of oocyte cryo-
preservation in the United States. Fertil Steril 
94:2642–2646  

      2.    Saragusty J, Arav A (2011) Current progress in 
oocyte and embryo cryopreservation by slow 
freezing and vitrifi cation. Reproduction 
141:1–19  

    3.    Vajta G, Holm P, Kuwayama M, Booth PJ, 
Jacobsen H, Greve T, Callesen H (1998) Open 
pulled straw (OPS) vitrifi cation: a new way to 
reduce cryoinjuries of bovine ova and embryos. 
Mol Reprod Dev 51:53–58  

    4.    Kuleshova L, Gianaroli L, Magli C, Ferraretti 
A, Trounson A (1999) Birth following vitrifi ca-
tion of a small number of human oocytes: case 
report. Hum Reprod 14:3077–3079  

    5.    Vieira AD, Mezzalira A, Barbieri DP, Lehmkuhl 
RC, Rubin MI, Vajta G (2002) Calves born 
after open pulled straw vitrifi cation of  immature 
bovine oocytes. Cryobiology 45:91–94  

     6.    Bonetti A, Cervi M, Tomei F, Marchini M, 
Ortolani F, Manno M (2011) Ultrastructural 
evaluation of human metaphase II oocytes after 
vitrifi cation: closed versus open devices. Fertil 
Steril 95:928–935  

    7.    Oakes MB, Gomes CM, Fioravanti J, Serafi ni P, 
Motta EL, Smith GD (2008) A case of oocyte 
and embryo vitrifi cation resulting in clinical 
pregnancy. Fertil Steril 90(2013):e5–e8  

      8.    Kuwayama M (2007) Highly effi cient vitrifi ca-
tion for cryopreservation of human oocytes 
and embryos: the Cryotop method. 
Theriogenology 67:73–80  

       9.    Kuwayama M, Vajta G, Kato O, Leibo SP 
(2005) Highly effi cient vitrifi cation method for 
cryopreservation of human oocytes. Reprod 
Biomed Online 11:300–308  

     10.    Trokoudes KM, Pavlides C, Zhang X (2011) 
Comparison outcome of fresh and vitrifi ed 
donor oocytes in an egg-sharing donation pro-
gram. Fertil Steril 95:1996–2000  

      11.    Garcia JI, Noriega-Portella L, Noriega-Hoces 
L (2011) Effi cacy of oocyte vitrifi cation com-
bined with blastocyst stage transfer in an egg 
donation program. Hum Reprod 26:782–790  

    12.    Selvaraj P, Selvaraj K, Srinivasan K (2010) First 
successful birth of twins in India following the 
transfer of vitrifi ed oocytes. J Hum Reprod Sci 
3:44–48  

    13.    Keskintepe L, Agca Y, Sher G, Keskintepe M, 
Maassarani G (2009) High survival rate of 
metaphase II human oocytes after fi rst polar 
body biopsy and vitrifi cation: determining the 
effect of previtrifi cation conditions. Fertil Steril 
92:1706–1715  

   14.    Sher G, Keskintepe L, Mukaida T, Keskintepe 
M, Ginsburg M, Agca Y, Maassarani G, Bayrak 
A (2008) Selective vitrifi cation of euploid 
oocytes markedly improves survival, fertilization 
and pregnancy-generating potential. Reprod 
Biomed Online 17:524–529  

   15.    Nottola SA, Coticchio G, Sciajno R, Gambardella 
A, Maione M, Scaravelli G, Bianchi S, Macchiarelli 
G, Borini A (2009) Ultrastructural markers of 
quality in human mature oocytes vitrifi ed using 
cryoleaf and cryoloop. Reprod Biomed Online 
19(Suppl 3):17–27  

    16.    Liebermann J, Tucker MJ (2002) Effect of 
carrier system on the yield of human oocytes 
and embryos as assessed by survival and devel-
opmental potential after vitrifi cation. 
Reproduction 124:483–489  

    17.    Chian RC, Huang JY, Gilbert L, Son WY, 
Holzer H, Cui SJ, Buckett WM, Tulandi T, 
Tan SL (2009) Obstetric outcomes following 

Cryopreservation of Eggs



454

vitrifi cation of in vitro and in vivo matured 
oocytes. Fertil Steril 91:2391–2398  

   18.    Chian RC, Gilbert L, Huang JY, Demirtas E, 
Holzer H, Benjamin A, Buckett WM, Tulandi 
T, Tan SL (2009) Live birth after vitrifi cation 
of in vitro matured human oocytes. Fertil Steril 
91:372–376  

    19.    Cao Y, Xing Q, Zhang ZG, Wei ZL, Zhou P, 
Cong L (2009) Cryopreservation of immature 
and in-vitro matured human oocytes by vitrifi -
cation. Reprod Biomed Online 19:369–373  

    20.    Larman MG, Gardner DK (2011) Vitrifi cation 
of mouse embryos with super-cooled air. Fertil 
Steril 95:1462–1466  

    21.    Di Pietro C, Vento M, Guglielmino MR, Borzi 
P, Santonocito M, Ragusa M, Barbagallo D, 
Duro LR, Majorana A, De Palma A, Garofalo 
MR, Minutolo E, Scollo P, Purrello M (2010) 
Molecular profi ling of human oocytes after 
vitrifi cation strongly suggests that they are bio-
logically comparable with freshly isolated gam-
etes. Fertil Steril 94:2804–2807    

Zsolt Peter Nagy et al.



455

Zev Rosenwaks and Paul M. Wassarman (eds.), Human Fertility: Methods and Protocols, Methods in Molecular Biology, 
vol. 1154, DOI 10.1007/978-1-4939-0659-8_21, © Springer Science+Business Media New York 2014

    Chapter 21   

 Ovarian Tissue Cryopreservation and Transplantation: 
A Realistic, Effective Technology for Fertility Preservation 

           Dror     Meirow     ,     Hila     Ra’anani    , and     Hannah     Biderman   

    Abstract 

   It is clear that ovarian tissue cryopreservation can serve a very important role in providing fertility preservation. 
To date, more than 30 live human births have resulted from the transplantation of cryopreserved ovarian 
tissue, proving the successful implementation of this technique. The ideal conditions for ovarian tissue 
cryopreservation have yet to be determined, indicating the crucial need for more research in this fi eld. 
Nonetheless, it is recommended that ovarian tissue cryopreservation be offered as an option to women 
before undergoing chemotherapy treatment in instances where there is no time to delay for hormonal 
stimulation and oocyte retrieval.  

  Key words     Ovarian tissue cryopreservation  ,   Fertility  ,   Transplantation  

1       Introduction 

    Ovarian tissue cryopreservation and transplantation is a means of 
preserving fertility potential that has been contemplated by physi-
cians and scientists for many years. This procedure offers women 
and prepubertal girls the possibility of attempting to preserve their 
fertility prior to acute insult to the ovary that can result in perma-
nent sterility. One of the most devastating consequences of radiation 
and chemotherapy as a cancer treatment is the subsequent diminish-
ment or complete loss of fertility in young women who have yet to 
fi nish building their families. Anticancer treatments, especially pelvic 
radiation and high-dose alkylating agents such as cyclophosphamide, 
have been shown to cause ovarian atrophy, harm the ovarian blood 
vasculature, and diminish the primordial follicle pool, which directly 
represents future fertility potential [ 1 ]. As a result, attempts to 
preserve fertility prior to treatment are imperative. Physicians are 
fi nding that more and more young female cancer patients are seeking 
referrals to reproductive endocrinologists and it is important that 
the safety and effi cacy of different fertility preservation options be 
analyzed and fully understood. 
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 The options available to preserve fertility in cancer patients 
include embryo cryopreservation, oocyte cryopreservation, and 
ovarian tissue cryopreservation (Fig.  1 ). Embryo cryopreservation 
is considered the “gold standard” of fertility treatments and it is 
the only recognized, non-experimental procedure according to the 
Ethics Committee of the American Society for Reproductive 
Medicine [ 2 ]. However, it is not an option for prepubertal girls or 
women without a partner or sperm donor. Ovarian tissue cryo-
preservation is an alternative option for this population and allows 
for fertility preservation, especially in women who do not have the 
option of delaying cancer treatment in order to undergo hormonal 
stimulation or in those who have already initiated chemotherapy 
treatment. Ovarian tissue cryopreservation has also been indicated 
in patients with nonmalignant diseases who are treated with 
chemotherapy [ 3 ].

   Ongoing advances in cryopreservation techniques have allowed 
for effective cryopreservation and subsequent grafting of ovarian 
tissue. Ovarian tissue can be harvested by a simple laparoscopic 
surgery [ 4 ], or during a laparotomy if it is carried out for oncologic 
therapy. The successful reestablishment of fertility from ovarian 
transplantation is aided by the relative resistance of ovarian follicles 
to ischemia since they are found in a largely avascular environment. 
Additionally, the location of primordial follicles in the ovarian 

In-vitro
Egg maturation

Stored ovarian tissue

ovarian tissue
transplantation

Follicle maturation
Not practiced

Early growth

mature Egg
embryo
Freezing

Primordial follicles Mature eggs

Different approaches for fertility preservation
Currently used & experimental

  Fig. 1    Different approaches for fertility preservation that are currently practiced or experimental use different 
types of follicles. For egg and embryo freezing, mature eggs (IVF) or immature eggs are collected (IVM), whereas 
when freezing ovarian tissue primordial follicles are predominantly stored. Follicle maturation is currently used 
in research projects only       
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cortex allows them to benefi t quickly from revascularization. Both 
heterotopic and orthotopic transplantation sites have been used for 
grafting procedures. However, with all freezing protocols and 
transplantation techniques, signifi cant numbers of follicles are lost. 
Endocrine studies and sonography allow for accurate patient moni-
toring and follow-up. In cancer patients, techniques to study the 
presence of minimal residual disease (MRD) in extracted ovarian 
tissue samples are mandatory and have improved in order to ensure 
that cancerous cells are not grafted back into the patient.  

2     History and Basic Research 

 Attempts at ovarian grafting began over a century ago and there is 
a long history of ovarian grafting experimentation. Ovarian tissue 
transplantation has been performed both in the attempt to restore 
fertility and also as a potential treatment for menopausal symptoms, 
especially prior to the advent of hormonal therapy [ 5 ]. Very early 
works claimed successful pregnancies as a result of both ovarian 
tissue autografts and allografts, and it was initially thought that the 
ovary had immunological privilege. This has subsequently been 
found not to be the case and any ovarian allograft requires immu-
nosuppression [ 6 ]. Ovarian tissue has been transplanted back to 
the original site: to the ovary or to nearby areas in the pelvis such 
as peritoneal pouches and round ligament; an orthotopic transplan-
tation Whereas, in the past, when the goal was to treat menopause 
rather than restore fertility, ovarian tissue had been transplanted to 
heterotopic sites that include the rectus muscle, arm or abdominal 
skin, omentum, and cervix [ 7 ]. 

 Early animal studies have shown the successful transplantation 
of frozen–thawed ovarian tissue without the need for vascular 
reanastomosis. In 1994, Gosden et al. report a successful preg-
nancy in a lamb after cryopreserving ovarian cortical slices and 
then transplanting the tissue back. The combination of tissue cryo-
preservation followed by subsequent autogenic transplantation 
proved the functionality of ovarian tissue grafting as a means of 
preserving future fertility potential [ 8 ]. Later, the same group 
reported the long term survival of the grafts [ 9 ]. Additional animal 
studies carried out since the mid 1990s have shown the success of 
ovarian tissue transplantation following cryopreservation [ 10 – 12 ]. 
The success of these animal studies was largely due to the rapid 
revascularization of the grafted tissue. Most importantly, the stock-
pile of primordial follicles found in the ovarian cortex was found to 
benefi t quickly from the growth of blood vessels into the graft. 
Rodent studies show that within 48 h of transplantation, there is a 
signifi cant network of blood vasculature that invades the ovarian 
cortex [ 13 ]. Human ovarian tissue grafted to immune defi cient mice 
showed that both host and graft vessels contributed sequentially to 
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graft revascularization. Angiogenesis initiated reperfusion started 
from day 5 post transplantation [ 14 ]. In monkeys it was shown 
that freshly grafted heterotopic ovarian tissue enabled endocrine 
recovery, oocyte collection and subsequent successful fertilization 
and pregnancy; this was accomplished without surgical reanasto-
mosis of major blood vessels [ 15 ]. 

 Human ovarian tissue xenografts into SCID mice have been 
performed to prove the effi cacy of human ovarian tissue transplan-
tation and to evaluate results. Follicular growth and development 
were successfully observed. Follicles were documented to mature 
to the antral stage [ 16 ] and oocytes were retrieved in the meta-
phase II stage [ 17 ,  18 ]. The follicles in the SCID mice were found 
to be capable of ovulation as proven by documented progesterone 
production and corpora lutea formation [ 18 ,  19 ]. 

 After the fi rst reports on fertility restoration post transplanta-
tion of frozen–thawed ovarian tissue in sheep, ovarian tissue was 
harvested and stored in cancer patients prior to potentially steril-
izing chemotherapy treatments. The focus was on two main 
issues—the safety [ 4 ] and the technique [ 20 ]. Although huge 
improvements have been achieved in the last 15 years, these are still 
the main issues.  

3     Indications and Patients’ Selection 

 Initially, the patient is evaluated to ascertain her risk for fertility loss. 
Factors used to evaluate patients include the diagnosis and staging of 
the cancer; sterilization risk based on the patient’s age, the drugs 
used, and the treatment protocol implemented, and the patient’s 
ovarian reserve, which is dependent on the patient’s age, endocrine 
profi le, AMH levels, and antral follicle count. Also of importance is 
whether the patient was previously exposed to chemotherapy. 
The consultation carefully determines the patient’s current medical 
status. estimating the risk of fertility preservation procedure which 
includes: any surgical or anesthesiology complications, whether the 
patient is anemic or thrombocytopenic, analysis of the tumor mass, 
pressure, and effusion of the thorax, heart, liver, and kidney func-
tions and if the patient is in a hypercoagulable state [ 21 ]. 

 Patients that are in good health, currently have good ovarian 
reserve, and are at high risk for sterilization post-chemotherapy are 
deemed good candidates for fertility preservation techniques. Of the 
fertility preservation options available, embryo cryopreservation is 
not indicated for prepubescent girls or females without a partner or 
sperm donor. Advances in oocyte cryopreservation techniques 
using vitrifi cation protocols, have shown equivalent success rates to 
protocols using fresh oocytes [ 22 ]. In many instances patients are 
not afforded the time necessary to undergo ovarian stimulation. 
In addition, ovarian tissue cryopreservation can be used in the 
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prepubescent female population. For these patients, storing ovarian 
tissue is an alternative, successful method to preserve fertility and 
unlike embryo or oocyte cryopreservation, this technique can be 
performed immediately. However, ovarian tissue cryopreservation 
is not indicated for older populations and many institutions will 
not perform this procedure on patients over the age of 38. 

 Furthermore, ovarian tissue cryopreservation, which mainly 
preserves primordial follicles, can be performed in patients 
who have recently been exposed to chemotherapy (within the last 
6 months), unlike IVF (in vitro fertilization) and IVM (in vitro 
maturation). This is mainly due to the possibly mutagenic effects 
of chemotherapy on growing follicles. In animal studies, chemo-
therapy has been shown to have deleterious effects on reproductive 
outcome; high abortion and malformation rates have been 
observed, but only in growing follicles dependent on the stage of 
oocyte development during exposure [ 23 ]. Chemotherapy has 
been shown to induce condensation, fragmentation, and numerical 
chromosomal abnormalities in growing and mature follicles [ 24 ,  25 ]. 
These damaging effects are not present in primordial follicles even 
after long period of chemotherapy exposure. In humans there have 
been no observable increases in miscarriage rates or teratogenic 
effects post cessation of anticancer therapy [ 26 ]. This is believed to 
be the result of different susceptibilities of growing oocytes as it 
takes an oocyte approximately 6 months to develop and the current 
clinical recommendation is to wait longer than 6 weeks after cancer 
treatment before attempting pregnancy. 

 Studies have also indicated that previous exposure to chemo-
therapy decreases the likelihood of retrieving oocytes after ovarian 
stimulation and it has been reported that within a timeframe of 
2–3 months post chemotherapy exposure, no oocytes were suc-
cessfully retrieved, while primordial follicles were simultaneously 
present in cryopreserved ovarian tissue [ 21 ]. Ovarian tissue cryo-
preservation therefore, has the potential to serve a signifi cant role 
in preserving fertility in young cancer patients who must undergo 
anticancer therapy immediately and functions as an option to pre-
serve tissue without the risk of exposing growing follicles to the 
deleterious effects of anticancer therapy. 

 Ovarian tissue cryopreservation is not exclusively indicated for 
cancer patients but may rather be utilized for both malignant and 
nonmalignant diseases. Patients now undergo hematopoietic stem 
cell transplantation to treat hematological and autoimmune dis-
eases and as a result are treated with high doses of ionizing radia-
tion or alkylating agents which results in diminished fertility 
outcomes. High doses of chemotherapy are used to treat benign 
diseases such as microscopic polyangiitis, sickle cell anemia, 
and alkylating agents are used for rheumatologic diseases such as 
systemic lupus erythematosus [ 27 ]. Other surgical indications to 
store ovarian tissue may include benign disease such as recurrent 
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ovarian endometriosis [ 28 ]. Additionally, patients with genetic 
diseases such as mosaic Turner syndrome may benefi t from ovarian 
tissue cryopreservation techniques [ 29 ].  

4     Ovarian Tissue Harvesting and Clinical Workup 

 When indicated for cancer patients, ovarian tissue harvesting and 
cryopreservation (OTCP) is performed as soon as possible, prefer-
ably prior to the start of anticancer therapy. In some instances, 
patients who have already undergone non sterilizing chemotherapy 
will undergo OTCP prior to high-dose chemotherapy. Patients 
exposed to non-sterilizing doses of chemotherapy will still have 
regular menses and hormone profi les. Exceptions include patients 
pretreated with GnRH-a or those exposed to chemotherapy within 
3 months of OTCP. For these patients, hormone profi les will not 
represent ovarian reserve, and the decision to perform OTCP will 
solely depend upon clinical judgment, the patient's age and if their 
chemotherapy regime was not considered to be within the steril-
izing range [ 21 ]. 

 Tissue collection is performed via a laparoscopic procedure 
and the extent of ovarian tissue extraction should be determined by 
the likelihood of subsequent ovarian failure (Fig.  2 ). In some cases 
a unilateral oophorectomy may be performed [ 30 ]. Alternatively, a 
partial oophorectomy is performed, removing half to two-thirds of 
the ovary [ 31 ,  32 ]. Patients often prefer this partial tissue removal 
to a full oophorectomy. Techniques used to remove small biopsy 

Circular biopsies Partial cortex removal oophorectomy

  Fig. 2    Different approaches for tissue harvesting. Unilateral oophorectomy ( a ), partial cortical harvesting 
(1/2-2/3 of ovarian cortex) ( b ), small biopsies using specially developed biopter ( c ).  a  and  b  with permission 
from Meirow and Silber. C from [ 20 ]       
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segments from the ovaries (5-mm disk of 2–3 mm thickness) [ 33 ] 
are not commonly used today. Many follicles are lost during the 
freezing–thawing procedure and due to ischemic damage, and 
hence, it is important to remove a large enough sample in order to 
store many follicles.

   Once ovarian tissue has been harvested, it is immediately place 
in the appropriate medium and transferred to the laboratory, where 
it is prepped for cryopreservation. If necessary, samples can be 
transported (even for hours) to centers that provide cryopreserva-
tion services in which case the sample is rinsed with PBS, trans-
ferred to a sterile tube containing IVF medium, and placed in an 
aluminum container in order to protect the sample, especially if it 
transported by airfreight [ 30 ]. 

 Once the sample arrives at the laboratory it is transferred to a 
petri dish containing medium and placed on ice in order to main-
tain the temperature at 4 °C. When the operating theatre is adja-
cent to the laboratory, immature eggs are collected from the tissue 
for IVM and the tissue is kept at room temperature. The sample is 
then cleaned from the medulla and prepped for cryopreservation 
by dividing the cortical tissue into 5 × 10 mm slices [ 21 ]. If possible, 
during tissue preparation oocyte cumulus complexes from antral 
follicles are also collected. This “combined procedure” provides a 
possible second means of restoring patients’ fertility after cryo-
preservation in addition to the transplantation of cryopreserved 
tissue. With advances in maturation techniques, the simultaneous 
cryopreservation of oocytes in addition to the ovarian tissue may 
allow for subsequent fertilization [ 34 ]. 

 Prior to cryopreservation, one piece of cortical tissue is fi xed 
and embedded in paraffi n wax in preparation for hematoxylin–
eosin staining to verify the presence of primordial follicles and for 
early detection of malignant cells [ 21 ,  35 ]. In addition, a piece of 
the medulla that is cleaned off is kept and evaluated for the pres-
ence of cancerous cells. It is prudent to separately store an addi-
tional small piece of cortical tissue in a separate vial for additional 
tests that may be needed in the future. In cases where patients 
request transplantation, this sample is often used to assess freezing, 
storage conditions, and thawing technique prior to transplantation 
and for minimal residual disease (MRD) monitoring.  

5     Cryopreservation Techniques (Freezing–Thawing Procedures) 

 The cortex is predominantly populated by primordial follicles, 
which consist of primary oocytes surrounded by pregranulosa cells. 
Additionally, a small percentage of follicles found within the cortex 
will have already begun development and are considered to be 
primary follicles. Stromal cells and collagen bundles are also found 
within the ovarian cortex [ 36 ]. As a result there is a wide variation 
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in the density and cell types present in the cortex and this lack of 
uniformity has been found to increase as patients age [ 37 ]. This 
poses a serious problem since optimal cryopreservation techniques 
for one cell type may not be effective for others. The disparity in 
cell size, density, and membrane hydraulic permeability found 
between the cells of the ovarian cortex means that the rate of dehy-
dration necessary for cryopreservation as well as the ideal rate of 
cooling varies for each cell type [ 38 ,  39 ]. 

 The focus of ovarian tissue cryopreservation is the successful 
freezing and thawing of all cell subtypes, promoting survival of the 
maximal number of primordial follicles as they represent fertility 
reserve (Fig.  3 ). Techniques to optimize primordial follicle survival 
and reduce ischemic damage have been studied and debated 
[ 40 ,  41 ]. Successful ovarian tissue cryopreservation has relied on 
traditional slow program freezing techniques. The distribution of 
primordial follicles within the cortex allows for the freezing of very 
thin strips of cortical tissue. This is crucial since the increased sur-
face area allows for better penetration of cryoprotectants (Fig.  4 ). 
The ideal cooling rates should minimize injury to primordial folli-
cles and should take into account that slow cooling rates will pre-
vent the formation of ice crystals but faster cooling rates prevent 
cells from being overexposed to cryoprotectants [ 42 ]. Several dif-
ferent types of transport medium exist; these include Leibovitz-
based medium, histidine–tryptophan–ketoglutarate solution 
(HTK, an organ transport medium) and human serum albumin-
containing medium [ 36 ]. The three cryoprotectants used for 
human tissue include dimethyl sulfoxide (DMSO), ethylene glycol 
(EG), and propanediol (PROH). Sucrose or other non-permeable 
osmolytes have been for use as osmotic buffers in order to aid in 
dehydration but in some instances prolonged  exposure to these 
agents has been shown to hinder oocyte survival rates [ 43 ]. Our 
freezing protocol uses 1.5 M DMSO in an oocyte wash buffer, 
15 % synthetic serum substitute supplement, and 0.1 M sucrose 
[ 44 ]. Manual seeding is often conducted in order to induce ice 

  Fig. 3    Tissue Preparation for slow freezing. ( a ) The tissue is cut into pieces and inserted into the medium with 
cryoprotectants. ( b ) The tissue is rolled in the medium containing cryoprotectant to allow for the penetration 
and equilibrium of cryoprotectants in the tissue. ( c ) The tissue is placed in cryovials.  a – c  with permission from 
Meirow and Dor       
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crystal formation. High follicular survival rates of 84 and 74 % have 
been reported with implementation of the following slow- freeze 
protocol: immersion of thin cortical slices (<1 mm) in a 4 °C 
solution of 1.5 M EG or DMSO with 0.1 M sucrose  followed by 
rapid rewarming [ 8 ].

    Studies using vitrifi cation techniques on ovarian tissue have 
been promising [ 45 ]. This technique allows for the rapid freezing 
of the heterogeneous cells of the ovarian cortex without the 

  Fig. 4    Preparation of ovarian tissue for vitrification.  a – c  with permission 
from Meirow and Silber       

 

Ovarian Tissue Cryopreservation and Transplantation…



464

formation of ice crystals, creating a solidifi ed amorphous state 
with the addition of high doses of cryoprotectants. Cryoprotectant 
toxicity may be avoided by using a combination of different cryo-
protectants [ 46 ,  47 ]. In a side-by-side comparison of slow-freeze 
and vitrifi cation protocols, follicle preservation was approximately 
equivalent; however, ovarian stroma is better preserved by vitrifi ca-
tion techniques as assessed by electron microscopy [ 47 ]. Tissue 
vitrifi cation techniques have not yet been optimized and to date, 
there have been no live births reported with this cryopreservation 
technique. The next necessary step to prove the effi cacy of this 
methodology would be the report of successful pregnancies and 
live births. 

 Thawing procedures vary based on the freezing protocol. After 
slow-freeze, samples are removed from the liquid nitrogen and are 
allowed to sit at room temperature for 30 s before being placed in 
a warm bath (37 °C) for 2 min. The tissue is then placed into a dish 
and exposed to a series of thawing solutions that allow for the 
quick washing out of the cryoprotectant. In procedures that used 
PrOH as the cryoprotectant, the thawing protocol calls for 5 min 
in thawing solution 1 (1.0 M ProH and 0.2 M sucrose) followed 
by 5 min in solution 2 (0.5 M PrOH and 0.2 M sucrose) followed 
by 10 min in solution 3 (0.2 M sucrose) and lastly, 10 min in solu-
tion 4 (Cryo-PBS). Alternatively, for protocols that used EG as the 
cryoprotectant, the thawing procedure calls for several step down 
washes in solutions containing EG and sucrose [ 47 ]. Our ovarian 
tissue thawing protocol was previously described [ 44 ]: Vials are 
removed from the liquid nitrogen, held in the air at room tempera-
ture for one and a half minutes, then placed in a 37 °C water bath 
and stirred for 2 min to melt the medium in the tube. The contents 
of the vials (medium and tissue) are washed in a dish containing 
the fi rst-step thawing solution: oocyte wash buffer, synthetic serum 
substitute supplement 15 %, 1.0 M DMSO and 0.1 M sucrose. The 
tissue is transferred to washing vials using prepared thawing solu-
tions for graded dilution of the cryoprotectant. The fi rst stage is 
carried out by rolling the tissue (1 Hz) in a large volume of oocyte 
wash buffer (50-mL vials), 0.1 M sucrose and 1.0 M DMSO for 
5 min. The procedure and solutions for the following second dilu-
tion stage (0.5 M DMSO) and third dilution stage (without 
DMSO) are identical to the fi rst stage except for the DMSO con-
centration; 5 min for each stage. 

 The thawing procedure following vitrifi cation involves remov-
ing cryotubes from the liquid nitrogen and placing them into 
warming solution (37 °C) (HBSS and HAS with 0.5 M sucrose). 
Afterwards, samples are placed in a petri dish and undergo two 
more rounds of 5 min washes in HBSS/HAS with 0.25 M then 
0.125 M sucrose. Lastly, tissue is placed in HBSS/HAS solution 
for 5 min [ 47 ].  
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6     Transplantation 

 Prior to auto-transplantation, evaluation of ovarian functional sta-
tus is mandatory: ovarian failure evidenced by amenorrhea, high 
gonadotropin levels, low levels of ovarian steroids, low AMH levels 
as well as the absence of antral follicles on ovarian sonography must 
be confi rmed. Alternatively, some patients may not undergo com-
plete ovarian failure but rather experience an extensive loss of pri-
mordial follicle stockpiles while still maintaining occasional, 
irregular menses post treatment. Although these patients show sig-
nifi cant hormonal disturbances with high FSH levels, they may still 
be able to conceive without the need of ovarian tissue transplanta-
tion. It is imperative that consultation with the oncological team 
occurs before transplantation in order to assure that reimplantation 
of ovarian tissue is only performed when the patient is free from 
disease [ 5 ] Permission must be granted from the institutional 
review board since ovarian tissue transplantation is still considered 
to be an experimental technique. The patient’s general health post 
treatment and risk of relapse must be considered. A general algo-
rithm has been suggested to increase the safety of cryopreservation- 
transplantation procedures which includes both clinical evaluation 
and laboratory studies [ 5 ] (Fig.  5 ). Pelvic sonography is a necessary 
fi rst step to ensure that no macroscopic ovarian pathology exists in 
order to prevent unnecessary surgeries or complications. Prior to 
transplantation, a small piece of frozen cortical tissue is initially 
thawed, histologically stained, and analyzed for the presence of 
follicles after the freeze–thaw protocol and to ensure the absence of 
any malignant cells.

   Concern has been raised that cryopreserved ovarian tissue may 
harbor markers for malignant cells, putting the patient at risk of 
disease recurrence post-transplantation. In leukemia patients, 

Tissue Factors affecting
transplantation success
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  Fig. 5    Many factors are involved in successful ovarian tissue transplantation. These include the tissue stored, 
freezing conditions, and transplantation (See text). With permission from D Meirow       
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malignant cells present in the bloodstream are a serious risk and 
effective techniques to discover the presence of these cells is imper-
ative in order to ensure the safety of transplantation of frozen–
thawed tissue. Studies have shown that when cryopreserved tissue 
of leukemia patients is analyzed for malignant cells, the RT-PCR 
techniques are able to detect the presence of minimal residual dis-
ease even when the disease cannot be ascertained by histological 
analysis alone [ 48 – 50 ]. Techniques to uncover minimal residual 
disease even in the setting of clinical remission include specifi c 
immunohistochemical stains, polymerase chain reaction (PCR) 
amplifi cation and fusion transcripts detection (BCL-ABL for 
example), rearranged immunoglobulin or T cell receptor genes, 
and fl ow cytometric detection of aberrant immunophenotypes [ 5 ]. 
It is imperative that these techniques be optimized and imple-
mented in all patient samples prior to transplantation. 

  When deciding on a graft site there are several clinical points that 
should be considered which include: the ease of the surgical proce-
dure, access for oocyte collection, the volume of tissue to be trans-
planted, and if the aim is to achieve a natural conception, only 
orthotopic sites should be selected (Fig.  6 ). Factors that determine 
transplantation success include the vascular bed, as a rich vascular 
bed is crucial in order to minimize ischemic injury to the graft 
post transplantation. In cases where ovarian tissue was grafted 

6.1  Transplantation 
Site

  Fig. 6    Orthotopic Surgical grafting of ovarian tissue to ( a ) parietal sac (laparoscopy) Demeestere ( b ) round liga-
ment (laparotomy). Meirow & Silber with permission       
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orthotopically to the pelvic peritoneum or ovary and to a subcuta-
neous heterotopic site simultaneously, the results were more 
promising in the orthotopic site. More follicles developed at the 
orthotopic site while at the heterotopic site there was reduced fol-
licular growth, limited oocyte recovery rates and fertilization rates 
[ 51 ,  52 ]. All reports of successful pregnancies have been achieved 
by returning ovarian tissue to the ovaries directly or orthotopically 
in the pelvis near the ovarian site [ 32 ].

     A key consideration in ovarian transplantation is the maintenance 
of blood supply to the grafted tissue. Ischemic damage is the major 
cause of follicular loss therefore the amount of time that it takes for 
the graft to be adequately perfused plays a signifi cant role in graft 
survival. There are two surgical techniques for orthotopic trans-
plantation to the ovary (Fig.  7 ). In the fi rst technique, the non- 
functioning ovarian cortex is removed and cortical pieces are 
grafted onto the ovary after removal of the cortex [ 27 ,  53 ] (Fig.  8 ). 
In the second method, cavities are formed using blunt dissection 
beneath the ovarian cortex. Thawed ovarian tissue is then placed 
within the cavities, and the ovarian peritoneum is sutured [ 30 ,  31 ]. 

6.2   Transplantation

  Fig. 7    Transplantation of ovarian tissue back to the ovary. ( a ) Insertion of thawed tissue fragments into the 
ovary (A1) First successful transplant Meirow & Dor et.al. 2005 scheme [ 23 ]. (A2) Transplantation 2011, the 
patient is currently pregnant Meirow & Dor with permission. ( b ) Transplantation of ovarian tissue after existing 
ovarian cortex was removed. (B1) Donnez et al. (B2) Meirow & Silber with permission       

  Fig. 8    Transplantation of vitrifi ed ovarian tissue (pre-transplantation—after suturing three cortical fragments) 
( a ) and post transplantation ( b ) Meirow & Silber with permission       
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Alternatively, transplantation to the peritoneal wall is indicated if the 
ovary is considered small or if there is a poor vasculature bed avail-
able. In this case, a peritoneal window is created and ovarian tissue is 
placed into the window and then sutured or covered [ 27 ,  54 ].

    Several reports have touted the advantage of a two-step laparo-
scopic approach to create angiogenic granulation tissue during 
wound healing several days before autotransplantation of the 
grafted tissue [ 27 ,  54 ]. Piver et al. have modifi ed this two-step 
orthotopic transplantation by also performing a double transplan-
tation in order to increase the vascular bed [ 55 ]. Revel et al. have 
reported the use of ovarian micro-organs as an alternative trans-
plantation methodology. Micro-organs are tissue fragments of 
microscopic thickness (300–350 μM) that still maintain the archi-
tecture of the organ. Crucially, ovarian micro-organs can function 
without vascularization but at the same time are capable of upregu-
lating angiogenic factors, thus leading to improved graft longevity. 
After two failed transplantation attempts using more traditional 
ovarian cortex pieces, Revel et al. grafted ovarian micro-organs into 
a patient that successfully lead to pregnancy and live birth [ 56 ]. 

 Although it has been suggested that the restoration of ovarian 
function post transplantation lasts for only a short time, it has been 
observed that in most patients the transplant functions for a few 
years even in patients that received chemotherapy prior to ovarian 
tissue harvesting. However, in older patients the grafts function 
only for a shorter period of time. Attempts have been made to use 
additional techniques and environmental factors as a means to 
improve graft revascularization, shorten the ischemic period, and 
therefore improve overall graft survival. Ovarian xenografts in 
SCID mice showed increased follicular survival rates when the 
antioxidant, vitamin E was administered [ 57 ]. The question of 
adding gonadotropins to the transplants has been studied in ani-
mal models as a way of upregulating angiogenesis [ 58 ]. It is diffi -
cult to defi ne what the effects of gonadotropin administration are 
in human transplants since, there is still no standard against which 
grafting procedures can be measured. In our experience, we have 
administered estrogen and progesterone tablets both before and 
after grafting procedures as a means of avoiding elevated gonado-
tropin levels [ 44 ]. Alternatively, in other transplantations we per-
formed, we did not administer medications. We could not observe 
any differences in transplantation results relating to hormone sup-
plementation during transplantation.   

7     Patient Follow-up and Pregnancies 

 Patients should be monitored after transplantation in order to 
assess post procedural ovarian response. Hormonal profi ling of 
gonadotropin levels, AMH, and sex steroids should be done 
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although these hormone profi les often do not exhibit expected 
patterns. Follicular development and endometrial growth can be 
assessed by follow-up sonography. The time needed for endocrine 
recovery will vary depending on whether or not the tissue trans-
planted had been exposed to chemotherapy. 

 To date, more than 30 healthy births have been reported after 
autotransplantation of cryopreserved ovarian tissue. These women 
underwent chemotherapy, subsequently suffered from premature 
ovarian failure or signifi cantly low ovarian reserve and later requested 
re-implantation of their ovarian tissue. Donnez et al. reported the 
fi rst successful pregnancy and live birth of a healthy girl after trans-
plantation of cryopreserved ovarian tissue in a 25 year old that was 
treated for Hodgkin’s lymphoma and had signifi cantly low ovarian 
reserve [ 27 ]. In 2005, we reported the fi rst proof of successful 
transplantation of frozen–thawed ovarian tissue in a woman that 
suffered from premature ovarian failure. A live birth was reported 
after oocyte retrieval from grafted cryopreserved ovarian tissue. The 
patient was diagnosed with primary mediastinal B cell non-Hodg-
kin’s lymphoma at the age of 28. Ovarian tissue was cryopreserved 
between fi rst and second-line chemotherapy. In 2003, four of seven 
pieces of cortical tissue were reimplanted and 9 months post reim-
plantation, spontaneous follicular development was observed. The 
patient underwent IVF, leading to the birth of a healthy daughter 
[ 31 ]. This patient conceived naturally again a few months post-
delivery but aborted. Thereafter, the patient’s hormone profi le 
showed high FSH and LH levels, indicating that the return of ovar-
ian function post- transplantation did not last more than 2 years. 
Silber described a series of successful transplantation cases of fresh 
ovarian tissue between monozygotic twins that resulted in the birth 
of healthy children. Although the tissue used was fresh and not 
cryopreserved, these cases clearly indicated the high success rate of 
the transplantation procedure. 

 During the last few years successful births after the cryopreser-
vation of ovarian tissue were also reported by, Anderson, 
Demeestere, Piver, Sanchez-Serrano, Revel [ 30 ,  54 – 56 ,  59 ]. 
A summary of the fi rst 13 live births after ovarian transplantation 
reported that age at tissue collection was 19–36, 40 % of patients 
had previous chemotherapy, all patients showed recovery of endo-
crine function, 50 % of pregnancies were after IVF and 50 % were 
spontaneous pregnancies [ 32 ]. All babies were normal. Today 
there are reports on multiple live births following ovarian tissue 
transplantation [ 60 ]. 

 It remains unclear exactly how many patients worldwide have, 
in total, undergone cryopreservation-transplantation attempts, 
since reported results are indications of success. We have reported 
our results from one center indicating high transplantation success 
rates. Out of seven patients that underwent transplantation of 
ovarian tissue, all of them resumed menstruation and endocrine 
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function. In fi ve of these patients, grafts survived for a number of 
years, while in one patient for only 6 months (tissue harvesting 
done at age 39), and one patient has recently undergone a second 
transplantation. In all patients IVF was performed, mature eggs were 
retrieved and fertilized, resulting in six pregnancies (in 4 women). 
These results are highly encouraging and indicate high success rates 
of ovarian tissue transplantation (unpublished data).  

8     Conclusions 

 The recent reports of successful pregnancies and deliveries resulting 
from ovarian tissue cryopreservation and grafting provide great hope 
to women that are threatened with the loss of their future fertility 
due to the need to start chemotherapy or radiation treatment imme-
diately. For these women, this technique allows for the immediate 
cryopreservation of tissue prior to the sterilizing and potentially 
teratogenic effects of chemotherapy. More research is necessary in 
order to optimize protocols for both cryopreservation and tissue 
grafting. Additionally, further improvements in the detection of 
minimal residual disease are necessary in order to ensure that no 
malignant cells are transferred back to cancer-free patients. Of con-
cern, is the fact that ovarian tissue grafts seem to provide only a 
limited timeframe of restored ovarian function. Nevertheless, it is 
clear that the recent advances in ovarian tissue cryopreservation 
techniques with demonstration of pregnancies and live births show 
the real potential of this treatment option for women, especially for 
prepubertal patients and women who do not have the option to 
delay cancer therapy for IVF hormonal stimulation.     
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    Chapter 22   

 Detection of Monogenic Disorders and Chromosome 
Aberrations by Preimplantation Genetic Diagnosis 

           Kangpu     Xu      and     David     Reichman     

    Abstract 

   This chapter highlights the methodologies of single cell genetic diagnosis along with the strengths and 
weaknesses of existing techniques.  

  Key words     PCR  ,   Genetic diagnosis  ,   PGD  ,   PGS  ,   Monogenic disorders  

1       Introduction 

 Several groundbreaking genetic analysis tools were developed in 
the 1980s. Polymerase chain reaction (PCR) arose at this time and 
became a transformative method for molecular biology and bio-
chemistry [ 1 ]. It was via this technique that the fi rst PGD studies 
were performed, in which Handyside and colleagues successfully 
amplifi ed regions of the Y chromosome from single cells and 
thereby prevented transmission of X-linked disorders [ 2 ]. 
Preimplantation genetic diagnosis is now in its third decade, and 
great strides have been made to evolve and refi ne the approach and 
technology underlying the technique [ 3 ]. Almost all single gene 
disorders can now be identifi ed in preimplantation embryos, and 
PGD has increasingly become an important tool in reproductive 
medicine. Application of this technology has steadily increased 
since the human genome project came to completion and as 
revelation of genetic disorders has deepened.  

2     Preimplantation Genetic Diagnosis for Mendelian Disorders 

  Each single human cell, such as a blastomere from a preimplantation 
embryo, contains approximately 6–7 pg of DNA. Preimplantation 
genetic diagnosis must be sensitive enough to detect one base pair 

2.1  Single Cell DNA 
Amplifi cation by PCR
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nucleotide changes within the context of the entire complex genome. 
Direct mutation analysis with this small amount of material is not 
possible. Using PCR, a few DNA molecules can be amplifi ed to 
millions of copies of defi ned sequence in a matter of a few hours, 
thus making PCR an invaluable tool for PGD. However, risk of 
exogenous DNA contamination in PCR is high because of the 
exceptionally low copy numbers of target DNA in a single cell. 
Tremendous efforts were made to optimize PGD after its introduc-
tion, such as specifi c cell loading protocols, blank controls, and test-
ing of specifi c sequences. Gel electrophoresis can be used for 
verifi cation of PCR amplifi cation and to rule out contamination; 
contamination is now infrequent in experienced laboratories. 

 Allelic drop-out (ADO) is a major risk that can lead to misdi-
agnosis in PCR-PGD. ADO refers to the amplifi cation failure of 
one of the two alleles in heterozygous cells during PCR. This can 
occur when the quantity of input DNA is extremely low, such as in 
the case of PGD tests utilizing single cells. The frequency of ADO 
has been reported to range from 10 to 30 % and is estimated to 
occur in 5–10 % of tests. ADO was historically believed to be 
responsible for a large proportion of misdiagnosis cases, but has 
been less of an issue with current sophisticated protocols. Recently, 
improvements in  Taq  enzyme, the critical DNA polymerase for 
PCR, have contributed to lower rates of ADO, with better cover-
age and more effi cient amplifi cation.  

  Following amplifi cation of target DNA via PCR, digestion of the 
amplifi ed product with site-specifi c restriction endonucleases can 
reveal genetic sequence alterations. A myriad of restriction enzymes 
recognize unique and specifi c base pair sequences; if a genetic 
sequence alteration creates or abolishes a restriction enzyme recog-
nition site, mutant variants can be discerned from the wild type via 
discrete band patterning on gel electrophoresis. One such example 
is the sickle cell mutation (Hb S, GAG → GTG), whereby the 
mutant allele can be identifi ed via use of the restriction enzyme 
DdeI [ 4 ,  5 ]. Another example, representing diagnosis via restric-
tion enzyme BanII of the E1322 mutation leading to Limb-Girdle 
muscular dystrophy 2B, is shown in Fig.  1 .

   Heteroduplex analysis is another classical method to detect 
small deletions or insertions. The formation of heteroduplexes 
from annealing complementary DNA strands containing base mis-
matches can also be used as a diagnostic tool for the detection of 
deletion/insertion mutations in a number of disease-causing 
alleles; this is due to the differential migration of heteroduplexes 
versus homoduplexes on acrylamide gels. Heteroduplexes can be 
formed intentionally by co-incubation of known fragments and 
unknown PCR products. This method was fi rst reported for PGD 
in a landmark paper (1992) for detecting a common three base pair 

2.2  Mutation 
Analysis by Enzyme 
Digestion, 
Heteroduplex Analysis, 
Fluorescence 
Fragment Analysis, 
and Mini-sequencing
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deletion (ΔF508) in exon 10 of the CFTR gene (Fig.  2a ) [ 6 ]. 
These procedures have been successfully used for PGD of many 
disorders/mutations due to their reliability, accuracy and sensitiv-
ity; such techniques can still be effectively applied for PGD today. 
Nevertheless, not all mutations can be recognized by existing restric-
tion enzymes, and such techniques are quite labor intensive.

   Fluorescent, real-time PCR is a more versatile and less labor- 
intensive methodology, allowing for automation of several tedious 
steps, and has largely replaced gel-based DNA band size assess-
ment (Fig.  2b ) [ 7 – 9 ]. Furthermore, a more universal, primer- 
specifi c mutation detection method, mini-sequencing, can be used 
for detection of nearly any mutation, and multiplex is possible 
(Fig.  3 ) [ 10 ,  11 ]. In mini-sequencing, a labeled detection primer 
positioned immediately to the 3′ end of the nucleotide sequence to 
be analyzed is included in the PCR reaction. In the case of a homo-
zygous genotype, a signal is obtained in only one of the reactions 
and for a heterozygote genotype, signals are obtained in both 
reactions. The main benefi t of the mini-sequencing strategy is the 
use of a mutation analysis protocol based on a common procedure, 
irrespective of the mutations involved. Mutation detection by 
mini-sequencing is not limited to point mutations and the method 
is generally applicable to both large and small deletions.

#   N/N  M/M  M/M  M/M  M/M  M/M  N/M  N/M  N/N

  Fig. 1    Restriction enzyme analysis. Restriction analysis for detection of a muta-
tion, E1322, Limb-Girdle Muscular Dystrophy 2B (LGMD2B, OMIM #253601). 
Restriction enzyme BanII is used. From  left , DNA size marker,  Lanes 1  and  9 , 
(N/N, complete digestion),  Lane 2  to  6 , homozygote affected (M/M, no digestion); 
 Lanes 7  and  8 , heterozygotes (N/M)       
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     PGD for single gene disorders has become a sensitive and accurate 
technique, with thousands of disparate mutations able to be diag-
nosed. Analysis for multiple genetic defects, or for multiple alleles 
simultaneously, poses additional challenges. Both members of a 
couple may be carriers for the same disease but with different allelic 
variants, leading to affected compound heterozygous offspring. 
In the case of autosomal dominant disorders, such as Huntington’s 
disease, including linkage markers is critical to avoid false-negatives 
when ADO occur (Fig.  4 ). With the completion of the Human 
Genome Project, more detailed sequence data became available, 
allowing for inclusion of fl anking linkage markers to be included in 

2.3  Inclusion 
of Linkage Markers

N/N Δ/Δ N/N Δ/Δ N/N Δ/Δ

Heterozygous Homozygous 
affected

Homozygous
normal

a

b

  Fig. 2    CFTR mutation, delta F508, detected by heteroduplex analysis ( a ) and fl uo-
rescent fragment analysis ( b ). Heteroduplexes can be formed intentionally by 
co-incubation of known fragments (N/N and Δ/Δ) and unknown PCR products. 
Shown here are examples of heteroduplex analysis for CFTR gene, ΔF508 muta-
tion on exon 10. The far left lane is a DNA ladder. The  fi rst two lanes  represent a 
homozygous normal pattern, the  middle two lanes  represent a heterozygote, and 
the  last two lanes  represent an affected homozygote. Fluorescent fragment anal-
ysis for a heterozygote of delta F508 mutation, showing two peaks ( black ), 151 
and 154bp clearly separated       
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PCR [ 12 ]. Informative allelic markers for PGD patients are now 
routinely used, in addition to the mutations tested, allowing for 
assessment of whether the maternal or paternal allele has been inher-
ited. Such linkage analysis allows for diagnosis to be made even when 
allelic drop-out occurs. In fact, with the use of informative linkage 
markers, one may obtain information regarding mutation trans-
mission without knowing the exact details of the mutation; thus, 
even unknown mutations may be detected via such techniques.

     Primer design for each mutation or disorder can be accomplished 
in a relatively short amount of time. Online detailed information 
is readily available from public or pay-for-service websites. For 
example, OMIM (Online Mendelian Inheritance in Man) is a 
 comprehensive, authoritative compendium of human genes and 
genetic phenotypes that is freely available and updated daily 
(  http://www.ncbi.nlm.nih.gov/omim    ). The Human Gene 
Mutation Database (  http://archive.uwcm.ac.uk    ) reports that 
90 % of disease-causing mutations in humans are attributable to 
micro-lesions such as single- base substitutions and small deletions 
and/or insertions, rather than gross lesions (repeat expansions, 
complex gene rearrangements, gross insertions and/or deletions). 
Therefore, it is vital that mutation detection methods are sensitive 
to the content of nucleotide variations at the single-base level. 

 Armed with the above-mentioned mutation analysis methods, 
and encouraged by improvements in accuracy, the PGD 

2.4  Expanding 
PGD Indications

  Fig. 3    Mini-sequencing analysis for CF G542X mutation. G542X is a G to T substitution at nucleotide 1756 on 
exon 11, Gly to Stop at 542       
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community has quickly enriched its inventory of tools for the 
diagnosis of various genetic disorders. The application of PGD to 
single gene disorders has rapidly expanded, and the number of 
genetic disorders diagnosed is now too numerous to enumerate. 
Major landmarks were the ability to accurately diagnosis cystic 
fi brosis and sickle cell anemia [ 5 ,  13 ]. In addition to such diseases, 
PGD can also be performed for mutations predisposing to cancer, 
such as BRCA 1 and 2 mutations [ 14 ]. While these represent 
disorders of Mendelian inheritance, HLA matching via PGD rep-
resents a unique genetic tool. Using IVF to create embryos that 
are subsequently HLA-matched but unaffected by the disorder, 
siblings suffering from disease can be cured [ 15 – 17 ]. This can be 
achieved via multiplex PCR with amplifi cation targets on all possible 
alleles of HLA-A, HLA-B, HLA-C, and HLA-DRB regions, 

  Fig. 4    Use of STR linkage markers for Huntington’s disease. Informative STR D4S127 can be used. HD 
(#143100) is caused by an expanded trinucleotide repeat (CAG)n, encoding glutamine, in the gene encoding 
Huntington’s on chromosome 4p16.3       

 

Kangpu Xu and David Reichman



481

and linked single tandem repeat (STR) markers selected to cover 
the extended HLA complex, combined with analysis for the single 
gene disorder in question [ 17 ]. Worldwide, thousands of such 
cases have been attempted, with hundreds of babies born. Recently, 
one large series of PGD for HLA was published in a single PGD 
unit, which included 327 cycles. Embryo transfer was performed 
in 212 cycles, with a 34.9 % clinical pregnancy rate per transfer and 
59 healthy and HLA- compatible children born [ 18 ].  

  Early studies in human preimplantation development revealed that 
lower human reproductive effi ciency is largely explained by the 
high frequency of aneuploidy in gametes. Particularly, the inci-
dence of aneuploidy is closely related to increasing female age [ 19 ]. 
This observation has been repeatedly confi rmed in numerous stud-
ies by karyotyping, and more recently by high-resolution chromo-
some analysis [ 20 – 23 ]. Selection of euploid embryos for transfer 
decreases risk of miscarriage after IVF and allows for prevention of 
trisomy 13, 18, and 21 that may lead to live birth of children with 
specifi c syndromes. Florescent in situ hybridization (FISH), devel-
oped in the early 1980s, was the fi rst cytogenetic technique to be 
applied towards screening for numerical chromosomal abnormali-
ties [ 24 ]. The technique involves hybridizing fl uorescent tagged 
probes using DNA sequences specifi c for individual chromosomes. 
Griffi n and his colleagues in the UK successfully applied X and Y 
DNA probes to single blastomeres in 1991, followed by the Cornell 
team in the USA in 1993 [ 25 ,  26 ]. Fixation of the nucleus onto 
glass slides is accomplished via two methods: Tarkowski’s fi xation 
using acetic acid or otherwise Tween-20. The quality of fi xation 
remains the most diffi cult step in FISH-based single cell tests; 
accurate screening of a single cell with FISH requires a high degree 
of technical profi ciency. 

 With the development of various fl uorophores, multi-color 
FISH allowed up to 5 probes to be included in one single hybrid-
ization run, which enabled the detection of additional chromo-
somes beyond X and Y (Fig.  5 ). Because FISH signals can be 
washed away, another round of FISH can be applied with different 
chromosomal probes, allowing for even more chromosomes to be 
analyzed. Procedures for up to 3 rounds of FISH, including 12–14 
FISH probes were established in many PGD laboratories. While 
FISH was almost exclusively used for several years, it requires 
nuanced technical skill, is limited by intrinsic limitations to hybrid-
ization effi ciency, and the predictive value of the test is diminished 
with increasing number of chromosomes analyzed. A number of 
randomized controlled trials using a FISH-based approach to pre-
implantation genetic screening for chromosomal aneuploidy failed 
to reveal a benefi t, and in certain instances was associated with 
decreased implantation [ 27 ,  28 ]. A few more powerful FISH based 
systems that would allow for screening of all 24 chromosomes, 

2.5  Preimplantation 
Chromosome Testing: 
From a Few 
Chromosomes to all 
23 Pairs
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such as SKY (spectral karyotype) were also introduced to single 
cells, but with little clinical success [ 29 ]. Twenty-four chromo-
some FISH using oligonucleotide probes has also been reported, 
but has never become a mainstream modality.

   Comparative genomic hybridization (CGH), fi rst reported in 
1992, represented a major technical breakthrough for PGD when it 
was fi rst applied to single cells [ 30 – 32 ]. Specifi c technical improve-
ments allowed reliable clinical application of this technology [ 33 , 
 34 ]. Initially, cryopreservation for biopsied embryos was needed due 
to the time required for completing the hybridization procedure; 
short-CGH methods were subsequently established that allowed for 
fresh embryo transfer after day 3 biopsy [ 35 ]. Modifi cation of classic 
CGH using metaphase spreads to an array based modality made it a 

16

13

13

22

21

21

18

18

22

16

X

18

Y

X

18

a b

c

  Fig. 5    FISH for aneuploidy screening. ( a ) Fixed nucleus from D3 blastomere. 
( b ) FISH for sex determination. Chromosome X:  Green  and Y:  Orange ; 18: Aqua 
(control). ( c ) Five FISH probes for aneuploidy screening. Chromosome 13:  Red , 
16:  Blue ; 18: Aqua; 21:  Green  and 22:  Yellow        
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more practical and effi cient approach for chromosomal screening and 
it has now become a prevailing modality for preimplantation 
genetic screening [ 36 ,  37 ]. In array CGH, the tested genomic 
DNA sample and a reference genomic DNA sample are labeled 
with different fl uorescent dyes and  co- hybridized to a glass slide on 
which a large number of small DNA fragments of known chromo-
somal location are arrayed. Gain or loss of genetic material as com-
pared to control DNA can thus be determined (Fig.  6 ).

   In addition to array CGH, single nucleotide polymorphism 
array (SNP array) technology can also be used for chromosomal 
screening, in which a number of oligonucleotide probes are used; 
because such oligonucleotide probes interrogate both copy num-
ber and SNP sites, genotype as well as DNA copy number informa-
tion can be obtained. SNP array has successfully been used for 
PGD of IVF embryos, and has the added advantage of being able 
to detect uniparental disomy (UPD) [ 38 ]. While both aCGH and 
SNP array platforms serve as accurate diagnostic platforms for 
PGS, results from aCGH appear to be more consistent [ 39 ]. 

47,XY,+13

45,XX,-21

a

b

  Fig. 6    Array CGH for aneuploidy screening with 24Sure V3 Chip, BlueGnome-Illumina. ( a ) 45,XX,-21. ( b ) 
47,XY,+13.  Red arrows  indicate a loss of chromosome 21 ( panel A ) and a gain of chromosome 13 ( panel B )       
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 Quantitative PCR (qPCR) has recently been used for chromo-
somal copy number assessment [ 40 ]. In qPCR, selected target 
regions on each of the 24 chromosomes are PCR amplifi ed in a 
strictly controlled reaction so that the number of amplicons at spe-
cifi c PCR cycles can then be compared with controls, thus allowing 
copy number of each chromosome to be calculated. When, for 
example, an extra chromosome 21 is present in the specimen, less 
PCR cycles are needed to reach a specifi c DNA yield as compared to 
a control sample which has two copies of chromosome 21. Although 
qPCR has the advantage of speed (the whole process can be completed 
in as little as 4–6 h) with limited targets (2–4 per chromosome), 
the resolution for chromosomal analysis is very low.  

  Carriers for balanced, reciprocal, and Robertsonian translocations 
have high risks for producing abnormal gametes that have missing 
or additional chromosomal material. Detection of unbalanced 
chromosomal complements via PGD increases the likelihood of 
successful, normal pregnancy. Patient breakpoint-specifi c probes 
were designed and fi rst implemented for translocation analysis in 
the late 1990s [ 41 ]. Although this technique had the advantage of 
detecting and distinguishing normal chromosomes from unbalanced 
and/or balanced chromosomes, it was prohibitively expensive 
for individual patient use. The discovery of chromosome specifi c 
telomeric probes made diagnosis of translocations in IVF embryos 
more universally applicable for PGD (Fig.  7 ) [ 42 ]. When FISH 
probes are available, deletions and pericentric inversions can also 
be detected [ 43 ]. However, in cases of paracentric inversions, this 
strategy may not work—such inversions may not lead to a gain or 

2.6  Chromosome 
Translocations and 
Deletions

9p
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11q 11q
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  Fig. 7    FISH for balanced translocation. A balanced embryo ( left ) showing two  green  
(subtelomeric 9p) and two  orange  (subtelomeric 11q) signals. An unbalanced 
embryo ( right ) for a carrier of balanced translocation, 46,XY,t(9;11)(p22;q22)       
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loss of the terminal region, where FISH probes are useful. Other 
methodology, such as PCR-based or array-based approaches have 
also been successfully applied [ 44 ]. Similar to the use of telomeric 
FISH probes, the limitation of array-based approaches is that they 
are unable to differentiate between normal chromosomal comple-
ments and balanced rearrangements. The resolution of current 
array platforms is relatively lower than telomeric FISH (typically at 
5–10 MB), and thus limits the ability to detect cryptic transloca-
tions. Therefore, FISH may still be required for these patients.

     Until the mid-2000s, the majority of PGD and PGS cases were 
performed using individual blastomeres from day 3 embryos. One 
or two nucleated cells (blastomeres) are removed 3 days after 
fertilization, at which time normally developing embryos typically 
contain 6–9 cells. An inverted microscope equipped with biopsy 
tools for micromanipulation is required. Typically, a holding pipet 
is used to fi x the embryo in place, and a small amount of acidifi ed 
Tyrode’s solution is used to make a small hole in the zona pellu-
cida; alternatively, a laser is applied to cut a slit in the zona. 
Controlled negative pressure is applied with a biopsy pipet to 
remove the blastomere (or polar body in the case of oocyte sam-
pling) from the embryo (Fig.  8 ). Similar steps are needed for 
trophectoderm (TE) biopsy, except that the connection between 
TE cells must then be divided, typically with a laser (Fig.  9 ) [ 45 ].

    Blastomere biopsy must occur before compaction begins, as 
individual blastomere removal becomes impossible after sibling 
blastomeres become tightly adherent to each other. The chromo-
somal complement of the embryo is then inferred from the analysis 
of the one or two removed cells. Mosaicism, however, is very com-
mon in cleavage stage embryos, as has been demonstrated in a num-
ber of published studies [ 20 ,  46 – 51 ]. It is known that mosaicism 
occurs in women of all ages, including young patients [ 52 ,  53 ]. 
The prevalence of mosaicism in D3 cleavage embryos is perhaps best 
summarized in a systematic review by van Echten-Arends and 
colleagues using FISH with 5–15 chromosomes in 815 embryos, in 
which 73 % of embryos were mosaic [ 50 ]. These numbers may be 
overestimated given that the embryos analyzed were de-selected for 
transfer, but on the other hand, the detection of mosaicism would 
increase if all 24 chromosomes had been analyzed. 

 The prevalence of mitotic nondisjunction in individual blasto-
meres on day 3 of development limits the ability of day 3 biopsy to 
unambiguously prognosticate regarding the potential for normal 
development and implantation. Whether “self-correction” occurs 
in mosaic embryos remains unclear [ 54 ,  55 ]. Moreover, it has been 
argued that removal of 1/8th (1 cell removed from 8 cell embryo) 
or 1/4th (2 cells removed from 8 cell embryo) of an embryo’s 
genetic complement may adversely affect its subsequent develop-
ment to the blastocyst stage [ 56 ,  57 ]. While the pendulum has 

2.7  Acquisition of 
DNA: Polar Body, Day 
3, and Day 5 Analysis
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D3 biopsy pipets: left: holding, up right: biopsy, low right, 
AT needle.

Polar body biopsy

a

b

c

D3 blastomere biopsy

  Fig. 8          Polar body and D3 biopsies. ( a ) Polar body biopsy. ( b ) D3 biopsy pipets:  left : 
holding,  up right : biopsy,  low right , AT needle. ( c ) D3 blastomere biopsy       
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Process of blastocyst biopsy: 
Top panel: pull out a few cell 
Middle panel: laser fired to break cell bridges
Bottom panel: cells removed

a

b

c

  Fig. 9    Blastocyst (trophectoderm) biopsy. Process of blastocyst biopsy: ( a )  Top 
panel : pulling out a few cells. ( b )  Middle panel : laser fi red to break cell bridges. 
( c )  Bottom panel : cells removed       
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begun to therefore swing away from day 3 biopsy, it is important 
to recognize that thousands of babies have been born from day 3 
biopsy PGD, and reported pregnancy rates from large retrospec-
tive cohorts still reveal robust performance [ 58 ]. With current 
techniques, day 3 biopsy almost universally allows for transfer to 
occur on day 5 or 6 during the cycle in which the biopsy is per-
formed, without requiring freezing of embryos. 

 Biopsy at the blastocyst stage on day 5 or 6 of development 
allows for sampling of several cells from the trophectoderm, and 
therefore offers several potential advantages over day 3 biopsy. 
Whereas day 3 biopsy requires removal of cells that will ultimately 
contribute to the embryo proper, biopsy on day 5 allows for sam-
pling of cells that give rise to the placenta, and thus is less likely to 
disrupt subsequent embryo development. Moreover, multiple cells 
are available for analysis, thus reducing the likelihood of diagnostic 
errors. Of course, biopsy on day 5 requires an effi cient culture 
system with high rates of blastulation; with improved laboratory 
culture conditions and evolving technology (i.e., time-lapse kinetics) 
for prediction of blastulation, however, ideal cases for day 5 biopsy 
can now be selected without signifi cant risk of being left with no 
embryos for biopsy. 

 While mosaicism does exist in blastocysts, it is present to a 
much lesser extent than in cleavage stage embryos, and poses less 
of a diagnostic challenge; the exact frequency of blastocyst mosa-
icism is unknown [ 59 ]. There seems to be no difference between 
the inner cell mass and trophectoderm in terms of mosaicism, sug-
gesting that there is no selection mechanism for selective aggrega-
tion of normal cells to the inner cell mass [ 60 – 63 ]. A caution 
should be made here that the rates of mosaicism derived from FISH 
studies are much more accurate than those from array studies, 
because the latter usually can only provide a rough estimation due 
to software limitations [ 64 ]. As in day 3 embryos, mosaicism is 
much more frequent in poor quality embryos [ 65 ,  66 ]. The reduc-
tion in mosaicism and lower prevalence of aneuploidy in blastocysts 
as opposed to cleavage stage embryos led to the notion that embryos 
may have a self-correction mechanism [ 54 ,  55 ]. Supporting evi-
dence also can be found in segmental aberrations, wherein the same 
embryos that showed segmental deletions/duplications on day 3 
are likely to have normal karyotypes when retested on D5/6 (Xu 
et al. unpublished). 

 While less commonly used in the USA, polar body biopsy 
remains an alternate modality to day 3 or day 5 biopsy. In this tech-
nique, the fi rst polar body is removed from metaphase II oocytes 
after retrieval, and the second polar body is removed after fertiliza-
tion has occurred. Correction of meiotic errors frequently occurs, 
as does recombination, and thus, analysis of only one polar body 
does not afford suffi cient information for accurate diagnosis [ 67 – 70 ]. 
Genes closer to the telomeric region of the chromosome are more 
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likely to undergo recombination, and thus provide further diagnostic 
challenges. Polar body analysis is more limited than the aforemen-
tioned embryo biopsy techniques given that it provides only mater-
nal genetic information; polar body biopsy is thus not useful if the 
mother is an affected individual (homozygous) for a recessive trait, 
given that all her oocytes will carry the mutation. Moreover, 
polar body analysis is further limited by its inability to capture 
post-zygotic errors of mitosis, and will miss events such as “self-
correction” which occur during compaction and blastulation [ 71 ]. 
Nevertheless, a recent small scale observational study suggested 
polar body biopsy and array CGH analysis accurately predicted 
most aneuploidies in cleavage stage embryos [ 72 ]. It remains to be 
seen what role polar body biopsy will play in genetic diagnosis as 
embryo biopsy techniques continue to evolve and improve.   

3     Detection of Aneuploidy at Preimplantation Stages: Clinical Controversy 

 In the last two decades, technologies related to genomics and 
genetic testing have evolved at an astoundingly fast pace. As the 
techniques have improved, so to have the indications for PGD 
begun to expand, along with patient demand for use of the 
technology. While analysis for single gene disorders, HLA typing, 
and translocations have become widely accepted and recognized as 
effective diagnostic tools for clinical use, routine use of preimplan-
tation genetic screening for unselected patients remains one of the 
most controversial issues in the fi eld of reproductive medicine 
today. There is little disagreement within the scientifi c and medical 
community regarding the relationship between aneuploidy, implan-
tation failure, and pregnancy loss [ 22 ,  73 ]. Theoretically, aneuploidy 
testing allows for selection of euploid embryos for transfer, thus 
allowing for the selection of embryos with the highest implantation 
potential and the lowest risk of subsequent  miscarriage. PGS now 
accounts for more than half of all PGD cases performed around 
the world in the last decade, and in some US centers, as many as 
one-third of all IVF patients undergo PGS [ 74 ]. 

 Several early non-randomized studies demonstrated a benefi cial 
role of PGS [ 47 ,  52 ,  75 ]. Overall, the reported benefi ts include 
reducing the risk of having live-birth of trisomic offspring, reduc-
ing risk of miscarriages, reducing risk of multiple pregnancies 
(via the transfer of fewer embryos), and improving the effi ciency of 
IVF when the number of good quality embryos exceeds the num-
ber of embryos recommended for transfer. Of all the arguments in 
favor of PGS, reduction in the rate of miscarriages is supported by 
the most robust clinical data, with an approximately fourfold 
reduction in the rate of miscarriage with either polar body or cleavage 
stage biopsy (depending on the age of the patient) [ 76 ]. 
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 For the most part, however, randomized controlled trial data 
has not supported the widespread implementation of this fast- 
evolving technology. In one of the fi rst large randomized trials eval-
uating day 3 biopsy in unselected IVF patients, no benefi cial effects 
were observed, and in fact patients undergoing biopsy experienced 
lower pregnancy rates [ 77 ]. This study was met with much subse-
quent criticism against its alleged technical shortcomings and 
experimental design limitations [ 78 ,  79 ]. A 2011 Cochrane meta- 
analysis of 9 randomized controlled trials regarding preimplanta-
tion genetic screening, however, again failed to show a benefi t in 
unselected patients as well as patients of advanced maternal age, and 
in fact confi rmed a decrease in live birth rates [ 80 ]. Indeed, the 
Society for Assisted Reproductive Technology (SART) and the 
American Society for Reproductive Medicine (ASRM) cautioned in 
2008 that there was insuffi cient data to suggest PGS for advanced 
maternal age, multiple prior IVF failures, or prior miscarriages [ 81 ]. 
Proponents of PGS argue that the studies analyzed in such meta-
analyses were limited by their use of day 3 biopsy, which may be 
associated with diminished implantation potential, and FISH, 
which is limited by hybridization ineffi ciency and interpretation. 

 Over the last 5 years, the switch from day 3 blastomere biopsy 
to day 5 trophectoderm biopsy, coupled with the commercial launch 
of microarray technology specifi cally designed for PGS, has led to 
renewed excitement regarding screening of embryos for chromo-
somal aneuploidy. Recent, large retrospective studies, along with 
randomized controlled trial data, have revealed improved pregnancy 
rates and lower miscarriage rates with 24 chromosome comprehen-
sive screening, albeit in highly selected patient groups with robust 
ovarian reserve [ 33 ,  40 ,  58 ,  82 ,  83 ]. While some practitioners have 
come to feel that only proven euploid embryos should be trans-
ferred, such testing involves added embryo manipulation and 
embryo cryopreservation (in most cases), and a philosophical divide 
between those in favor and those against universal screening has 
grown. Interpretation of the data is confounded by disparate control 
groups; in one recent study, for example, single euploid blastocyst 
transfer was compared against transfer of 2 blastocysts that were not 
subjected to biopsy, as opposed to one [ 84 ]. 

 While blastocyst biopsy has conventionally required cryo-
preservation of embryos and transfer in a subsequent thaw cycle, 
recent advancements in the effi ciency of DNA processing has 
allowed for fresh embryo transfer on day 6 after day 5 biopsy in 
select clinics; while this avoids subjecting the embryo to cryopro-
tectants and the stress of freezing, and prevents the patient from 
having to wait for transfer, it also subjects the embryo to a more 
narrow endometrial window of implantation [ 83 ,  85 ]. As the tech-
nology continues to evolve, it will remain to be determined whether 
fresh transfer late on day 5 or day 6 versus transfer in a thaw cycle 
subsequent to cryopreservation will be associated with the most 
favorable pregnancy rates.  
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4     Future PGD and Research Directions: From Dual Sampling to Sequencing 

 After two decades of intensive research and clinical practice, 
personalized PGD has entered a completely new era [ 86 ]. At present, 
whole chromosome copy number alternations in embryos are 
mostly identifi ed by microarray platforms at relatively low resolu-
tion, similar to the resolution (10–20 MB) achievable by conven-
tional karyotyping [ 63 ]. The diagnosis for various disorders at the 
level of base substitutions and short insertions/deletions is achieved 
for each individual couple with the specifi c protocols outlined in 
the previous sections. In many PGD cases, however, both diagno-
sis for single gene disorders and chromosomal copy numbers are 
required, and unique protocols designed for each individual couple 
are becoming less practical and cost-effective. Reliable, simple and 
universal procedures which will be able to detect most, if not all, 
disorders are now the focus of the fi eld; karyomapping is one such 
method which may have the potential to achieve multiple diagnos-
tic goals in tandem [ 87 ]. 

 Several laboratories have already begun to offer combined tests 
for diagnosis of both monogenic disorders and copy number varia-
tion. Multiplex PCR, utilizing multiple primer pairs (double up to 
several thousand pairs) can amplify multiple genomic targets, with 
analysis of mutations along with enough single nucleotide poly-
morphisms (SNPs) or single tandem repeats (STRs) to allow for 
detection of embryo genotype in a single assay. Alternatively (and 
more effectively), whole-genome amplifi cation (WGA) is used to 
pre-amplify a minute amount of DNA from a single or few cells. 
There are several effective WGA procedures that have been devel-
oped over the last two decades. Based on the DNA polymerases 
used, two types of WGA are available. The fi rst type uses Taq poly-
merase and different primers, such as random primers (PEP) or 
degenerative primers (DOP) [ 88 ,  89 ]. The second type, fi rst 
described in 2000, takes advantage of an isothermal DNA poly-
merase, phi 29, and the entire amplifi cation can be accomplished in 
as short as 2–3 h [ 90 ]. DNA from single cells can thus be effi -
ciently amplifi ed and accurately used for SNP array analysis [ 91 ] .  
The information provided can be used to predict chromosomal 
ploidy, and when parental SNP information is available, accuracy 
is increased [ 38 ,  92 ]. 

  Next-generation Sequencing (NGS), a term to differentiate it 
from classic “Sanger” sequencing and whole-genome sequencing 
(WGS), describes the system that sequences all DNA base pairs, 
and may well be the future of both PGD and PGS. Although dif-
ferent NGS platforms utilize slightly different methods, most 
technologies involve similar DNA preparation. When a suffi cient 
quantity of DNA is available via WGA or multiplex PCR, the steps 
of NGS involves library preparation, DNA fragmentation and 

4.1  Next-Generation 
Sequencing (NGS)
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labeling, sequencing, data analysis and reporting. All of these steps 
can be accomplished in as little as 12 h if lower resolution diagno-
sis is provided, or a couple of days, when deeper sequencing is 
needed. Currently, the duration of the diagnostic procedure in its 
entirety precludes day 5 afternoon transfer following day 5 morn-
ing biopsy. 

 NGS for genetic testing has begun to play an increasing role in 
noninvasive prenatal diagnosis [ 93 ]. Early studies designed for 
single cells have demonstrated its potential for PGD, wherein accu-
rate diagnosis for trisomy 21 can be made with a half-million 
sequencing reads on a bench-top NGS platform (Fig.  10 ) [ 94 ]. 
Given that NGS renders so much data, creating data-analysis pipe-
lines remains the most challenging part of implementing the tech-
nology [ 95 ]. Although the birth of healthy babies from NGS PGD 
has been reported, the routine and wide use of NGS for clinical 
PGS is still a few years away. Two NGS strategies are currently 
being developed in parallel; an amplicon approach (or targeted 
sequencing) versus whole-genome sequencing. The former focuses 
on sequencing known genes or known genomic regions but with 
deeper coverage, while the latter covers the entire genome with 
some tolerance for loss of a small proportion of genetic informa-
tion. Each approach requires its own data analysis pipeline and has 
unique advantages and limitations. As the technology evolves, so 
too will the effi ciency of sequencing, with a corresponding reduc-
tion in price and increase in accuracy; as an example, single cell 
DNA can now be sequenced on micro-well displacement amplifi -
cation systems (MIDAS) [ 96 ].

   While NGS has the potential to provide information regarding 
all 3 billion base pairs of the human genome at an increasingly 
affordable cost, access to such data may pose complex ethical and 
medicolegal issues. Families without infertility may request the 
technology so as to have offspring with select genetic qualities or 
may desire to cull embryos based on predisposition to adult onset 
diseases. Similar to the use of IVF for social gender selection, PGD 
with NGS may well offer fertile couples other nonmedical reasons 
to pursue the technology. Moreover, while the human genome 
project greatly enhanced our knowledge of genetic disorders, new 
disorders are continually being discovered, and knowledge of these 
disorders may lag our ability to detect them via sequencing data. 
While solving some diagnostic problems, NGS will undoubtedly 
give rise to a completely new set of issues, such as incidental fi nd-
ings of unknown signifi cance. Recommendations regarding how 
to deal with incidental fi ndings have recently been published from 
the American College of Medical Genetics as well as the President’s 
Bioethics committee [ 97 ,  98 ].   
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Chr.

a

b

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22

  Fig. 10    Aneuploidy detection for single or a few cells by next-generation sequencing on two platforms. ( a ) 
Single cell: 47,XY,+21 on a MiSeq NGS sequencer (Illumina). The  Y  axis indicates the copy ratio. ( b ) Single cell 
NGS, 45,XX,-21; on Ion Torrent PGM (Life Technology, CA). The  red line  on the  right side  of chromosome 21 
indicating a loss of one chromosome 21, whereas the  red line  on the  right side  of Y indicating no Y chromo-
some sequence detected       
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5     Final Remarks 

 Technically, PGD is now a mature treatment modality. Accumulated 
evidence indicates that PGD is a safe procedure based on several 
studies when day 3 biopsy is combined with day 5 fresh embryo 
transfer, and blastocyst biopsy is considered less invasive than day 3 
biopsy because a smaller proportion of cells is removed [ 99 ,  100 ]. 
Nevertheless, attention on following up children born as a result of 
this technology in the long term must continue. It should be 
pointed out that the aforementioned established procedures may 
be yet be replaced by novel strategies, such as testing of blastocoele 
fl uid, or analysis of metabolites in the spent medium [ 101 ]. 

 There are also many other important aspects including legal, 
regulatory, ethical, and social issues that will affect the implementa-
tion and widespread use of this technology. It remains to be seen if 
PGD will be widely implemented for reducing the overall burden on 
society for treating genetic disorders, and if so, who will ultimately 
shoulder the cost of such screening [ 102 ,  103 ]. 

 Finally, as effective as PGD is for preventing transmission of 
genetic disorders, PGD is ultimately limited to its inability to 
fundamentally change biology. When women enter the later stages 
of reproductive aging, what PGD/PGS can offer is limited. Further 
study regarding gamete and embryo biology will hopefully provide 
further insight into the processes underlying reproductive aging. 
Other new technologies, such as regenerative reproductive 
approaches involving novel genetic therapies may be the next 
frontier to be explored.     

      References 

    1.    Mullis KB, Faloona FA (1987) Specifi c synthe-
sis of DNA in vitro via a  polymerase- catalyzed 
chain reaction. Meth Enzymol 155:335–350  

    2.    Handyside AH, Kontogianni EH, Hardy K, 
Winston RM (1990) Pregnancies from biop-
sied human preimplantation embryos sexed 
by Y-specifi c DNA amplifi cation. Nature 
344:768–770  

    3.    Handyside AH, Xu K (2012) Preimplantation 
genetic diagnosis comes of age. Semin Reprod 
Med 30:255–258  

    4.    Kan YW, Dozy AM (1978) Antenatal diagno-
sis of sickle-cell anaemia by D.N.A. analysis of 
amniotic-fl uid cells. Lancet 2:910–912  

     5.    Xu K, Shi ZM, Veeck LL, Hughes MR, 
Rosenwaks Z (1999) First unaffected preg-
nancy using preimplantation genetic diagnosis 
for sickle cell anemia. JAMA 281:1701–1706  

    6.    Handyside AH, Lesko JG, Tarin JJ, Winston 
RM, Hughes MR (1992) Birth of a normal girl 
after in vitro fertilization and preimplantation 

diagnostic testing for cystic fi brosis. New Engl 
J Med 327:905–909  

    7.    Findlay I, Ray P, Quirke P, Rutherford A, 
Lilford R (1995) Allelic drop-out and prefer-
ential amplifi cation in single cells and human 
blastomeres: implications for preimplantation 
diagnosis of sex and cystic fi brosis. Hum 
Reprod 10:1609–1618  

   8.    Sermon K, De Vos A, Van de Velde H, Seneca 
S, Lissens W, Joris H et al (1998) Fluorescent 
PCR and automated fragment analysis for the 
clinical application of preimplantation genetic 
diagnosis of myotonic dystrophy (Steinert’s 
disease). Mol Hum Reprod 4:791–796  

    9.    Van de Velde H, Sermon K, De Vos A, Lissens 
W, Joris H, Vandervorst M et al (1999) 
Fluorescent PCR and automated fragment 
analysis in preimplantation genetic diagnosis 
for 21-hydroxylase defi ciency in congenital 
adrenal hyperplasia. Mol Hum Reprod 
5:691–696  

Kangpu Xu and David Reichman



495

    10.    Blake DL, Dean NL, Knight C, Tan SL, Ao A 
(2001) Direct comparison of detection sys-
tems used for the development of single-cell 
genetic tests in preimplantation genetic diag-
nosis. J Assist Reprod Genet 18:557–565  

    11.    Fiorentino F, Magli MC, Podini D, Ferraretti 
AP, Nuccitelli A, Vitale N et al (2003) The 
minisequencing method: an alternative strat-
egy for preimplantation genetic diagnosis of 
single gene disorders. Mol Hum Reprod 
9:399–410  

    12.    Dreesen JC, Jacobs LJ, Bras M, Herbergs J, 
Dumoulin JC, Geraedts JP et al (2000) 
Multiplex PCR of polymorphic markers fl ank-
ing the CFTR gene; a general approach for 
preimplantation genetic diagnosis of cystic 
fi brosis. Mol Hum Reprod 6:391–396  

    13.    Sermon K, Goossens V, Seneca S, Lissens W, 
De Vos A, Vandervorst M et al (1998) 
Preimplantation diagnosis for Huntington’s 
disease (HD): clinical application and analysis 
of the HD expansion in affected embryos. 
Prenat Diagn 18:1427–1436  

    14.    Offi t K, Sagi M, Hurley K (2006) 
Preimplantation genetic diagnosis for cancer 
syndromes: a new challenge for preventive 
medicine. JAMA 296:2727–2730  

    15.    Verlinsky Y, Rechitsky S, Schoolcraft W, 
Strom C, Kuliev A (2001) Preimplantation 
diagnosis for Fanconi anemia combined with 
HLA matching. JAMA 285:3130–3133  

   16.    Verlinsky Y, Rechitsky S, Sharapova T, Morris 
R, Taranissi M, Kuliev A (2004) 
Preimplantation HLA testing. JAMA 291:
2079–2085  

     17.    Fiorentino F, Biricik A, Karadayi H, Berkil H, 
Karlikaya G, Sertyel S et al (2004) 
Development and clinical application of a 
strategy for preimplantation genetic diagnosis 
of single gene disorders combined with HLA 
matching. Mol Hum Reprod 10:445–460  

    18.    Kahraman S, Beyazyurek C, Ekmekci CG 
(2011) Seven years of experience of preimplan-
tation HLA typing: a clinical overview of 327 
cycles. Reprod Biomed Online 23:363–371  

    19.    Angell RR, Aitken RJ, van Look PF, Lumsden 
MA, Templeton AA (1983) Chromosome 
abnormalities in human embryos after in vitro 
fertilization. Nature 303:336–338  

     20.    Vanneste E, Voet T, Le Caignec C, Ampe M, 
Konings P, Melotte C et al (2009) 
Chromosome instability is common in human 
cleavage-stage embryos. Nat Med 15:
577–583  

   21.    Lu S, Zong C, Fan W, Yang M, Li J, Chapman 
AR et al (2012) Probing meiotic recombination 
and aneuploidy of single sperm cells by whole-
genome sequencing. Science 338:1627–1630  

    22.    Hassold T, Hunt P (2009) Maternal age and 
chromosomally abnormal pregnancies: what 
we know and what we wish we knew. Curr 
Opin Pediatr 21:703–708  

    23.    Pellestor F, Andreo B, Arnal F, Humeau C, 
Demaille J (2003) Maternal aging and chro-
mosomal abnormalities: new data drawn from 
in vitro unfertilized human oocytes. Hum 
Genet 112:195–203  

    24.    Langer-Safer PR, Levine M, Ward DC (1982) 
Immunological method for mapping genes 
on Drosophila polytene chromosomes. Proc 
Natl Acad Sci U S A 79:4381–4385  

    25.    Griffi n DK, Handyside AH, Penketh RJ, 
Winston RM, Delhanty JD (1991) 
Fluorescent in-situ hybridization to  interphase 
nuclei of human preimplantation embryos 
with X and Y chromosome specifi c probes. 
Hum Reprod 6:101–105  

    26.    Munne S, Lee A, Rosenwaks Z, Grifo J, 
Cohen J (1993) Diagnosis of major chromo-
some aneuploidies in human preimplantation 
embryos. Hum Reprod 8:2185–2191  

    27.    Meyer LR, Klipstein S, Hazlett WD, Nasta T, 
Mangan P, Karande VC (2009) A prospective 
randomized controlled trial of preimplanta-
tion genetic screening in the “good progno-
sis” patient. Fertil Steril 91:1731–1738  

    28.    Staessen C, Verpoest W, Donoso P, Haentjens 
P, Van der Elst J, Liebaers I et al (2008) 
Preimplantation genetic screening does not 
improve delivery rate in women under the age 
of 36 following single-embryo transfer. Hum 
Reprod 23:2818–2825  

    29.    Schrock E, du Manoir S, Veldman T, Schoell 
B, Wienberg J, Ferguson-Smith MA et al 
(1996) Multicolor spectral karyotyping of 
human chromosomes. Science 273:494–497  

    30.    Kallioniemi A, Kallioniemi OP, Sudar D, 
Rutovitz D, Gray JW, Waldman F et al (1992) 
Comparative genomic hybridization for 
molecular cytogenetic analysis of solid tumors. 
Science 258:818–821  

   31.    Wilton L, Voullaire L, Sargeant P, Williamson 
R, McBain J (2003) Preimplantation aneu-
ploidy screening using comparative genomic 
hybridization or fl uorescence in situ hybrid-
ization of embryos from patients with recur-
rent implantation failure. Fertil Steril 
80:860–868  

    32.    Wells D, Escudero T, Levy B, Hirschhorn K, 
Delhanty JD, Munne S (2002) First clinical 
application of comparative genomic hybrid-
ization and polar body testing for preimplan-
tation genetic diagnosis of aneuploidy. Fertil 
Steril 78:543–549  

     33.    Sher G, Keskintepe L, Keskintepe M, 
Maassarani G, Tortoriello D, Brody S (2009) 

Detection of Monogenic Disorders and Chromosome Aberrations…



496

Genetic analysis of human embryos by meta-
phase comparative genomic hybridization 
(mCGH) improves effi ciency of IVF by 
increasing embryo implantation rate and 
reducing multiple pregnancies and spontane-
ous miscarriages. Fertil Steril 92:1886–1894  

    34.    Gutierrez-Mateo C, Wells D, Benet J, Sanchez-
Garcia JF, Bermudez MG, Belil I et al (2004) 
Reliability of comparative genomic hybridiza-
tion to detect chromosome abnormalities in 
fi rst polar bodies and metaphase II oocytes. 
Hum Reprod 19:2118–2125  

    35.    Rius M, Obradors A, Daina G, Cuzzi J, 
Marques L, Calderon G et al (2010) Reliability 
of short comparative genomic hybridization in 
fi broblasts and blastomeres for a comprehen-
sive aneuploidy screening: fi rst clinical applica-
tion. Hum Reprod 25:1824–1835  

    36.    Hellani A, Abu-Amero K, Azouri J, El-Akoum 
S (2008) Successful pregnancies after applica-
tion of array-comparative genomic hybridiza-
tion in PGS-aneuploidy screening. Reprod 
Biomed Online 17:841–847  

    37.    Fragouli E, Alfarawati S, Daphnis DD, 
Goodall NN, Mania A, Griffi ths T et al (2011) 
Cytogenetic analysis of human blastocysts 
with the use of FISH, CGH and aCGH: sci-
entifi c data and technical evaluation. Hum 
Reprod 26:480–490  

     38.    Johnson DS, Gemelos G, Baner J, Ryan A, 
Cinnioglu C, Banjevic M et al (2010) 
Preclinical validation of a microarray method 
for full molecular karyotyping of blastomeres 
in a 24-h protocol. Hum Reprod 25:
1066–1075  

    39.    Pinto D, Darvishi K, Shi X, Rajan D, Rigler 
D, Fitzgerald T et al (2011) Comprehensive 
assessment of array-based platforms and call-
ing algorithms for detection of copy number 
variants. Nat Biotechnol 29:512–520  

     40.    Treff NR, Tao X, Ferry KM, Su J, Taylor D, 
Scott RT Jr (2012) Development and valida-
tion of an accurate quantitative real-time poly-
merase chain reaction-based assay for human 
blastocyst comprehensive chromosomal aneu-
ploidy screening. Fertil Steril 97:819–824  

    41.    Cassel MJ, Munne S, Fung J, Weier HU 
(1997) Carrier-specifi c breakpoint-spanning 
DNA probes: an approach to preimplantation 
genetic diagnosis in interphase cells. Hum 
Reprod 12:2019–2027  

    42.    National Institutes of Health and Institute of 
Molecular Medicine (1996) A complete set of 
human telomeric probes and their clinical 
application. Nat Genet 14:86–89  

    43.    Iwarsson E, Ahrlund-Richter L, Inzunza J, 
Rosenlund B, Fridstrom M, Hillensjo T et al 
(1998) Preimplantation genetic diagnosis of a 

large pericentric inversion of chromosome 5. 
Mol Hum Reprod 4:719–723  

    44.    Vanneste E, Melotte C, Voet T, Robberecht 
C, Debrock S, Pexsters A et al (2011) PGD 
for a complex chromosomal rearrangement 
by array comparative genomic hybridization. 
Hum Reprod 26:941–949  

    45.    McArthur SJ, Leigh D, Marshall JT, de Boer 
KA, Jansen RP (2005) Pregnancies and live 
births after trophectoderm biopsy and preim-
plantation genetic testing of human blasto-
cysts. Fertil Steril 84:1628–1636  

    46.    Munne S, Weier HU, Grifo J, Cohen J (1994) 
Chromosome mosaicism in human embryos. 
Biol Reprod 51:373–379  

    47.    Delhanty JD, Harper JC, Ao A, Handyside 
AH, Winston RM (1997) Multicolour FISH 
detects frequent chromosomal mosaicism and 
chaotic division in normal preimplantation 
embryos from fertile patients. Hum Genet 
99:755–760  

   48.    Magli MC, Jones GM, Gras L, Gianaroli L, 
Korman I, Trounson AO (2000) Chromosome 
mosaicism in day 3 aneuploid embryos that 
develop to morphologically normal blastocysts 
in vitro. Hum Reprod 15:1781–1786  

   49.    Ziebe S, Lundin K, Loft A, Bergh C, Nyboe 
Andersen A, Selleskog U et al (2003) FISH 
analysis for chromosomes 13, 16, 18, 21, 22, 
X and Y in all blastomeres of IVF pre-embryos 
from 144 randomly selected donated human 
oocytes and impact on pre-embryo morphol-
ogy. Hum Reprod 18:2575–2581  

    50.    van Echten-Arends J, Mastenbroek S, 
Sikkema-Raddatz B, Korevaar JC, Heineman 
MJ, van der Veen F et al (2011) Chromosomal 
mosaicism in human preimplantation 
embryos: a systematic review. Hum Reprod 
Update 17:620–627  

    51.    Mertzanidou A, Wilton L, Cheng J, Spits C, 
Vanneste E, Moreau Y et al (2013) Microarray 
analysis reveals abnormal chromosomal com-
plements in over 70% of 14 normally develop-
ing human embryos. Hum Reprod 
28:256–264  

     52.    Baart EB, Martini E, van den Berg I, Macklon 
NS, Galjaard RJ, Fauser BC et al (2006) 
Preimplantation genetic screening reveals a 
high incidence of aneuploidy and mosaicism 
in embryos from young women undergoing 
IVF. Hum Reprod 21:223–233  

    53.    Daphnis DD, Delhanty JD, Jerkovic S, Geyer 
J, Craft I, Harper JC (2005) Detailed FISH 
analysis of day 5 human embryos reveals the 
mechanisms leading to mosaic aneuploidy. 
Hum Reprod 20:129–137  

     54.    Munne S, Velilla E, Colls P, Garcia Bermudez 
M, Vemuri MC, Steuerwald N et al (2005) 

Kangpu Xu and David Reichman



497

Self-correction of chromosomally abnormal 
embryos in culture and implications for stem 
cell production. Fertil Steril 84:1328–1334  

     55.    Barbash-Hazan S, Frumkin T, Malcov M, 
Yaron Y, Cohen T, Azem F et al (2009) 
Preimplantation aneuploid embryos undergo 
self-correction in correlation with their devel-
opmental potential. Fertil Steril 92:890–896  

    56.    Scott RT Jr, Upham KM, Forman EJ, Zhao 
T, Treff NR (2013) Cleavage-stage biopsy 
signifi cantly impairs human embryonic 
implantation potential while blastocyst biopsy 
does not: a randomized and paired clinical 
trial. Fertil Steril 100:624–630  

    57.    Goossens V, De Rycke M, De Vos A, Staessen 
C, Michiels A, Verpoest W et al (2008) 
Diagnostic effi ciency, embryonic develop-
ment and clinical outcome after the biopsy of 
one or two blastomeres for preimplantation 
genetic diagnosis. Hum Reprod 23:481–492  

     58.    Harton GL, Munne S, Surrey M, Grifo J, 
Kaplan B, McCulloh DH et al (2013) 
Diminished effect of maternal age on implan-
tation after preimplantation genetic diagnosis 
with array comparative genomic hybridiza-
tion. Fertil Steril 100(6):1695–1703  

    59.    Dekel-Naftali M, Aviram-Goldring A, 
Litmanovitch T, Shamash J, Yonath H, 
Hourvitz A et al (2013) Chromosomal integ-
rity of human preimplantation embryos at dif-
ferent days post fertilization. J Assist Reprod 
Genet 30:633–648  

    60.    Evsikov S, Verlinsky Y (1998) Mosaicism in 
the inner cell mass of human blastocysts. 
Hum Reprod 13:3151–3155  

   61.    Bielanska M, Jin S, Bernier M, Tan SL, Ao A 
(2005) Diploid-aneuploid mosaicism in 
human embryos cultured to the blastocyst 
stage. Fertil Steril 84:336–342  

   62.    Clouston HJ, Herbert M, Fenwick J, 
Murdoch AP, Wolstenholme J (2002) 
Cytogenetic analysis of human blastocysts. 
Prenat Diagn 22:1143–1152  

     63.    Johnson DS, Cinnioglu C, Ross R, Filby A, 
Gemelos G, Hill M et al (2010) 
Comprehensive analysis of karyotypic mosa-
icism between trophectoderm and inner cell 
mass. Mol Hum Reprod 16:944–949  

    64.    Mamas T, Gordon A, Brown A, Harper J, 
Sengupta S (2012) Detection of aneuploidy 
by array comparative genomic hybridization 
using cell lines to mimic a mosaic trophecto-
derm biopsy. Fertil Steril 97:943–947  

    65.    Derhaag JG, Coonen E, Bras M, Bergers 
Janssen JM, Ignoul-Vanvuchelen R, Geraedts 
JP et al (2003) Chromosomally abnormal 
cells are not selected for the extra-embryonic 
compartment of the human preimplantation 

embryo at the blastocyst stage. Hum Reprod 
18:2565–2574  

    66.    Ruangvutilert P, Delhanty JD, Serhal P, 
Simopoulou M, Rodeck CH, Harper JC 
(2000) FISH analysis on day 5 post- 
insemination of human arrested and blastocyst 
stage embryos. Prenat Diagn 20:552–560  

    67.    Verlinsky Y, Rechitsky S, Cieslak J, Ivakhnenko 
V, Wolf G, Lifchez A et al (1997) 
Preimplantation diagnosis of single gene dis-
orders by two-step oocyte genetic analysis 
using fi rst and second polar body. Biochem 
Mol Med 62:182–187  

   68.    Forman EJ, Treff NR, Stevens JM, Garnsey 
HM, Katz-Jaffe MG, Scott RT Jr et al (2013) 
Embryos whose polar bodies contain isolated 
reciprocal chromosome aneuploidy are almost 
always euploid. Hum Reprod 28:502–508  

   69.    Scott RT Jr, Treff NR, Stevens J, Forman EJ, 
Hong KH, Katz-Jaffe MG et al (2012) Delivery 
of a chromosomally normal child from an 
oocyte with reciprocal aneuploid polar bodies. 
J Assist Reprod Genet 29:533–537  

    70.    Kuliev A, Zlatopolsky Z, Kirillova I, Spivakova 
J, Cieslak Janzen J (2011) Meiosis errors in 
over 20,000 oocytes studied in the practice of 
preimplantation aneuploidy testing. Reprod 
Biomed Online 22:2–8  

    71.    Capalbo A, Bono S, Spizzichino L, Biricik A, 
Baldi M, Colamaria S et al (2013) Sequential 
comprehensive chromosome analysis on polar 
bodies, blastomeres and trophoblast: insights 
into female meiotic errors and chromosomal 
segregation in the preimplantation window of 
embryo development. Hum Reprod 28:
509–518  

    72.    Christopikou D, Tsorva E, Economou K, 
Shelley P, Davies S, Mastrominas M et al 
(2013) Polar body analysis by array compara-
tive genomic hybridization accurately pre-
dicts aneuploidies of maternal meiotic origin 
in cleavage stage embryos of women of 
advanced maternal age. Hum Reprod 28:
1426–1434  

    73.    Warburton D (2005) Biological aging and the 
etiology of aneuploidy. Cytogenet Genome 
Res 111:266–272  

    74.    Harper JC, Wilton L, Traeger-Synodinos J, 
Goossens V, Moutou C, SenGupta SB et al 
(2012) The ESHRE PGD Consortium: 10 
years of data collection. Hum Reprod Update 
18:234–247  

    75.    Gianaroli L, Magli MC, Ferraretti AP, Munne S 
(1999) Preimplantation diagnosis for aneu-
ploidies in patients undergoing in vitro fertil-
ization with a poor prognosis: identifi cation of 
the categories for which it should be proposed. 
Fertil Steril 72:837–844  

Detection of Monogenic Disorders and Chromosome Aberrations…



498

    76.    Verlinsky Y, Cohen J, Munne S, Gianaroli L, 
Simpson JL, Ferraretti AP et al (2004) Over a 
decade of experience with preimplantation 
genetic diagnosis: a multicenter report. Fertil 
Steril 82:292–294  

    77.    Mastenbroek S, Twisk M, van Echten-Arends 
J, Sikkema-Raddatz B, Korevaar JC, Verhoeve 
HR et al (2007) In vitro fertilization with 
preimplantation genetic screening. New Engl 
J Med 357:9–17  

    78.    Cohen J, Grifo JA (2007) Multicentre trial of 
preimplantation genetic screening reported 
in the New England Journal of Medicine: an 
in- depth look at the fi ndings. Reprod Biomed 
Online 15:365–366  

    79.    Cohen J, Wells D, Munne S (2007) Removal 
of 2 cells from cleavage stage embryos is likely 
to reduce the effi cacy of chromosomal tests 
that are used to enhance implantation rates. 
Fertil Steril 87:496–503  

    80.    Mastenbroek S, Twisk M, van der Veen F, 
Repping S (2011) Preimplantation genetic 
screening: a systematic review and meta- 
analysis of RCTs. Hum Reprod Update 
17:454–466  

    81.   Practice Committee of Society for Assisted 
Reproductive T, Practice Committee of 
American Society for Reproductive M (2008) 
Preimplantation genetic testing: a Practice 
Committee opinion. Fertil Steril 90:
S136–S143  

    82.    Schoolcraft WB, Fragouli E, Stevens J, Munne 
S, Katz-Jaffe MG, Wells D (2010) Clinical 
application of comprehensive chromosomal 
screening at the blastocyst stage. Fertil Steril 
94:1700–1706  

     83.    Scott RT Jr, Upham KM, Forman EJ, Hong 
KH, Scott KL, Taylor D et al (2013) 
Blastocyst biopsy with comprehensive chro-
mosome screening and fresh embryo transfer 
signifi cantly increases in vitro fertilization 
implantation and delivery rates: a randomized 
controlled trial. Fertil Steril 100:697–703  

    84.   Forman EJ, Hong KH, Ferry KM, Tao X, 
Taylor D, Levy B et al (2013) In vitro fertil-
ization with single euploid blastocyst transfer: 
a randomized controlled trial. Fertil Steril 
100:100–7 e1  

    85.    Treff NR, Scott RT Jr (2013) Four-hour 
quantitative real-time polymerase chain 
reaction- based comprehensive chromosome 
screening and accumulating evidence of 
accuracy, safety, predictive value, and clinical 
effi cacy. Fertil Steril 99:1049–1053  

    86.    Lander ES (2011) Initial impact of the 
sequencing of the human genome. Nature 
470:187–197  

    87.    Handyside AH, Harton GL, Mariani B, 
Thornhill AR, Affara N, Shaw MA et al 
(2010) Karyomapping: a universal method 
for genome wide analysis of genetic disease 
based on mapping crossovers between paren-
tal haplotypes. J Med Genet 47:651–658  

    88.    Zhang L, Cui X, Schmitt K, Hubert R, Navidi 
W, Arnheim N (1992) Whole genome ampli-
fi cation from a single cell: implications for 
genetic analysis. Proc Natl Acad Sci U S A 
89:5847–5851  

    89.    Telenius H, Carter NP, Bebb CE, Nordenskjold 
M, Ponder BA, Tunnacliffe A (1992) 
Degenerate oligonucleotide-primed PCR: gen-
eral amplifi cation of target DNA by a single 
degenerate primer. Genomics 13:718–725  

    90.    Dean FB, Hosono S, Fang L, Wu X, Faruqi 
AF, Bray-Ward P et al (2002) Comprehensive 
human genome amplifi cation using multiple 
displacement amplifi cation. Proc Natl Acad 
Sci U S A 99:5261–5266  

    91.    Ling J, Zhuang G, Tazon-Vega B, Zhang C, 
Cao B, Rosenwaks Z et al (2009) Evaluation of 
genome coverage and fi delity of multiple dis-
placement amplifi cation from single cells by 
SNP array. Mol Hum Reprod 15:739–747  

    92.    van Uum CM, Stevens SJ, Dreesen JC, 
Drusedau M, Smeets HJ, Hollanders- 
Crombach B et al (2012) SNP array-based 
copy number and genotype analyses for pre-
implantation genetic diagnosis of human 
unbalanced translocations. Eur J Hum Genet 
20:938–944  

    93.   Lo YM, Chan KC, Sun H, Chen EZ, Jiang P, 
Lun FM et al (2010) Maternal plasma DNA 
sequencing reveals the genome-wide genetic 
and mutational profi le of the fetus. Sci Transl 
Med 2:61ra91  

    94.    Xu KPVA, Zhang CH, Jiang H, Zhang XQ, 
Rosenwaks Z (2011) Whole genome deep 
sequencing from single cells for preimplanta-
tion genetic diagnosis. Fertil Steril 96:S220  

    95.    Yin X, Tan K, Vajta G, Jiang H, Tan Y, Zhang 
C et al (2013) Massively parallel sequencing 
for chromosomal abnormality testing in 
trophectoderm cells of human blastocysts. 
Biol Reprod 88:69  

    96.    Gole J, Gore A, Richards A, Chiu YJ, Fung 
HL, Bushman D et al (2013) Massively paral-
lel polymerase cloning and genome sequenc-
ing of single cells using nanoliter microwells. 
Nat Biotechnol 31:1126–1132  

    97.    Green RC, Berg JS, Grody WW, Kalia SS, 
Korf BR, Martin CL et al (2013) ACMG rec-
ommendations for reporting of incidental 
fi ndings in clinical exome and genome 
sequencing. Genet Med 15:565–574  

Kangpu Xu and David Reichman



499

    98.      Presidential Commission for the Study of 
Bioethical Issues (2012). Privacy and progress 
in whole genome sequencing.   http://www.
bioethics.gov      

    99.    Nekkebroeck J, Bonduelle M, Desmyttere S, 
Van den Broeck W, Ponjaert-Kristoffersen I 
(2008) Mental and psychomotor develop-
ment of 2-year-old children born after preim-
plantation genetic diagnosis/screening. Hum 
Reprod 23:1560–1566  

    100.    Nekkebroeck J, Bonduelle M, Desmyttere S, 
Van den Broeck W, Ponjaert-Kristoffersen I 
(2008) Socio-emotional and language devel-
opment of 2-year-old children born after 
PGD/PGS, and parental well-being. Hum 
Reprod 23:1849–1857  

    101.    Palini S, Galluzzi L, De Stefani S, Bianchi M, 
Wells D, Magnani M et al (2013) Genomic 
DNA in human blastocoele fl uid. Reprod 
Biomed Online 26:603–610  

    102.    Tur-Kaspa I, Aljadeff G, Rechitsky S, 
Grotjan HE, Verlinsky Y (2010) PGD for 
all cystic fibrosis carrier couples: novel 
strategy for preventive medicine and cost 
analysis. Reprod Biomed Online 21: 
186–195  

    103.    Davis LB, Champion SJ, Fair SO, Baker VL, 
Garber AM (2010) A cost-benefi t analysis of 
preimplantation genetic diagnosis for carrier 
couples of cystic fi brosis. Fertil Steril 93:
1793–1804    

Detection of Monogenic Disorders and Chromosome Aberrations…

http://www.bioethics.gov
http://www.bioethics.gov


501

Zev Rosenwaks and Paul M. Wassarman (eds.), Human Fertility: Methods and Protocols, Methods in Molecular Biology, 
vol. 1154, DOI 10.1007/978-1-4939-0659-8_23, © Springer Science+Business Media New York 2014

    Chapter 23   

 Embryo Culture and Selection: Morphological Criteria 

           Aparna     Hegde      and     Barry     Behr      

   Abstract 

   In this chapter, we have outlined the various morphological criteria for selection of the best embryo at each 
important milestone encountered in the progress from the oocyte to the blastocyst. As Gerris et al. stated, 
a combination of one, two, or even three selection points should lead to a more accurate selection of the 
best embryo, as no one criterion is better than the other. An embryo that fails to meet the entire set of 
selection criteria must be avoided as culture cannot correct an impaired embryo.  

  Key words     Embryo grading  ,   Oocyte quality  ,   Pronuclear morphology  ,   Early cleavage  ,   Day 2 scoring  , 
  Day 3 scoring  ,   Day 5/6 scoring  ,   Cumulative scoring  

1      Introduction 

    The overarching goal of embryo culture in the use of assisted 
reproductive technology (ART) is the transfer of only one embryo. 
The choice of the “right one” has been a matter of considerable 
research and debate since the inception of in vitro fertilization [ 1 ]. 
However, the development of a comprehensive and defi nitive 
selection protocol for the most viable embryo with the best implan-
tation potential is still elusive. Though biochemical methods for 
embryo selection have been described [ 2 – 4 ], they are time-
consuming and impractical for most busy ART laboratories. 
Hence, the most widely used criteria for selecting the best embryos 
for transfer have been based on cell number and morphology [ 5 ]. 
Assessment of morphology is quick and imperfect but has been 
shown to have some predictive value [ 6 ]. All the morphological 
criteria, though, have limitations which principally speak to the fact 
that each of these criteria relies on a single static observation of the 
embryos. However, embryo development is a dynamic process 
with a very strict set of clocks governing division and initiation of 
key events from gene activation through compaction and blastulation 
[ 7 ]. This implies that optimal evaluation of an embryo’s potential 
would necessitate multiple assessments of the embryo at each 
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developmental checkpoint as it makes its transition from a single-
celled zygote after fertilization of the oocyte to a blastocyst and 
from maternal to embryonic genome activation, initiation of 
protein synthesis, and cell differentiation. Thus, conducting non-
invasive evaluation of the preimplantation period in a systematic, 
cumulative fashion should provide for the most predictive informa-
tion regarding embryo quality [ 8 ]. 

  Greater than 50 % of all oocytes retrieved in human ART cycles have 
potential problems [ 9 ]. The developmental fate of the embryo is 
largely dictated by the quality of the oocyte [ 10 ] and there is increas-
ing evidence that oocyte quality profoundly affects fertilization and 
subsequent development [ 11 ]. Sirard et al. described fi ve levels of 
oocyte developmental competence: the ability to resume meiosis, to 
cleave upon fertilization, to develop into a blastocyst, to induce 
pregnancy, and to generate a healthy offspring [ 12 ]. Cytoplasmic 
changes accompanying oocyte growth, including mRNA transcrip-
tion, protein translation, and posttranslational modifi cation [ 13 , 
 14 ], are necessary for meiotic maturation [ 15 ], activation of the 
zygotic genome [ 16 ], and blastocyst formation [ 17 ]. Any dysfunc-
tion or dislocation of oocyte components such as meiotic spindle, 
cortical granules or mitochondria can decrease oocyte viability and 
negatively impact embryo quality [ 18 – 20 ]. Disturbances or asyn-
chrony in cytoplasmic [ 21 – 23 ] and nuclear maturation [ 24 ,  25 ] of 
the oocyte may both result in different morphological abnormalities. 
The causative factors could be reduced blood supply of the follicle 
during controlled hyperstimulation resulting in oxygen defi ciency 
and reduced viability [ 26 ] or abnormal oocyte spindle or chromo-
somal defects [ 27 ]. This cytoplasmic defect can lead to impairment 
in the formation of the polar axes which are necessary for morpho-
genesis throughout the preimplantation and postimplantation 
stages [ 28 ]. Disproportionate segregation of mitochondria and 
proteins at the fi rst cleavage division may also result in cleavage arrest 
or a limited implantation potential [ 4 ]. 

 The use of morphological criteria for the assessment of oocyte 
quality may not be as precise as the use of cellular and molecular 
predictors of oocyte quality. It is also not possible to get any useful 
information on the day of follicle aspiration because cumulus cells 
impair evaluation in IVF oocytes. Historically, the evaluation of 
oocyte maturity in conventional IVF has been based on the expan-
sion and radiance of the cumulus-corona complex [ 29 ]: expanded 
cumulus matrix and a “sun-burst” corona radiata denote preovula-
tory (metaphase II) oocytes, less-expanded complex denotes inter-
mediate maturity and the absence of an expanded cumulus may 
indicate oocyte immaturity (prophase I). However, this method is 
unreliable in case of disparity of maturation process in oocyte and 
cumulus as can happen when there is a drop in estradiol levels during 
controlled hyperstimulation [ 30 ]. 

1.1  Oocyte 
Quality (Day 0)
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 The various morphological parameters that help assess oocyte 
quality are:

    1.    Cumulus-oocyte complex: Compactness and thickness of the 
cumulus investment and brightness of the cytoplasm [ 31 – 33 ].   

   2.    Cytoplasm: Granularity of the cytoplasm (large or small granules, 
homogenous or clustering distribution of granules in center or 
in periphery of oocyte), coloration, regions of organelle clus-
tering (vacuoles, endoplasmic reticulum) [ 23 ,  34 ,  35 ].   

   3.    Polar body: Shape (round or ovoid), size (large or small), surface 
(smooth or rough), cytoplasm (intact or fragmented) [ 25 ,  36 ].   

   4.    Zona pellucida: Thickness and structure [ 37 ].   
   5.    Perivitelline space: Size (normal or increased), the presence or 

absence of grain [ 21 ,  38 ].   
   6.    Meiotic spindle: Location and refl ection [ 39 – 41 ].     

 ICSI facilitates morphological assessment of the oocyte due to 
the inherent requirement for the removal of cumulus and corona 
cells [ 8 ]. Only oocytes at metaphase II are suitable for ICSI. The 
fertilization rate of oocytes at metaphase I is very low, and hence, 
they are used only when a few MII oocytes are available [ 42 ] 
Oocytes at prophase I and giant MII oocytes (which mostly result 
in digynic triploidy) should be discarded [ 43 – 45 ]. It has been rec-
ognized that MII oocytes of good morphology should have a clear, 
moderately granulate cytoplasm, a small perivitelline space, an 
intact fi rst polar body, and a colorless zona pellucida [ 25 ,  38 ,  45 ]. 

  Though oocytes of normal cytoplasmic structure have been found 
to undergo the best uterine implantation [ 35 ], De Sutter et al. 
[ 38 ], Balaban et al. [ 35 ], and Hammah et al. [ 46 ] did not fi nd 
oocyte morphology to be correlated with fertilization rate or 
embryo quality. However, only a 3 % pregnancy rate has been 
reported with oocytes with cytoplasmic abnormalities as compared 
to 24 % in patients in which normal oocytes were used [ 34 ]. Poor 
pregnancy rates have also been reported in patients with oocytes 
with granular cytoplasm (12.8 %) [ 23 ]. Also a high frequency of 
aneuploidy has been found in the embryos arising from oocytes 
that had cytoplasmic abnormalities [ 23 ,  35 ,  45 ]. A higher rate of 
aneuploidy has been found in dysmorphic oocytes [ 23 ,  47 ,  48 ], 
and this could account for the signifi cant decrease in preclinical 
pregnancy found in patients in whom none of the replaced embryos 
was dysmorphic in origin (20 % versus 58.3 % in oocytes with mul-
tiple dysmorphism) [ 49 ]. 

 Based on the cytoplasm characteristics, Balaban et al. classifi ed 
human oocytes into fi ve categories:

    1.    Normal oocytes.   
   2.    Oocytes with extracytoplasmic abnormalities (dark zona pel-

lucida, large perivitelline space with debris, fragmentation of 

1.1.1  Cytoplasm 
and Polar Body

Embryo Culture and Selection: Morphological Criteria



504

the polar body and abnormal consistency of the oolemma and 
the zona pellucida).   

   3.    Oocytes with intracytoplasmic abnormalities (dark or granular 
cytoplasm and cytoplasmic fragments).   

   4.    Oocytes with shape abnormalities.   
   5.    Oocytes with multiple abnormalities [ 35 ].      

  Studies on in vitro maturation of oocytes have suggested the 
prognostic relevance of fi rst polar body morphology [ 50 ]. It is 
thought that ageing in vivo in MII before aspiration may lead to 
degeneration of the fi rst polar body, and that the resultant overma-
turity of such oocytes may further contribute to a diminished 
developmental potential [ 24 ,  51 ]. 

 Ebner et al. have proved that an intact fi rst polar body showing 
a smooth surface has a positive prognostic value in terms of fertil-
ization and embryo quality [ 25 ,  51 ]. Xia et al. [ 45 ] showed that 
oocytes with a fragmented fi rst polar body developed more poorly 
(55.1 %) after fertilization than those with a normal polar body 
(60.3 %). An enlarged polar body has also been found to be related 
to poorer rates of fertilization, cleavage, and top-quality embryos 
[ 52 ]. Ciotti et al. [ 36 ], however, found that identifi cation of fi rst 
polar body fragmentation did not seem to interfere with ICSI 
outcomes.  

  The characteristics of the perivitelline space that have been found 
to be associated with poor outcomes are a larger space (37.5 % 
poor development of the oocyte as compared to 60.3 % for normal 
sized space) [ 48 ] and large grains (59 % worse development after 
fertilization as compared to 71.1 % in those without grains [ 21 ]. 
Also oocytes with thickness of the zona pellucida less than 18.6 μm 
are fertilized best in vitro [ 53 ]. Bertrand et al. [ 54 ] suggested that 
presence of a thick zona pellucida (22 μm and thicker) could be an 
indication for intracytoplasmic sperm injection for infertile patients.  

  The meiotic spindle has a signifi cant infl uence on the correct align-
ment of chromosomes in the oocyte and their segregation during 
meiosis. Parameters of the meiotic spindle (location and refraction) 
may be used to determine the quality of oocytes. Nowadays, mei-
otic spindle can be examined and its location can be determined by 
means of polarizing microscopy which avoids the damage confocal 
microscope causes [ 53 ]. 

 The birefringence of meiotic spindle can be studied with the 
help of a PolScope microscope. It has been estimated that the 
oocytes with a birefringent spindle have higher developmental 
potential after fertilization in vitro or intracytoplasmic sperm injec-
tion than oocytes without a birefringent spindle [ 39 ,  40 ,  55 ,  56 ]. 
Moon et al. [ 40 ] estimated by PolScope that the location of meiotic 

1.1.2  Polar Body

1.1.3  Perivitelline 
Space and Zona Pellucida

1.1.4  Meiotic Spindle
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spindle could vary in an oocyte. Therefore, it can be damaged 
when “blind” intracytoplasmic sperm injection is made into human 
oocytes. However, no relationship was found between deviation of 
the meiotic spindle from the polar body within oocytes and oocyte 
developmental competence [ 39 ,  40 ]. Battaglia et al. [ 57 ] reported 
that the number of oocytes with spindle abnormalities (abnormal 
placement of tubulin) increased with increasing women’s age 
(40 years and older). This abnormality is associated with displace-
ment of one or more chromosomes from the metaphase plate 
during the second meiotic division and thus can cause aneuploidy 
[ 57 ]. The routine use of a PolScope in the IVF lab is challenging 
as temperature and orientation of the oocyte during the spindle 
observation can signifi cantly affect the interpretation of the results. 

 Rienzi et al. derived a MII (metaphase II) oocyte morphologi-
cal score (MOMS) by identifying relationships among oocyte 
appearance, fertilization status, PN score, and day-2 embryo quality 
[ 58 ]. Morphological examination of 1,191 metaphase II oocytes 
showed that presence of vacuoles, abnormal fi rst polar body and 
large perivitelline space were related to lower fertilization rate. 
Pronuclear morphology was adversely affected by the presence of a 
large perivitelline space, diffuse cytoplasmic granularity, and/or 
centrally located granular area. The latter characteristic was also 
found to be negatively related to day-2 embryo quality. According 
to the odds ratios obtained for each oocyte morphotype, an MII 
oocyte morphologic score (MOMS) was calculated (Table  1 ). 
A signifi cant relationship was found between MOMS and female 
age, female basal follicle-stimulating hormone (FSH), and clinical 
outcome.

      It has been suggested that major abnormalities of pronuclear 
development (i.e., pronuclei of unequal sizes, at a distance or not 
centrally located within the zygote cytoplasm) are incompatible 
with normally progressive development [ 59 ]. Asynchrony in the 
formation and polarization of pronuclear nucleoli (the active sites 

1.2  Zygote 
Quality (Day 1)

   Table 1  
  Metaphase II oocyte morphology scoring system (MOMS) [ 58 ]   

 Points 

  Extracytoplasmic features  
 Abnormal polar body  2.0 
 Large perivitelline space  1.4 

  Cytoplasmic features  
 Granular cytoplasm  1.4 
 Centrally located granular area  2.7 
 Vacuoles  2.1 

Embryo Culture and Selection: Morphological Criteria
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of rRNA synthesis) has been described to severely impair further 
development of the preimplantation embryo [ 60 – 62 ] (Table  2 ). 
Conversely, good-quality embryos were found to arise from 
oocytes that had more uniform timing from injection in ICSI to 
pronuclear abuttal [ 63 ]. A number of studies have confi rmed that 
zygotes exhibiting unequal pronuclear sizes are associated with an 
increased risk of embryonic anomalies and also mosaicism [ 64 –
 66 ]. The sperm derived centriole and associated microtubule orga-
nizing region function to reposition the pronuclei into apposition 
[ 67 – 69 ] and visual changes in the pronuclei may thus correlate 
with functional abnormalities in chromosome segregation [ 59 ]. 
The resetting of a new axis after fertilization is governed by cyto-
plasmic contraction waves organized by the sperm centrosome 
[ 70 ]. When the cytoplasmic waves are shorter, embryos are unable 
to achieve optimal pronuclear rotation [ 63 ] leading to poor mor-
phology, for example uneven cleavage or fragmentation [ 71 ]. 
Nucleolar precursor body (NPB) alignment has been related to the 
chromatin rotation that occurs in developing pronuclei [ 63 ,  72 ]. 
Chromatin rotation plays an important role in establishing embry-
onic axis, an essential part of cell determination for preimplantation 
embryos, and therefore, abnormalities in nucleolar precursor body 
alignment may potentially have severe consequences [ 70 ].

    A number of non-invasive pronuclear scoring systems have been 
proposed by different ART laboratories which rely upon one 
static observation of simple morphological parameters under 
phase microscopy utilizing either Hoffman modulation contrast 
(HMC) or differential-interference contrast (DIC) optics. It is 
routinely performed at 16–18 h after insemination with both 
standard IVF and ICSI. All pronuclear scoring systems attempt 
to classify zygotes based on the following characteristics of the two 
pronuclei: symmetry (equal versus unequal), position (in apposition 
versus at a distance), and location (central versus non-central). 

1.2.1  Pronuclear 
Scoring Systems

   Table 2  
  Defi nition of presumptive abnormal patterns of pronuclear stage morphology: Tesarik and Greco 
score [ 61 ]   

 Pattern  Description 

 1  Big difference (>3) in the number of NPB in both pronuclei 

 2  Small number (<7) of NPB without polarization in at least one pronucleus 

 3  Large number (>7) of NPB without polarization in at least one pronucleus 

 4  Very small number (<3) of NPB in at least one pronucleus 

 5  Polarized distribution of NPB in one pronucleus and non-polarized in the other 

   NPB  nucleolar precursor bodies  
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The nucleoli are scored based on number (3–7), symmetry (equal 
versus unequal sizes), and location (polarized or aligned versus 
non-polarized or non-aligned). Other parameters that may be 
factored in are polar body morphology and alignment, cytoplasmic 
morphology (presence or absence of halo), and fi nally a second 
embryo evaluation at 25–27 h post insemination for pronuclear 
morphology (presence versus absence of pronuclei) and/or early 
cell division [ 59 ]. There are many studies that attempt to relate 
these parameters with IVF outcome. 

 Scott and Smith were the fi rst to propose a scoring system for 
assessing pronuclear morphology in 1998 [ 73 ] which they simpli-
fi ed later, allowing for a single observation to be performed and 
eliminating the scoring of entry into the fi rst cleavage division 
[ 62 ,  74 ]. 

 In 2000, Scott et al. introduced a revised score which included 
only parameters that could be assessed at the time of fertilization 
assessment (17–18 h post insemination) classifying the zygotes into 
fi ve basic groups denoted as z score [ 62 ]. The fi ve groups were further 
condensed into four basic categories ( see  Fig.  1 ) [ 74 ]: the Z-1 zygotes 

  Fig. 1    Representation of the revised Pronuclear Morphology Score (PNMS) by 
Scott [ 91 ] describing the size and location of pronuclei and nucleoli. PNMS 1, 2, 
3 and 4 are also referred to as Z1, Z2, Z3, and Z4 respectively. PNMS 1 and 2 are 
considered normal patterns. PNMS 2 will have equal pronuclear sizes, and PNMS 
4 ( left ) will have unequal pronuclear sizes [ 184 ]       
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exhibited polarized NPBs, with each PN having the same number; 
Z-2 zygotes exhibited equal numbers and sizes of NPBs which were 
equally scattered in the two nuclei; Z-3 zygotes had either equal num-
bers of NPBs in each PN but with polarization only evident in one, or 
unequal numbers or sizes of NPBs between the two PNs; Z-4 zygotes 
had unequal numbers of NPBs with or without PN alignment.

   Scott et al. used the revised score to show that zygotes display-
ing equality between the nuclei had 49.5 % blastocyst formation 
and those with unequal sizes, numbers, or distribution of nucleoli 
had 28 % blastocyst formation [ 62 ]. They also showed a 1.6-fold 
in implantation rates when the  z -scoring system was included in 
embryo selection [ 74 ]. In recent years they have asserted that the 
ratio of the NPBs per nucleus is also very important for continued 
viability of the embryos, but this parameter has not yet been 
included in the scoring system [ 75 ]. Several other studies have 
refi ned or modifi ed the concept of inter-pronuclear synchrony, 
NPB number, and polarity [ 59 ,  61 ,  72 ,  76 – 79 ]. 

 Kahraman et al. evaluated the relationship between pronuclei 
morphology scoring (PNMS) and the chromosomal complement 
of embryos in couples with severe male infertility undergoing ICSI 
[ 80 ]. Pre-embryos were classifi ed into eight categories based on 
the alignment, size, linear or irregular distribution of pronuclear 
bodies (PNB), position and clarity of cytoplasmic halo, and abut-
ting of the pronucleus. These categories were subdivided into 
groups I and II according to the similarity and distribution of 
PNB. They found that more group II pre-embryos with markedly 
different morphology from group I were formed after ICSI with 
testicular sperm than with fresh ejaculated sperm (32.1 versus 
22.7 %). The rate of chromosomal abnormality was higher in 
embryos developed from group II pre- embryos (52.2 %) than in 
embryos developed from group I prezygotes (37.6 %) and the rate 
of blastocyst formation was lower (50.45 vs 28.2 %). Thus, they 
proved that pronuclear morphology was impacted upon by the 
sperm source in ICSI. 

 Gianaroli et al. proposed another PNMS system based on three 
parameters, the location and position of pronuclei (A through E), 
size and polarity of nucleoli (1 through 4), and pronuclear orienta-
tion in relation to the second polar body (α, β, and γ) [ 81 ]. Upon 
completion of chromosome analysis, it was determined that four 
confi gurations had a greater chance of producing euploid embryos 
(A1α, A2β, A3β, and A3α) which correlated with better embryonic 
development [ 59 ].  

  In humans and other mammals, immediately prior to pronuclear 
formation, there is a microtubule-mediated withdrawal of the 
mitochondria and other cytoplasmic components from the cortex 
towards the center of the oocyte [ 82 ] leaving a clear halo [ 63 ]. The 
physiological relevance of this halo, which is seen in two-thirds of 

1.2.2  Cytoplasmic 
Appearance 
at Pronuclear Stage
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all oocytes, is not clear. No agreement currently exists regarding 
the utility of using the halo as a marker of embryo quality [ 83 ]. 
Salumets et al. found that presence of halo correlates signifi cantly 
with embryo quality but not with outcome [ 84 ]. Others reported 
increased blastocyst formation [ 10 ] and implantation [ 4 ]. Stalf 
et al. observed a signifi cantly higher pregnancy rate (44 %) in halo-
positive women compared with those who were halo-negative 
(28.3 %) [ 4 ]. Interestingly, Zollner et al. found that a halo of 
extreme dimensions might have a detrimental effect on blastocyst 
development [ 78 ]. More studies are required before any conclusion 
can be reached regarding the suitability of assessing for cytoplasmic 
halo as a non- invasive test regarding the embryo quality on day 1. 

 Evaluation of pronuclear morphology scoring systems by various 
ART facilities have had inconsistent results in their usefulness in 
predicting embryonic implantation potential [ 59 ]. This is probably 
due to the multifactorial situations in which nearly all of these 
studies were performed, namely the use of different culture media, 
stimulation protocols and differences in timing of fertilization 
assessments [ 73 ]. Given the dynamic nature of PN formation 
(Tesarik and Kopecny [ 61 ]), including NPB distribution, migra-
tion, coalescence, and dissolution, the timing of evaluation is of 
critical importance [zygotes formed from ICSI reveal their PNs 
approximately 4 h earlier than those formed by routine insemina-
tion [ 83 ,  85 ]. Accurate assessment of the three-dimensional dispo-
sition and number of NPBs is diffi cult as it requires the visual 
memorization of the spatial organization of the structures through 
multiple focal planes and this memorization must be done rapidly 
to avoid prolonged exposure of the zygote to light, and to tem-
perature and pH shifts [ 83 ]. 

 Pronuclear scoring systems have been shown to have strong 
correlations with blastocyst development potential [ 62 ,  74 ,  86 ] 
and implantation rates [ 61 ,  62 ,  73 ,  77 ,  86 – 91 ]. Chromosomal sta-
tus has also been found to be associated with zygote pronuclear 
morphology, an increased prevalence of genetically abnormal 
embryos has been observed when the pronuclear patterns are 
abnormal [ 66 ,  80 ,  86 ,  92 ,  93 ]. The incidence of chromosomally 
normal embryos is highest with equal-sized nuclei and equal num-
bers of NPB that are aligned [ 80 ,  81 ,  93 – 95 ] Gamiz et al. showed 
a collation with age, with the PN score positively correlating with 
chromosomal normality only in patients <37 years of age [ 94 ]. 
Scott et al. reported that when only Z3 derived blastocysts were 
available for transfer on day 5, there were no pregnancies [ 62 ]. 

 Indubitably, pronuclear scoring is a rapid, simple, early, nonin-
vasive selection technique requiring one static observation of sim-
ple morphological parameters at 16–18 h post insemination that 
enables the laboratory to separate zygotes with implantation 
potential from those that clearly have a fundamental defect at a 
molecular and/or cellular level [ 10 ]. However, no standardized 
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scoring system for zygote grading is currently in use. Hence, 
comparison of success rates between laboratories while controlling 
for embryo quality is a challenge [ 59 ]. Pronuclear morphology is 
also very fl uid and there is considerable biological variation within 
normal development with different numbers and dimensions of 
nucleoli being compatible with development. The scoring is more 
time consuming than the cursory assessment of the zygote that is 
currently done for determination of fertilization. Further refi ne-
ment of the scoring system is, however, occurring to allow for 
more accurate assessment of the NPBs in the nuclei in terms of 
number, size, and location which is showing correlations with both 
embryo morphology and implantation and delivery [ 75 ].  

  According to Bavister et al. ascertainment of strict developmental 
time points is one of the most critical factors for embryo selection 
[ 96 ]. Final oocyte maturation is triggered by the LH surge, a time 
point which should be used to temporally assess all the ensuing 
embryologic developmental hallmarks [ 7 ]. Strangely this time 
point is seldom used when assessing embryos. Any delay in a devel-
opmental event will result in the embryo being out of synchrony 
with the so-called oocyte clock [ 10 ]. A 4-cell embryo scored in the 
morning of day 2 is defi nitely not the same as one that was scored 
as 4-cell in the afternoon [ 3 ]. The fi rst cleavage to the two-cell 
stage at 24–27 h after insemination or microinjection has been 
shown to be one such critical time point for selecting embryos for 
transfer [ 97 ,  98 ]. Early entry into the fi rst mitotic division accounts 
for early completion of the fi nal events of fertilization, alignment 
of the pronuclei, alignment of the chromosomes on the metaphase 
spindle, and fi nally the fi rst mitotic division. Also early cleavage is a 
clearly visible event, whereas pronuclear morphology may vary 
during the dynamic process of syngamy [ 72 ]. Entry into fi rst 
mitotic division by 22–24 h after insemination has been correlated 
with increased blastocyst formation [ 99 ,  100 ], increased implanta-
tion rates [ 98 ,  101 – 106 ], increased pregnancy rates [ 84 ,  97 – 99 , 
 105 ,  106 ] and presence of a euploid set of chromosomes [ 103 , 
 107 ]. Signifi cantly, in the original embryo scoring system described 
by Scott and Smith [ 73 ], embryos that had already cleaved to the 
2-cell stage by 25–26 h post insemination were assigned an addi-
tional score of 10. Terriou et al. [ 108 ] found that even early fi rst 
cleavage was strongly associated with good embryo morphology 
on day 1 and multivariate analysis demonstrated that early embryo 
cleavage and embryo score on day had strong complementary pre-
dictive value for pregnancy. 

 Interestingly, fi rst cleavage can occur earlier in ICSI zygotes 
compared to those obtained by IVF [ 103 ]. This is because the 
direct injection of a spermatozoan bypasses most of the fertilization 
steps and results in a shorter fertilization time [ 85 ]. Hence, Lundin 
et al. suggest that it may be better either to inseminate oocytes 

1.2.3  Time 
of First Cleavage
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earlier or screen IVF zygotes later in order to obtain comparable 
data [ 103 ]. However, until more studies are available on ICSI 
embryos, checking embryos on day 1, at 22–24 h after insemination 
can be considered a simple and non-invasive procedure that may 
help to select embryos in which the time clock is advanced or at 
least not delayed [ 10 ].   

  In the initial years of ART, grading systems for day 2 embryo based 
on the number (representative of cleavage speed), shape of the 
blastomeres, and the percentage of fragmentation were introduced 
[ 4 ,  29 ] as oocyte quality could not be estimated and there were no 
day 1 scoring systems available. Many studies have demonstrated a 
positive association of transfer of high-quality embryos as deter-
mined by the various scores with improved developmental potential, 
implantation rate, and pregnancy rate [ 8 ]. However, a major 
problem with most of these studies is that the embryos were 
grouped, and hence, it was not possible to determine which 
embryo actually implanted [ 4 ,  109 ]. To circumvent this problem, 
Guerif et al. [ 109 ] cultured more than 4,000 embryos individually 
in microdrops and sequentially evaluated them from day 1 to day 6 
and found that early cleavage and cell number on day 2 were the 
most powerful parameters to predict the development of a good 
morphology blastocyst on day 5. The grading system used by 
Guerif et al. [ 109 ] was as follows: 

 Blastomeres were classifi ed into three different groups based 
on cell number: <4, 4, and >4 cells. The degree of fragmentation 
was expressed as a percentage of the total oocyte volume occupied 
by anucleate cytoplasmic fragments. The rate of fragmentation was 
scored as follows: <20 % of the volume of the embryo, between 20 
and 50 % of the volume of the embryo, >50 % of the volume of the 
embryo. Embryos with one or more multinucleated blastomeres 
were excluded from extended embryo culture. Embryos with pat-
tern 0, early cleavage, four regular blastomeres, <20 % of fragmen-
tation, and no multinucleated blastomeres were classifi ed as “top 
quality” [ 109 ]. 

 There are various day 2 scoring systems that have been 
proposed ( see  Table  3 ). They are either exclusive day 2 scores 
[ 110 – 112 ] or include grading that can be done on either day 2 or 
3 [ 5 ] or grading that includes parameters observed on both day 2 
and 3 [ 1 ]. Van Royen’s “top quality embryo” includes (a lack or 
absence of??) multinucleation on day 2 (1999) in addition to day 3 
parameters. However, Scott et al. [ 75 ] demonstrated that day 2 
morphology when combined with pronucleate morphology is a 
stronger predictor of implantation than day 3 morphology or the 
ability to achieve the blastocyst stage. Parameters that were most 
consistently correlated with no delivery were lack of pronuclear 
symmetry and abnormal day 2 morphology parameters; multinu-
cleation and uneven cell size (defi ned as >20 % difference in size/
volume of the cells; [ 75 ].

1.3  Day 2 Scoring: 
Multinucleation and 
Blastomere 
Morphology
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    The larger dimensions of day 2 cells and also their better optical 
accessibility (less overlap) due to the smaller number of cells make 
day 2 an ideal time frame for nuclear observations. 30 % of embryos 
with multinucleation in the 2-cell stage do not show multinucle-
ation in the 3–8 cell stage [ 113 ]. Multinucleation is a fairly common 
phenomenon and was found in 79.4 % and 74 % of all cycles by Van 
Royen et al. [ 114 ] and Jackson et al. [ 115 ], respectively. The 
observed multinucleation is actually an underestimation of the actual 
rate as the percentages reported in literature only refl ect multinu-
cleation at the interphase stage when the nucleus is visible [ 114 ]. 

 Day 2 state of nucleation has proven to be highly signifi cant in 
terms of fetal development and delivery [ 75 ]. 

 Multinucleation indicates a breakdown of one or more cellular 
events. Multinucleation occurring during the fi rst mitotic event is 
most likely due to chromosome segregation error and/or mitotic 
error in the fi rst cleavage [ 10 ]. Kligman et al. [ 116 ] found that 
more than 70 % of embryos displaying multinucleation had aneu-
ploidy when analyzed by FISH. The occurrence of multinucleation 
has been correlated with an increased rate of aneuploidy and chro-
mosomal abnormalities [ 65 ,  116 – 118 ]. Multinucleation occurring 
in embryos while proceeding through the second and third mitotic 
event may be due to presence of karyokinesis without cytokinesis, 
accounting for about 30 % of multinucleated blastomeres or due to 
errors in chromosome segregation or other mitotic errors [ 117 ]. 
Van Royen et al. [ 114 ] hypothesized that multinucleation is due to 
developmental failure of the oocyte as they found that the inci-
dence of multinucleation was positively correlated with factors 
such as shorter than average stimulations, higher-than-average 
number of oocytes retrieved and higher than average FSH dose for 

1.3.1  Multinucleation

   Table 3  
  Classifi cation of fragmentation as proposed by Alikani et al. [ 83 ]   

 Pattern  Description  Degree 
 % of 
fragmentation 

 Type 1  Minimal in volume, and fragments are associated 
with one blastomere 

 W1  0–5 % 

 Type 2  Localized fragments predominantly occupying 
the perivitelline space 

 W2  6–15 % 

 Type 3  Small, scattered fragments may be in the cleavage 
cavity or peripherally positioned 

 W3  16–25 % 

 Type 4  Large fragments distributed through the embryonic 
mass and are associated with asymmetric cells 

 W4  26–355 

 Type 5  Fragments appear neurotic, with characteristic 
granularity and cytoplasmic contraction 
within the intact blastomeres 

 W5  >35 % 
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stimulation. Multinucleation on day 2 has been linked to reduced 
in vitro development [ 107 ,  119 ,  120 ] and lower implantation rate 
[ 107 ,  120 – 123 ]. Multinucleation screening on day 2 coupled with 
day 3 morphology has enabled the use of single embryo transfers 
without any decrease in pregnancy rates compared to the use of 
more than one embryo and a single selection criteria [ 121 ,  123 , 
 124 ]. Also they found that there is a signifi cant relationship 
between multinucleation and other negative morphological char-
acteristics of early cleaving embryos like fragmentation and cleav-
age rate and the lowest incidence of multinucleation coincides with 
minimal fragmentation and optimal cleavage rate [ 114 ].   

  In the 4-cell stage, both the tetrahedron shape of the embryo and 
the need for all the cells to be intact is a necessary part of normal 
embryonic development [ 10 ]. The second polar body which 
remains attached to the embryo until the blastocyst stage, is adher-
ent to only one cell and its progeny ends up on the outside of the 
blastocyst at the junction between the inner cell mass (ICM) and 
the trophectoderm and determines the embryonic axis [ 10 ]. 
Screening for abnormal day-2 embryos (i.e., 4-cell embryos with-
out the correct orientation, size of blastomeres or number) is a 
simple selection criterion for embryos with the best implantation 
potential. 

  Embryos progress through preimplantation development along a 
predictable timeline, with 95 % estimated to reach the 2-cell stage 
by 33.2 h, the 4-cell stage by 49.0 h, the 8-cell stage by 64.8 h and 
the 16-cell stage 80.7 h after insemination [ 125 ]. Optimal cleavage 
rates exist and those embryos that cleave either too quickly or too 
slowly are associated with compromised development [ 111 ,  112 , 
 119 ]. Four cell embryos, even when showing minor fragmenta-
tion, should be preferred for transfer to good-quality 2-cell 
embryos [ 111 ]. At the 42–44 h post-hCG stage, even number of 
cells (two and four) rather than uneven (three, fi ve and greater) is 
associated with positive outcome [ 75 ]. The 2-cell embryo pro-
ceeds through an intermediate 3-cell stage before rapidly cleaving 
again to form a 4-cell tetrahedron embryo [ 126 – 128 ]. An even-
sized 3-cell embryo or a 3-cell embryo that is not progressing 
quickly to a 4-cell on day 2, is most likely abnormal or has cytoki-
netic delays [ 75 ] and is less likely to result in a normal delivery. 

 Guerif et al. [ 109 ] also found that the blastocyst formation 
rate was higher for 4-cell embryos on day 2 compared to faster 
cleaving (5–8 cell) or slower cleaving (2–3 cell) embryos. Dokras 
et al. [ 129 ], Shapiro et al. [ 130 ], and Langley et al. [ 131 ] have also 
seconded the contention that the presence of greater than 4 cells 
on day 2 has a negative impact on blastocyst formation. It may be 
that some blastomeres in the faster cleaving embryos may actually 
be large anucleate fragments [ 112 ] or that accelerated division 

1.4  Blastomere 
Morphology

1.4.1  Cell Number
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might be an indicator of developmental instabilities that would 
affect the embryo’s ability to develop to a blastocyst [ 109 ]. Fast 
developing embryos have been reported to exhibit higher levels of 
aneuploidy compared to synchronous embryos [ 132 ].   

  Blastomere size and symmetry are signifi cant scoring parameters 
that should be incorporated into any gated/sequential embryo 
selection system [ 75 ]. Asymmetry in an embryo with an even num-
ber of blastomeres most likely arises from an uneven distribution of 
proteins, mRNA and various organelles, including mitochondria, 
between the two sister cells. Asymmetry in an embryo having an 
uneven number of blastomeres (i.e., 5 or 7 cells) most likely refl ects 
an asynchrony of cell division rather than an uneven distribution of 
cytoplasm [ 83 ]. It must be remembered though that in normal 
human development, there is a degree of cleavage asynchrony 
[ 10 ], resulting in 3-, 5-, and 7-cell embryos [ 8 ]. This is a normal 
phenomenon and allows the correct spatial arrangement of the 
cells in the embryo as it divides [ 126 ]. Thus, at any one point not 
all cells would be of the same size [ 8 ]. However, in an embryo 
there can be only three sizes from the 3 to 8 cell stage and any 
deviation from this rule will mean that the embryo is fragmented 
or that one blastomere has arrested [ 10 ]. Blastomere cell size has 
been linked to fragmentation [ 133 ] where the degree of fragmen-
tation was correlated with the extent of unevenness of blastomeres. 
This is disputed by Scott et al. [ 75 ] as uneven cell size on day 2 in 
their study appeared to be more inherent to the embryo and related 
to cleavage rather than to fragmentation. 

 Asymmetry has been shown to be associated with poor devel-
opment potential of embryos [ 107 ,  123 ,  133 ], a markedly reduced 
implantation rate [ 107 ,  111 ], and a higher incidence of aneuploidy 
[ 111 ]. No deliveries were recorded when transferred embryos pre-
sented with unequal cell size on day 2, regardless of day 1, 3, or 5 
morphology in the study by Scott et al. [ 75 ]. In another group of 
patients in the same study, only 12 of 132 clinical pregnancies 
(9 %) were from the transfer of at least one embryo with uneven 
cell size on day 2. 

 The relationship of spatial arrangement of the blastomeres to 
developmental competency of the embryos has yet to be estab-
lished though one study failed to show any signifi cance [ 134 ].  

  Fragmentation is distinct from normal “blebs” that occur transiently 
during cell division [ 135 ]. It refers to the presence of extracellular 
cytoplasmic fragments not associated with the blastomeres per se 
[ 83 ] but with abnormalities in the link between nuclear and cyto-
plasmic cell division [ 83 ] that may be associated with apoptosis 
[ 136 ,  137 ] or abnormalities in chromosomal segregation [ 83 ]. It 
has been speculated that the fragments may provide a trigger for 
apoptosis if a certain level of developmentally important proteins is 

1.5  Cell Size and 
Symmetry

1.6  Fragmentation
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eliminated from their polarized domains [ 135 ]. The discordance 
between nuclear and cytoplasmic cell division may arise from 
intrinsic problems within the embryo, and/or from developmental 
abnormalities caused by poor culture conditions [ 83 ]. 

  Fragmentation has many phenotypes described which differ in the 
sizes of the fragments described, percentage of the volume of the 
embryo occupied by fragments, and the distribution of this anom-
aly among the blastomeres [ 138 ]. The simple scoring system for 
fragmentation is based on the volume of the embryo occupied by 
fragments (e.g., Score 0 = 0 %; score 1 = <10 %; score 2 = 10–25 %; 
Score 3 = >25 %) [ 139 ]. Alikani et al. [ 138 ] proposed a more 
detailed classifi cation system that took into account the size and 
location of the fragments relative to the size and position of the 
nucleated cell ( see  Table  4 ).

   Fragmentation in the embryo is signifi cant as it has been 
observed that the rate of blastocyst formation decreases signifi -
cantly with fragmentation on day 2 [ 109 ,  119 ,  140 ]. 

 Several hypotheses have been suggested to explain the detri-
mental effects of fragments on embryo development [ 109 ]. Van 
Blerkom et al. [ 141 ] suggested that fragments might physically 
impede cell–cell interactions, interfering with compaction, cavita-
tion, and blastocyst formation. In addition, ultrastructural obser-
vations of degeneration in blastomeres adjacent to fragments 
suggest that fragments might release toxic substances and there-
fore damage nearby cells [ 138 ,  142 ]. Alternatively, fragments 
might also reduce the volume of cytoplasm and deplete the 
embryos of essential organelles or polarized domains [ 135 ]. 
Heavily fragmented embryos are known to present a higher rate of 
chromosome abnormalities, in particular mosaicism [ 65 ,  143 , 
 144 ]. In the case of moderate fragmentation, it has been suggested 
that more than the occurrence of fragments per se, the different 
temporal or spatial patterns of fragmentation have a more pro-
found effect on embryo development [ 49 ,  135 ,  141 ]. On the 
other hand, certain phenotypes of minor fragmentation may disap-
pear during in- vitro culture, either by lysis or by resorption [ 107 , 
 141 ], thereby providing for a high quality, stage-appropriate 
embryo on the day of transfer. Interestingly, Alikani et al. [ 138 ] 
showed that microsurgical removal of small fragments can improve 
implantation potential of embryos by restoring spatial relationship 
of cells within the embryo and prevention of secondary degenera-
tion, thus mimicking normal embryonic development in the pres-
ence of minor fragmentation. This approach to morphology 
improvement is controversial.  

  Cell number (denoting cleavage rate), blastomere morphology and 
fragmentation on day 3 have been correlated with developmental 
potential and the many different day 3 scoring systems in existence 

1.6.1  Scoring Systems 
for Fragmentation

1.6.2  Day 3 Scoring
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have all been shown to have a correlation with implantation 
[ 145 – 148 ]. Positive association has been found between the number 
of cells in day 3 embryos (up to 8) with implantation rates follow-
ing day 3 transfer [ 110 ,  145 ], rate of blastocyst formation [ 149 ] 
and pregnancy rates [ 149 ,  150 ] when compared to embryos with 
less than 8 cells. 

 Alikani et al. [ 119 ] also found that embryos with 7–9 cells on 
day 3 converted to blastocysts at a signifi cantly higher rate than day 
3 embryos with <7 cells or >9 cells [ 8 ]. Racowsky et al. [ 139 ] dem-
onstrated that those embryos with exactly eight cells on day 3 had 
the highest implantation rates and the embryos with more than 
eight cells had a signifi cantly lower implantation rate than those 
with eight cells (18.1 % versus 24.9 %). The later may be related to 
an increased incidence of aneuploidy [ 65 ]. The extent of fragmen-
tation on day 3 has been found to be closely related to both implan-
tation following day 3 transfer [ 139 ] and also the likelihood of 
progressing to blastocyst formation and subsequent implantation 
[ 83 ]. Pregnancies with greater than 50 % fragmentation have been 
found to have poor outcome [ 151 ]. 

 Van Royen et al. [ 1 ,  123 ] defi ned a “top quality embryo” for 
transfer on day 3 using the following strict criteria, combining day 
2 and 3 morphology: four or fi ve blastomeres on day 2 and at least 
seven blastomeres on day 3 after fertilization, absence of multinu-
cleated blastomeres and <20 % of fragments on day 2 and day 3 
after fertilization. Gerris used the “top quality embryo” criteria 
and in a prospective randomized trial and found an implantation 
rate of 42.3 % and an ongoing pregnancy rate of 38.5 % for single 
top quality embryo transfers as compared to 48.1 % and 74 % 
respectively for double top quality embryo transfers [ 121 ]. 
However, the patients in the study were heavily selected: less than 
25 % of patients during the time of the study had embryos of suf-
fi cient quality to have a single embryo transfer [ 3 ]. The same group 
[ 124 ] conducted a retrospective analysis of single embryo transfers 
using the strict top quality criteria and they found that the average 
number of embryos transferred decreased from 2.265 (in 1998) to 
1.79 (in 2001) and the multiple pregnancy and twinning rates 
dropped from 33.6 and 29.5 % (in 1998) to 18.6 and 16.3 % (in 
2001) respectively while still maintaining the average ongoing 
pregnancy rate (33.5 % per transfer).  

  Day 4 compacting/morula assessment has not been a part of stan-
dard approach to determination of embryo quality. However, two 
studies have examined the impact of embryo morphology param-
eters on day 4 such as compaction, degree of fragmentation, and 
cytoplasmic vacuolization on further embryonic development and 
contend that they could be useful markers for embryonic develop-
ment [ 152 ,  153 ]. In addition to compaction, morula formation 

1.6.3  Day 3–4 Scoring
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can also be a useful indicator of developmental competence 
[ 152 ,  154 ]. The degree of compaction on day 4 has been found to 
be associated with implantation potential [ 154 ], and hence, it is 
plausible that early compaction on day 3 may be an important posi-
tive predictor of embryonic development [ 83 ]. The day 3 score 
created by Desai et al. [ 147 ] included compaction as one of the 
parameters. Skiadas et al. [ 152 ] found that early compaction was 
signifi cantly associated with implantation depending upon the 
degree of fragmentation: in optimal embryos on day 3 (≥ 8 cells 
and displaying <10 % fragmentation), early compaction was associ-
ated with a signifi cantly higher implantation rate as compared to 
embryos with ≥10 % fragmentation. 

 A potentially informative scoring system for day 4 of embry-
onic development is the one suggested by Feil et al. [ 153 ]: Grade 
1: early blastocyst, with cavitation or compacted embryo; Grade 2: 
grade 1 compacted morula with one or more morphological 
anomaly; Grade 3: partially compacted embryo with vacuoles or 
excessive fragmentation present, or embryo with eight cells or 
more and without any signs of compaction; grade 4: embryos with 
eight cells or more, with no signs of compaction and having vacu-
oles or excess fragments, or embryos with less than eight cells, and 
with no sign of compaction. In their study [ 153 ], Day 4 and 5 
single embryo transfers resulted in similar ongoing pregnancy rates 
of 38.7 % and 32.1 %, respectively. 

 More studies are needed before this day 4 grading system can 
be accepted as a viable option to the accepted day 5/6 scoring 
system of Gardner et al. [ 155 ].  

  Embryo selection at either the pronucleate or cleavage stage may 
not be optimal as it can at best be considered an assessment of the 
oocyte and may result in transfer of embryos that are abnormal or 
arrest at later developmental stages [ 156 – 158 ]. There is also a 
paternal effect on development that is mainly evident after the 
8-cell stage [ 159 ,  160 ]. A signifi cant negative correlation exists 
between DNA damage in ejaculated spermatozoa and subsequent 
blastocyst development [ 161 ]. 

 Consequently, extended culture till blastocyst stage and day 5 
or 6 scoring of the blastocyst for the selection of the best embryo 
may be benefi cial. 

 The blastocyst score needs to be sequential as blastocyst 
development is very dynamic and rapid. The blastocyst should 
have a defi ned blastocele, a distinct ICM protruding into the 
blastocele cavity, and a ring of evenly spaced and sized trophecto-
derm cells at approximately 154 h after hCG or 112–114 h after 
insemination [ 10 ]. 

 If compaction, which normally begins at the 8–16 cell stage, 
starts too early, it can lead to the formation of a trophoblastic vesicle, 
where all the cells are allocated on the outside leaving none for the 

1.6.4  Day 5 or 6 Scoring 
of the Blastocyst
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inner cell mass (ICM; [ 162 ]. As compaction progresses, refractile 
bodies in the cells begin to fuse in defi ned areas to form the 
blastocele. If these vesicles form too early, there is the appearance 
of a paving- stone formation which has a negative impact on blasto-
cyst formation and implantation [ 10 ]. If the blastocysts are very 
expanded by this stage, they may have lowered viability [ 163 ]. Also 
blastocysts that have fi nger-like projections across the blastocele 
which do not break down with time, should be avoided [ 10 ]. 

 Inner Cell Mass dimensions have also been found to be highly 
indicative of blastocyst implantation potential [ 164 ]. Richter et al. 
[ 164 ] found that day 5 expanded blastocysts with ICMs of 
>4,500 μm 2  implanted at a higher rate than those with smaller 
ICMs (55 % versus 31 %). Day 5 expanded blastocysts with slightly 
oval ICMs implanted at a higher rate (58 %) compared with those 
with either rounder ICMs (7 %) or more elongated ICMs (33 %). 
Implantation rates were highest (71 %) for embryos with both 
optimal ICM size and shape [ 164 ]. These criteria are not used 
routinely in most ART units. 

 A number of scoring systems for blastocysts have been pro-
posed that take into account some of the above concerns and show 
correlations with implantation [ 129 ,  155 ,  165 ]. However, the 
score devised by Gardner et al. [ 155 ] is most commonly used and 
will be described here. It was determined in the mouse model that 
total cell number, ICM cell number and glycolysis had the stron-
gest correlation with embryo viability. Blastocyst formation and 
hatching,  however, were poorly correlated with pregnancy out-
come [ 3 ]. An alphanumeric scoring system was therefore devel-
oped that takes into account three aspects of blastocyst morphology: 
degree of expansion, ICM development and trophectoderm devel-
opment ( see  Fig.  2 ; [ 166 ]. In a retrospective analysis of the blasto-
cyst score and subsequent implantation rates it was determined 
that when a patient received two top scoring blastocysts, i.e., 3AA 
or higher, an implantation rate of 70 % was attained [ 155 ]. 
Conversely, when a patient received slow or low scoring blasto-
cysts, i.e., <3AA, the implantation rate fell to 28 % [ 155 ].

   Interestingly, Richter et al. [ 164 ] found that blastocyst diam-
eter and trophectoderm cell numbers were unrelated to implanta-
tion rates. In their study, pregnancy rates were higher for day 5 
transfers of optimally shaped ICMs compared with day 5 transfers 
of optimally sized ICMs. They have suggested that this lack of 
association between trophectoderm cell numbers and implanta-
tion rates casts doubts on the appropriateness of inclusion of the 
trophectoderm grade in the scoring system defi ned by Gardner 
et al. [ 155 ]. However, this lack of association is surprising, given 
that it is the trophectoderm that forms the initial connection to 
the uterine wall and develops into the placenta and associated tis-
sues supporting embryonic development [ 164 ]. It may be that the 
sample sizes used in the study were insuffi cient to detect existing 
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relationships. It is also possible that some as yet undetermined 
characteristic of the trophectoderm layer could be indicative of 
blastocyst viability and implantation potential [ 164 ].  

  Several numerical continuous scoring systems have been proposed in 
which multiple multiday parameters are used to select the best embryo 
as opposed to a single evaluation performed shortly before transfer. 

1.6.5  Sequential 
Multiday Scoring Systems

  Fig. 2    Blastocyst scoring system used to select embryos for transfer from 
Gardner and Schoolcraft [ 166 ]. Initially blastocysts are given a numerical score 
from 1 to 6 based upon their degree of expansion and hatching status; (1) early 
blastocyst; the blastocele being less than half the volume of the embryo; ( 2  ) 
blastocyst; the blastocele being greater than or equal to half of the volume of the 
embryo; ( 3  ) full blastocyst; the blastocele completely fi lls the embryo; ( 4  ) 
expanded blastocyst; the blastocele volume is now larger than that of the early 
embryo and the zona is thinning; ( 5  ) hatching blastocyst; the trophectoderm has 
started to herniated though the zona; ( 6  ) hatched blastocyst; the blastocyst has 
completely escaped from the zona. The initial phase of the assessment can be 
performed on a stereo microscope. The second step in scoring the blastocysts 
should be performed on an inverted microscope. For blastocysts graded as 3–6 
(i.e., full blastocysts onwards) the development of the inner cell mass (ICM) and 
trophectoderm can then be assessed; ICM Grading. (A) Tightly packed, many 
cells. (B) Loosely grouped, several cells. (C) Very few cells. Trophectoderm 
Grading. (C) Many cells forming a tightly knit epithelium. (B) Few cells. (C) Very 
few cells forming a loose epithelium       
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Racowsky et al. [ 167 ] have classifi ed these systems as follows: 
morphological observations and the allotment of scores [ 1 ,  111 , 
 147 ,  168 ,  169 ]; the application of logistic regression analysis 
[ 108 ,  109 ,  170 – 172 ]; class probability tree analysis [ 173 ]; a case 
based reasoning system [ 174 ]; decision tree data mining [ 175 ] 
and automated pattern analysis [ 176 ]. 

 The Graduated Embryo Score (GES) was proposed by Fisch 
et al. [ 177 ] to evaluate parameters from the fi rst 3 days of develop-
ment (pronuclear morphology, early cleavage and day 3 morphol-
ogy) following a study using 1,245 embryos ( see  Table  4 ). Fisch 
et al. [ 177 ] found that embryos scoring 90–100 had 64 % blasto-
cyst formation; 70–85 had 31 % blastocyst formation and 30–65 
had 11 % blastocyst formation. In patients with at least one trans-
ferred embryo scoring ≥70, the pregnancy rate was 59 % compared 
with 34 % if all embryos scored <70. Among embryos scoring 
70–100, an implantation rate of 39 % was seen, compared with 
24 % among embryos scoring 0–65. In later studies they further 
validated their score and found prospectively that transfer of one or 
more embryos with GES ≥70 predicts pregnancy and implantation 
rates better than a single morphological evaluation on day 3 ( 168 ; 
(Table  5 ). They also found that day 3 transfers using GES and 
sHLA-G improves predictive accuracy of ART outcome allowing 
single embryo transfers, with age ≤37 years being an important 
qualifi er [ 178 ].

   Neuber et al. [ 179 ] examined morphological parameters of 
1,550 individually cultured embryos, on all 5 days of development, 

   Table 5  
  Graduated Embryo Score of Fisch et al. [ 168 ]   

 Evaluation 
 Hours after 
insemination  Developmental milestone  Score 

 1  16–18  Nucleoli aligned along pronuclear axis  20 

 2  25–27  Cleavage regular and symmetrical Fragmentation a   30 
 Absent  30 
 <20 %  25 
 >20 %  0 

 3  64–67  Cell number and grade b  7CI, 8CI, 8CII, 9CI  20 
 7CII, 9CII, 10CI, 11CI, Compacting I  10 

 Total score  100 

   a If the embryo was not cleaved at 25–27 h, grading of fragmentation should occur at the 64–67 h evaluation if the 
embryo reached the 7-cell stage and had <20 % fragmentation 
  b Grade I = symmetrical blastomeres and absent fragmentation. Grade II = slightly uneven blastomeres and <20 % frag-
mentation. Grade III = uneven blastomeres and >20 % fragmentation. Grade A embryos are seven or more cells with 
<20 % fragmentation 
  Fisch. Graduated embryo score (GES). Fertil Steril 2003   
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and proposed a multistep Sequential Embryo Assessment scoring 
 system. Figure  3  shows a number of scenarios for sequential assess-
ment predicting blastocyst development [ 179 ]. They found a sig-
nifi cant positive relationship between early-cleaving 2-cell embryos 
and subsequent good quality ≥4-cell, ≥7-cell and blastocyst devel-
opment. Combining all parameters, they found that a developing 
embryo showing PN symmetry with early cleavage, and subse-
quent good ≥4-cell and ≥7-cell cleavage, has a one in two chance 
of developing into a good-quality blastocyst [ 179 ]. Neuber et al. 
[ 180 ] later developed a computer algorithm based on the sequen-
tial assessment tool which took into account quantifi able visual 
characteristics of multiple stages of development, beginning with 
pronuclear alignment, the length of the fi rst cell cycle, and cleavage 
stages (cell number and morphological appearance) up to day 3 of 
insemination.

   Rienzi et al. [ 181 ] used a combined pronuclear, cleavage stage 
and day 3 scoring system to state that in a selected population of 
good prognosis patients, implantation potential of day 3 and day 5 
embryos is equal. Using a multiple-step scoring system, Rienzi 

% of embryos
forming good
blastocyst

26/48
(54.2%)

a b c d e

Day 2

Day 1

Day 3

35/70
(50.0%)

35/73
(47.9%)

148/361
(41.0%)

11/198
(5.6%)

  Fig. 3    Sequential assessment of individual embryos and their ability to reach the blastocyst stage on day 5. 
Percentage development to the blastocyst stage is calculated from the number of blastocysts divided by the 
number of embryos showing the sequential cleavage characteristics. ( a ) All embryos showing PN alignment, 
early cleavage, good quality >4- and >7-cell development. ( b ) All embryos showing early cleavage, good 
quality >4- and >7-cell development. ( c ) All embryos showing PN alignment, PN breakdown and good quality 
>4- and >7-cell development. ( d ) All embryos showing good quality >4- and >7-cell development only. ( e ) All 
embryos showing intact PN, poor quality >4- and >7-cell development [ 177 ]       
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[ 41 ] later reported 77 % blastocyst formation on day 5 for embryos 
with normal pronuclear stage and early cleavage on day 1; 4- to 
5-cells with equal blastomere size, <10 % fragmentation, and no 
multinucleation on day 2; and >6 cells with equal blastomere size, 
<10 % fragmentation, and no multinucleation on day 3. However, the 
proposed values that defi ned these scores were attributed quite 
arbitrarily, since they were only based on observed frequencies [ 109 ]. 

 Gardner and Sakkas [ 3 ] have also proposed a multiday scoring 
system combining morphological parameters which evaluated 
development at 18–19 h (pronuclear, cytoplasm, NPB, and polar 
body morphology), 25–26 h (early cleavage and nuclear membrane 
breakdown), 42–44 h (multinucleation, cell number, and fragmen-
tation), 66–68 h (multinucleation, cell number, and fragmenta-
tion), 94–96 h (compaction, signs of blastocele formation), and 
106–108 h (trophectoderm, ICM, and blastocele cavity) post 
insemination/ICSI. The maximum score for a perfect embryo 
over 5 days would be 180. This score needs to be prospectively 
studied for its effi cacy.   

  Though the idea of sequentially assessing embryos seems promising, 
confl icting results exist overall and there is currently no consensus 
on (1) the optimum day(s) for evaluation; (2) the optimum set of 
variables that should be used in a predictive model; (3) the statistical 
methods used for data analyses and interpretation; (4) the scoring 
system to be used for embryo selection; and (5) model perfor-
mance benchmarks for future comparison. Answers to these ques-
tions are necessary so that quantitative comparisons can be made 
about the relative effi cacies of the different evaluation protocols 
[ 83 ,  167 ]. 

 There are several concerns regarding the various morphological 
grading systems:

    1.    Most studies evaluating embryo viability using pronuclear 
stage [ 61 ,  62 ], early cleaving 2-cell embryos [ 98 ,  102 ,  105 ] 
and culture until the blastocyst stage [ 155 ] have involved 
grouped embryos. Since the developmental fate of each 
embryo was not traceable to a viable implantation and there is 
no proof that the predicted top quality embryo was the one 
that implanted out of all the embryos transferred, the conclu-
sions made must be interpreted with caution [ 83 ].   

   2.    Early development especially the pronuclear stage is very 
dynamic and evaluation of early stage embryo requires testing 
to be accomplished within strict time windows. In a busy labo-
ratory, adherence to such strict timelines is diffi cult. Moreover, 
evaluations are usually accomplished during regular work 
hours that may not coincide with the optimal or most predic-
tive times to evaluate an embryo.   

1.7  Key Issues 
Regarding Sequential 
Assessment
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   3.    A “numerical scoring system” for selection is frequently based 
on assignment of seemingly arbitrarily weighted values [ 83 ] 
without multivariate analyses or Spearman’s correlation being 
performed [ 181 ,  182 ]. And hence, it is plausible that the 
obtained score does not precisely predict the implantation 
potential. Also categorical grouping of continuous variables 
(for example, fragmentation) may lead to contradictory results.   

   4.    Most of the studies on which the scoring systems are based are 
retrospective with very few reporting prospective assessment 
with demonstrated improvement in selection [ 105 ,  168 ]. 
Rigorous prospective testing of any specifi c algorithm is 
necessary to prove that its application does improve embryo 
selection [ 83 ].   

   5.    Many studies have involved datasets involving both day 3 and 
day 5 transfers [ 75 ,  168 ], an approach likely to reduce utility 
of the analyses due to various confounders relating to patient 
selection bias, culture infl uences (e.g., probable improved 
overall quality of embryos cultured to day 5, possible loss of 
developmentally competent day 3 embryos not supported by 
extended culture conditions), and variances in uterine recep-
tivity [ 83 ].   

   6.    Studies based on multiple embryo transfers may introduce fur-
ther confounding factors due to the possible inter-embryo 
cooperation/interaction whereby a poorer quality embryo 
may either increase or decrease the likelihood of a better qual-
ity embryo implanting, or, conversely a better quality embryo 
may enhance the independent implantation potential of one 
considered of poorer quality [ 83 ,  183 ].   

   7.    Precision and consistency of scoring systems among embryolo-
gists (particularly for embryos of marginal quality) within and 
across laboratories must be taken into consideration [ 83 ,  182 ] 
as it may reduce the accuracy of the system.   

   8.    The potential benefi ts of the multi-day scoring systems must 
be weighed against the possible detrimental effects of environ-
mental perturbations (light exposure, temperature and pH 
shifts etc.) caused due to increased time taken for conducting 
the strict evaluations.     

 Racowsky et al. [ 167 ] have called into question the need for a 
sequential system of assessment. They assert that logically an embryo 
that shows normal development on day 3 is likely to have exhibited 
normal development earlier in culture [ 83 ]. They have claimed that 
unpublished preliminary data from their group, utilizing multivari-
ate analysis of a dataset of single embryo transfers of embryos cul-
tured individually, suggest that no additional benefi t is accrued from 
early cleavage and day 2 assessments over that obtained exclusively 
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from evaluation on day 3. They found that there is considerable 
overlap in the morphological appearance of those embryos that 
successfully implant versus those that fail. Guerif et al. [ 109 ] have 
also advocated the need to search for additional criteria, including 
the ability of the blastocyst to develop. They prospectively and 
sequentially evaluated (pronuclear morphology on day 1, early cleav-
age, cell number and fragmentation rate on day 2) in 4,042 indi-
vidually grown embryos and found that the combination of all four 
parameters allowed the prediction of blastocyst development with an 
area under the receiver operating characteristics curve of 0.688, 
which represents a fairly low prediction of embryo viability. 

 However, it is plausible that early developmental insults result-
ing in morphological defects that can be seen on day 0 or 1 may 
not be visually apparent when the embryo is examined on day 3 or 
5, but may manifest later in the form of lowered implantation 
potential and reduced pregnancy rate. More stringent studies com-
paring sequential assessment with single assessment are required 
before any defi nitive conclusions can be made.   

2    Summary 

 A universally accepted, accurate, non-invasive, easy, simple, and 
quick grading system to select the best possible embryo with 
maximum implantation potential still eludes the fi eld of assisted 
reproductive technology. A signifi cant number of human preim-
plantation embryos undergo deviant development in vitro, failing 
to follow the expected normal developmental timeline. Hence, it 
would appear prudent to incorporate as much information gath-
ered at the pronuclear and cleavage stages into the fi nal assessment 
as possible. This realization has prompted the hypothesis that mul-
tiple evaluations through early preimplantation development may 
improve selection compared with a single evaluation, performed 
shortly before transfer. Such an evaluation would logically take 
into account every developmental hurdle in the preimplantation 
development period of the embryo, thus improving predictive 
accuracy. Though various scoring systems have been proposed, 
there is still debate over various parameters that form a part of 
these scoring systems, the optimal day(s) or time for evaluation, 
predictive accuracy of the various scores and inter-grader consis-
tency of evaluation and also optimal research design to test the 
scores. The grouping of the embryos also clouds the reliability of 
the results of the various studies as it is not possible to determine 
the exact developmental fate of the selected “best embryo” [ 8 ]. 

 In conclusion, a major part of the ‘art” in assisted reproductive 
technology is selecting embryos for transfer [ 168 ]. The search for 
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the perfect scoring system for determination of embryo quality 
continues. Until it is found, a universally accepted sequential scor-
ing system that does a multifactorial analysis of various morpho-
logical parameters at each milestone of embryonic development 
should serve as a viable alternative.     
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    Chapter 24   

 Embryo Selection Using Metabolomics 

           D.     Sakkas    

    Abstract 

   Faced with an increasing demand to select one embryo to transfer back to patients, a number of techniques 
are being developed to assist in discriminating differences within the cohort of a patient’s embryos. A new 
and emerging technology which allows us to measure the profi le of different metabolites in embryo culture 
media and formulate a viability score correlated to implantation potential is metabolomics.  

  Key words     Metabolomics  ,   Embryo selection  ,   Near infra red spectrometry  ,   Algorithm  ,   Embryo viability  

1       Introduction 

 In 1978, the culmination of many years research in both animal and 
human reproductive associated technologies led to the fi rst in vitro 
fertilization (IVF) birth in the world [ 1 ]. Further improvements in 
the early 1980s by groups in Australia led to births after drug-
induced superovulation in the mother, the world’s fi rst frozen 
embryo baby [ 2 ] and the fi rst donor egg baby [ 3 ]. 

 Since the fi rst births the use of assisted reproductive tech-
nologies (ART) continues to increase annually, with close to half a 
million treatment cycles being initiated in the USA and Europe 
alone [ 4 ,  5 ]. This trend has been driven by improved success rates, 
better access to care, and the long timeline of some other treatment 
options. Currently, between 1 and 4 % of all children born in the 
USA and Europe are from ART related conceptions. 

  The ability to perform controlled ovarian hyperstimulation in 
women undergoing IVF treatment has created a conundrum in 
ART. Whereas on the one hand it has improved pregnancy rates, 
it has also led to a subsequent increase in multiple pregnancy rates. 
The improved success rates are attained, in many cases, only 
through the simultaneous transfer of multiple embryos. For the 
<35 age group in 2008 in the USA, an average of 2.2 embryos per 
patient were transferred leading to a 41.3 % delivery rate per 

1.1  Multiple Embryo 
Transfers
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initiated IVF cycle and an overall multiple birth rate of 35.2 %. 
The live birth results for older age groups decrease dramatically even 
though more embryos are transferred. The relative risk for multiple 
births in the 35–40 age group however remains above 25 % [ 4 ]. 

 The risks related to multiple gestations are well documented 
and include preterm delivery, low birth weight, and a dramatic 
increase in the relative risk for cerebral palsy (reviewed by ref. [ 6 ]). 
These complications lead to a higher incidence of medical, perinatal, 
and neonatal complications and a tenfold increase in health- care 
costs compared to a singleton delivery [ 7 ]. The ability to decrease 
the prevalence of multiple gestations while maintaining or improv-
ing overall pregnancy rates has become one of the most signifi cant 
goals of current IVF research.  

  The documented dangers associated with multiple pregnancies 
have been allayed in many countries, in particular northern Europe, 
by legal restrictions on the number of embryos that can be trans-
ferred in a single IVF cycle. For example, in most Scandinavian 
countries and Belgium the government has set a legal limit of SET 
for specifi c patient groups. In other parts of the world, where no 
legal restrictions exist, the onus is on the individual clinic (as well 
as the couple) to decrease the number of embryos transferred so 
that a balance can be achieved between the risks associated with 
multiple gestations and sustained pregnancy rates. This approach 
has worked well in countries such as Finland and Australia which 
enjoy overall rates of SET greater than 60 %. It is evident that clinics 
in the USA and other countries, currently lacking legislation, 
will eventually be compelled via legal, fi nancial and/or moral obli-
gation to restrict the number of embryos transferred in order to 
minimize the risk of multiple gestations.   

2     Methods for Implementing SET in the Laboratory 

 Currently there is no accurate objective methodology which will 
enable an embryologist to estimate the reproductive potential of 
individual embryos within a cohort of embryos. Great progress has 
been made using the existing selection techniques, which largely 
encompasses morphological evaluation, but many limitations 
remain. Morphological assessment has been the major tool of the 
embryologist for selecting which embryo(s) to replace. Since the 
early years of IVF it was noted that day 2–3 embryos cleaving faster 
and those of limited fragmentation were more likely to lead to a 
pregnancy [ 8 ,  9 ]. Morphological assessment systems have evolved 
signifi cantly over the past decade and in addition to the classical 
parameters of cell number and fragmentation, numerous other 
characteristics have been examined including: pronuclear mor-
phology, early cleavage to the 2-cell stage, top quality embryos on 

1.2  Single Embryo 
Transfer (SET)
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successive days and various forms of sequential assessment of 
embryos ( see  reviews by refs. [ 10 – 12 ]). For all the improvements in 
cleavage embryo assessment the ability to culture and assess blasto-
cyst stage embryos has probably led to the greatest improvement in 
our ability to select embryos on the basis of morphology [ 13 ]. 

 Faced with the inevitability that the worldwide IVF commu-
nity, will, in the future, have to select only one or two embryos for 
transfer, we will be forced to make certain changes to the current 
practice of routine IVF. The fi rst may be to rely on less aggressive 
stimulation protocols hence generating a lower number of eggs at 
collection [ 14 ,  15 ]. The second will be to improve the selection 
process for defi ning the quality of individual embryos so that the 
ones we choose for transfer are more likely to implant. 

 The inherent ease for the laboratory to assess various morpho-
logical markers makes it the preferred assessment technique to 
transfer embryos. Even with the adoption of more complex forms 
of assessment it will still remain as one of the main tools we have 
in our armory for assessment. For a new technique to be accept-
able in a laboratory setting, however, it must satisfy a number of 
criteria. 

 It should be an analytical technique that:

    1.    Predicts embryo viability without damaging the embryo 
(invasively or noninvasively);   

   2.    Is relatively rapid and performed in the clinic; and,   
   3.    Provides consistent and accurate results.      

3     Embryo Metabolism and Metabolomics 

 The hypothesis that there is a relationship between metabolic 
parameters and embryo viability has been upheld in numerous 
studies over the past 30 years. In 1980, Renard et al. [ 16 ] observed 
that Day 10 cattle blastocysts which had an elevated glucose uptake 
developed better, both in culture and in vivo after transfer than 
those blastocysts with a lower glucose uptake. In 1987, using non-
invasive microfl uorescence, Gardner and Leese [ 17 ] measured glu-
cose uptake by individual Day-4 mouse blastocysts prior to transfer 
to recipient females. Those embryos that went to term had a sig-
nifi cantly higher glucose uptake in culture than those embryos that 
failed to develop after transfer. Lane and Gardner [ 18 ] also showed 
that the glycolytic rate of mouse blastocysts could be used to select 
embryos for transfer prospectively. Morphologically identical 
mouse blastocysts with equivalent diameters were identifi ed as 
viable using metabolic criteria prior to transfer and had a fetal devel-
opment rate of 80 %. In contrast, embryos that exhibited an abnor-
mal metabolic profi le compared to in vivo developed controls, 
developed at a rate of only 6 %. This data provides clear evidence that 
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metabolic function is linked to embryo viability and is independent 
of the information provided by morphology. 

 There are three approaches that allow researchers to obtain 
metabolic information about embryos: (1) Analysis of carbohy-
drate utilization, (2) Analysis of amino acids, and (3) Analysis of 
the embryonic metabolome. The fi rst two approaches provide more 
specifi c information about candidate metabolites or the activity of 
specifi c metabolic pathways. 

 The third option provides a systematic analysis of the inventory 
of metabolites that represent the functional phenotype at the cellular 
level. Depending upon the technology employed to analyze the 
metabolome [ 19 ], one does not necessarily obtain identifi cation 
of specifi c metabolites, but an algorithm is created that relates to 
cell function.  

4     Metabolomics 

 A new and emerging technology which allows us to measure factors 
in embryo culture media is metabolomics. The complete array of 
small-molecule metabolites that are found within a biological system 
constitutes the metabolome and refl ects its functional phenotype 
[ 20 ]. Metabolomics is the systematic study of this dynamic inven-
tory of metabolites, as small molecular biomarkers representing the 
functional phenotype in a biological system. Using various forms 
of spectral and analytical approaches, metabolomics attempts to 
determine metabolites associated with physiologic and pathologic 
states [ 21 ]. A number of proof of principal studies of individual 
embryos and their implantation outcome indicated that embryos 
that result in pregnancy are different in their metabolomic profi le 
compared to embryos that failed to implant [ 22 ]. 

 Investigation of the metabolome of embryos, as detected in the 
culture media they grow in using targeted spectroscopic analysis 
and bioinformatics can therefore divulge these differences. In a 
study by Seli et al. [ 22 ], these differences were found to be detect-
able in the culture media using both Raman and Near Infrared 
(NIR) spectroscopy. In his study, a total of 69 Day 3 spent embryo 
culture media samples from 30 patients with known outcome (0 or 
100 % sustained implantation rates) were evaluated using Raman 
and/or NIR spectroscopy. A regression formula was developed to 
calculate a relative “embryo viability score”—relating to embryo 
reproductive potential—which correlated implantation outcome 
to both Raman and NIR spectral metabolomic profi les. Both 
Raman and NIR spectroscopic analysis of the spent culture media 
of embryos with proven reproductive potential demonstrated 
signifi cantly higher viability scores than those that failed to implant. 
Interestingly, when human embryos of similar morphology were 
examined using the same NIR spectral profi le, their viability scores 
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varied remarkably in relation to morphology indicating that the 
metabolome of embryos that looked similar differed signifi cantly. 
This observation was in agreement with the study of Katz-Jaffe 
et al. [ 23 ,  24 ], who revealed that the proteome of individual 
human blastocysts of the same grade differed between embryos, 
again indicating that embryo morphology is not completely linked 
to its physiology. 

 The algorithm established was subsequently used to predict 
the likelihood of pregnancy from blinded embryo culture media 
samples. When the algorithm developed was used to blindly test a 
subgroup of 16 Day 3 embryo samples collected at a different cen-
ter and cultured using a different type of commercial media, viabil-
ity scores of embryos with proven reproductive potential were 
signifi cantly higher compared to embryos that failed to implant 
[ 25 ]. A larger analysis of single embryo transfer cycles was also 
undertaken whereby NIR spectral analysis of frozen Day 2 and 3 
embryo culture media samples was performed blinded to outcome. 
Individual metabolic profi les were established from 7 μl of the 
samples with each measurement taking less than 1 minute. 
Statistical analysis performed on the metabolic profi les established 
a viability score (as generated above) that was signifi cantly different 
( P  < 0.001) between the pregnant and nonpregnant patients. 
A cutoff value for predicting pregnancy was taken at >0.3. When 
this cutoff was used to examine embryos of excellent and good 
morphology that underwent single embryo transfer a signifi cant 
difference was found in the establishment of pregnancy [ 26 ]. 

 More recent data has used a semiquantitative approach to 
apply this technology. A series of studies have been undertaken 
whereby algorithms for predicting outcomes of Day 2, 3, and 5 
SETs were developed and tested blindly against samples unrelated 
to those used to develop the algorithms. The data again confi rmed 
that as the Viability Scores™ generated by the algorithms increased 
the tendency for the assessed embryo to implant and display fetal 
cardiac activity also increased [ 27 ]. Subsequent data has also shown 
that this pattern is independent of morphology as the ability of the 
Viability Score™ to relate to FCA is maintained within groups of 
embryos with the same morphology.  

5     The Pros and Cons of Metabolomics 

 Although the series of preliminary studies [ 25 – 29 ] showed a benefi t 
of this technique they were largely based on retrospective studies 
and performed in a single research laboratory as distinct from a real 
clinical setting. Recently a number of in house clinical studies have 
been conducted using either a prototype or commercial  version of 
the Molecular Biometrics Inc. NIR system (ViaMetrics) showing 
inconsistent results. These studied aimed to test the second and 
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third parameters established above. The largest of these studies 
were performed as Randomized Clinical Trials after SET using a 
prototype instrument. All studies compared standard Morphological 
techniques for embryo selection versus using the NIR system to 
rank embryos within a cohort that had good morphology and were 
being selected for either transfer or cryopreservation. 

 In the Gothenburg study [ 30 ] both day 2 and day 5 SETs were 
performed. Although not signifi cant, the results indicated a possi-
ble benefi t of embryo selection through addition of NIR on day 2 
transfer. Of 83 and 87 SETs in the Morphology alone and 
ViaMetrics (NIR) groups the pregnancy rates were 26.5 % and 
31 %, respectively. In the same study no benefi t for selection of day 
5 SET was observed, whereby of 80 and 77 SETs in the Morphology 
alone and ViaMetrics (NIR) groups the pregnancy rates were 45 % 
and 39 %, respectively. Interestingly, signifi cant differences were 
observed in this study in respect to the overall morphology of the 
blastocysts selected in the morphology alone group. The benefi ts 
of selecting a single good quality blastocyst on day 5 have also been 
found to be benefi cial in many other studies and remains as one of 
the best selection criteria to date [ 31 ]. 

 In another randomized trial examining Day 3 SETs no differ-
ence at all was observed between the two groups [ 32 ]. Concurrently, 
two trials were conducted using the commercial platform where 
two or three embryos were selected for transfer on the basis of 
Morphology alone or Morphology plus ViaMetrics (NIR) both 
showed improvements in the Viametrics assisted selection group. 
Sfontouris et al. [ 33 ] performed a study in which for every two 
patients where embryos were selected based on morphology, 
one patient had a transfer based on ViaMetrics (NIR) embryo 
selection. They reported implantation rates (IR) with fetal cardiac 
activity that were signifi cantly ( P  = 0.04) improved in the Viametrics 
group [ N  = 39 patients, IR = 33/102 (32.4 %)] compared to the 
Morphology alone selection group [55/257 (21.4 %)]. 

 One of the underlying problems encountered in the NIR system 
was that the threshold of signal distinguishing between a viable 
and nonviable embryo was highly sensitive to signal noise. NIR 
spectroscopy systems and the algorithms generated from them can 
create models that inadvertently conceal problems in a particular 
platform. In doing so, a method that has been established and 
cross-validated on a larger scale can still be problematic, as the 
variation can still lie within the technical platform itself. This would 
then mean that any algorithm created on one group of instruments 
may suffer when used on other instruments as their noise thresholds 
and behavior may differ signifi cantly enough to mask the true 
analytical information obtained in each spectra. The commercial 
version of the NIR instrument was unfortunately withdrawn due 
to the wide variability in performance between clinics. This is not 
dissimilar to the situation faced by aneuploidy screening of 
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embryos, whereby chromosomal screening of preimplantation 
embryos has always thought to be a strong theory, and however, 
using FISH proved to be inadequate [ 34 ], while it now appears 
that modern comprehensive screening techniques are providing 
more consistent results [ 35 ].  

6     Conclusion and Future 

 It is very clear that markers do exist in the spent embryo culture 
media indicative of viability. The major benefi ts of a noninvasive 
type of technology is the fact that the technology can be used on 
spent media and the time taken to assess the samples is very short, 
making it possible to perform the analysis just prior to ET. So far, 
NIR spectroscopy, when tested in stringent clinical trials, has failed 
to consistently improve the chance of selecting a single embryo for 
a viable pregnancy and the NIR technology appears to need fur-
ther development before being used as an objective marker of 
embryo viability. Therefore, although metabolomic assessment 
met the fi rst two key criteria necessary to be used routinely in clini-
cal IVF, it currently fails to consistently meet the fi nal criterion of 
providing consistent and accurate results. Further refi nement of NIR 
and Raman based spectroscopy techniques will hopefully lead to the 
widespread adoption of this methodology in the near future.     
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    Chapter 25   

 Embryo Transfer 

           Anate     Aelion     Brauer     and     Glenn     Schattman    

    Abstract 

   Embryo transfer is a critical step in the overall success of in vitro fertilization (IVF). Despite its apparent 
simplicity, it is an integral part of the IVF cycle that can be diffi cult to teach and perform well. In this 
chapter we describe the procedure of embryo transfer and discuss various modifi cations that have been 
evaluated in an effort to improve the probability of embryo implantation including ultrasound guidance, 
catheter design, transfer technique, as well as enrichment of the embryo transfer media.  

  Key words     Embryo transfer  ,   Trial transfer  ,   Ultrasound guided transfer  ,   Embryo transfer catheter  , 
  Embryo transfer media  

1       Introduction 

 Since the fi rst successful pregnancy from an in vitro fertilized 
oocyte in humans almost 30 years ago, signifi cant improvements 
in the in vitro fertilization (IVF) procedure have been realized. 
This fi rst IVF pregnancy used natural cycle monitoring with oocyte 
recovery during open abdominal surgery. Since then, gonadotro-
pins as well as gonadotropin releasing hormone agonists and 
antagonists have signifi cantly improved the success rates of IVF by 
increasing the number of oocytes collected in a single cycle. 
Improvements in ultrasound technology have facilitated the 
retrieval of oocytes during an outpatient, trans-vaginal follicle 
puncture and oocyte aspiration and advancements in our under-
standing of the developmental requirements of the human embryo 
have improved our ability to culture embryos in vitro. The proce-
dure of embryo transfer, placing the embryo(s) into the uterine 
cavity has remained relatively unchanged. While embryo quality 
and uterine receptivity are important factors in implantation, the 
transfer technique itself is also recognized as a key player in overall 
success. A successful embryo transfer should deliver the embryos 
atraumatically to the point in the endometrial lining where implan-
tation is most likely to occur. Complications that may lead to a 
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suboptimal transfer may include endometrial trauma, induction of 
uterine contractions, damage to the embryos, or deposition of 
embryos in a suboptimal location. Several steps associated with 
embryo transfer have been studied in an effort to minimize such 
complications and increase the effi ciency of this fi nal step of the 
IVF procedure. Here, we describe our embryo transfer protocol.  

2     Materials 

     1.    Procedure room with table capable of lithotomy position for 
GYN procedures.   

   2.    Sterile speculum.   
   3.    Sterile sponge stick.   
   4.    Sterile lint free gauze.   
   5.    Embryo culture media or other suitable sterile liquid for cleaning 

the ectocervix.   
   6.    Trial transfer catheter (identical to transfer catheter).   
   7.    Transfer catheter.   
   8.    Inverted dissection microscope.   
   9.    +/− Ultrasound with transabdominal transducer.   
   10.    Ultrasound technician.      

3     Methods 

 The procedure of embryo transfer may be divided into four distinct 
sections:

    1.    Preparation of the patient   
   2.    Preparation of the catheter   
   3.    Transfer of the embryos   
   4.    Post transfer care     

      1.    A trial transfer which illustrates the path of the cervical canal as 
well as the depth of the uterine cavity from external os to fun-
dus should be performed 1 or more months prior to the patient 
undergoing oocyte retrieval and be available as a reference 
during the ET if needed ( see   Note 1 ).   

   2.    The trial transfer also identifi es patients in whom the transfer 
may be diffi cult due to a stenotic or tortuous cervical canal and 
would benefi t from ultrasound guidance, dilation and/or 
anesthesia ( see   Note 2 ).   

   3.    Fluid or mucous in the endometrial cavity identifi ed at the 
time of oocyte retrieval or immediately prior to embryo transfer 

3.1  Preparation 
of the Patient
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should be aspirated with an atraumatic catheter such as a soft 
embryo transfer catheter. Absence of retained fl uid should be 
confi rmed prior to ET.   

   4.    Anesthesia for embryo transfer is not routinely administered 
and should not be necessary. Anesthesia may be used if the 
patient has a history of a diffi cult trial transfer or diffi cult prior 
embryo transfer. Occasional use of a benzodiazepine is recom-
mended in situations where patient anxiety may interfere with 
the procedure. Rarely a patient may require complete relax-
ation in order to negotiate a diffi cult cervical canal or due to 
extreme anxiety.   

   5.    Antibiotics are not routinely administered at the time of ET as 
their use has not been shown to increase pregnancy rate or 
decrease the rare occurrence of infection [ 1 ,  2 ]. In patients 
with a history of prior pelvic infection or tubal disease due to 
an infectious etiology, antibiotics are administered prior to 
embryo transfer.   

   6.    The number of embryos to be transferred should be discussed 
with the patient and her partner (if applicable) prior to the ET 
procedure. The decision should be based on objective criteria 
based on the clinic’s own data and patient specifi c information 
including, but not limited to age, embryo quality, and prior 
history [ 3 ]. Limiting the risk of high-order multiples while 
maximizing the probability of a singleton pregnancy should be 
the priority.   

   7.    Patient identifi cation is confi rmed at two time points by the 
practitioner doing the transfer as well as the embryologist 
loading the catheter: Upon entrance to the operating room 
and again just prior to transfer of the embryos.   

   8.    The patient is placed in a dorsal lithotomy position.   
   9.    A sterile speculum is placed in the vagina with good visualiza-

tion of the cervix. Optimal placement of the speculum is 
important in obtaining the proper cervico-uterine angle for 
transfer. A variety of speculum sizes should be available in the 
procedure room.   

   10.    The external cervical os is cleaned with sterile gauze moistened 
with saline or transfer medium. Additional mucus from the 
cervical canal can be aspirated using a sterile tuberculin syringe 
although there does not seem to be a benefi t in removing 
cervical mucous prior to embryo transfer ( see   Note 3 ).   

   11.    At this point we perform another trial transfer. The trial transfer 
catheter should be the same type of catheter that will be used 
for the actual transfer. Differences in catheter shape, thickness 
and fl exibility compared to the trial transfer catheter as well as 
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differences in the patient’s uterine position following ovarian 
stimulation make this an important step, as the actual transfer 
catheter may have to be shaped to accommodate the patient’s 
anatomy ( see   Note 4 ).   

   12.    The catheter should only be advanced up to the anticipated 
location for the embryo transfer. Typically 10–15 mm from the 
uterine fundus determined at the trial transfer.   

   13.    Occasionally, we identify a patient who has a change in the 
position of their uterus, possibly related to stimulation and 
ovarian enlargement.   

   14.    Once the trial transfer is completed, the catheter can be 
removed and the embryos can be loaded into a new, sterile 
embryo transfer catheter by the embryologist.      

      1.    Transfer catheters fall into two main categories: Soft or fi rm.   
   2.    Firm catheters have the advantage of being rigid with a curve 

molded into the tip of the catheter and are potentially easier to 
negotiate a tortuous cervical canal.   

   3.    Soft catheters are trickier to use, especially in patients with 
extreme angles in their cervix or lower uterine segment. A longer 
learning curve is required for their proper use.   

   4.    Some catheters are 2 piece catheters with a soft inner and fi rm 
outer sheath which allow for more fl exibility with transfer 
technique and molding of the catheter.   

   5.    We use a soft, 2 piece catheter such as a Wallace ®  catheter for 
almost all of our embryo transfer procedures and only use the 
fi rm catheters for the rare occasion when we are unable to 
negotiate the soft catheter into the uterine cavity. Comparative 
studies suggest that soft catheters and atraumatic placement 
improve the likelihood for implantation ( see   Note 5 ).   

   6.    Most transfers can be performed with a straight catheter as 
the fl exible inner catheter will follow the natural curves of the 
cervix and uterus.   

   7.    If needed, the outer sheath of the soft catheter may be gently 
curved to negotiate cervical bends and align the inner cathe-
ter to the uterine axis. The degree to which the catheter is 
curved is decided on by the operator at the time of trial trans-
fer and is communicated to the embryologist. The outer 
catheter is then molded by the embryologist prior to embryo 
loading.   

   8.    The catheter is then fl ushed with media to remove all air from 
the column. The embryo(s) are then aspirated into the cathe-
ter with a minimal volume of culture media (20–40 μl) so that 
the embryo(s) are loaded towards the tip of the catheter. Some 
labs include a small air column, proximal to and/or distal to 

3.2  Preparation 
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the embryos which allows for visualization on ultrasound of 
the air bubble in the endometrial cavity. We use our standard 
embryo culture media when loading embryos.      

      1.    The overwhelming majority of embryo transfers at our institution 
utilize a method often described as the “clinical touch” 
method. This method uses prior trial embryo transfer “road-
maps” to guide the catheter into the correct position in the 
uterine cavity. While a gentle touch is required to make sure 
the catheter is in the correct location, the transfer is atraumatic 
and does not “touch” the fundus to confi rm location of the 
catheter within the uterine cavity. The embryos are deposited 
at ~10–15 mm shy of the fundus using the trial transfer mea-
surements as a guide and the embryos are deposited in a similar 
location within the uterus with both the “clinical touch” and 
ultrasound guided methods.   

   2.    At our institution ultrasound guidance during embryo transfer 
is reserved for those patients who we suspect will have a diffi cult 
transfer based on experience gleaned from the trial transfer done 
prior to stimulation or a history of a diffi cult embryo transfer. 
Ultrasound can be helpful in a uterus distorted by fi broids or 
those with a cesarean section scar in which the catheter may be 
misdirected. Ultrasound guidance is typically done using a 
3.5–5 MHz 2-D transabdominal transducer from a mid-sagittal 
or oblique plane of the uterus and cervix ( see   Note 6 ).   

   3.    Deposition of the embryos should occur in the mid to lower 
midportion of the uterus, avoiding transfers high in the fundus 
[ 4 ,  5 ]. It is our practice to deposit embryos 10–15 mm from 
the fundus.   

   4.    After depositing the embryos into the uterine cavity, the operator 
should apply and maintain pressure on the plunger of the syringe 
to reduce the possibility that the embryos will be aspirated back 
into the cavity until the catheter is withdrawn from the cervix.   

   5.    Some practitioners wait for up to 30 s before withdrawing the 
catheter from the uterine cavity.   

   6.    The placement as well as the removal of the transfer catheter 
should be done slowly and gently.   

   7.    After the transfer has been performed, the catheter is handed 
to the embryologist to be fl ushed and inspected for retained 
embryos. Retained embryos should be reloaded into a new 
catheter and immediately transferred back into the uterus.      

      1.    The patients are transferred to the recovery room where they 
may remain on bed rest for up to 30 min. Recommendations 
regarding physical activity after transfer vary, although studies 
have shown that bed rest of >20–30 min after transfer has not 
improved pregnancy rates [ 6 ,  7 ].       

3.3  Transfer 
of the Embryos

3.4  Post 
transfer Care
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4     Notes 

        1.    During the trial transfer the uterine cavity is sounded, passing 
the catheter to the uterine fundus to measure the total length 
of the cervix and uterine cavity. Notes are made regarding the 
axis and curve of the catheter required to navigate the cervical 
canal. In addition to the practical benefi ts of a trial transfer, 
one RCT showed improvement in pregnancy rates when using 
trial transfer compared to touching the uterine fundus at the 
time of transfer [ 8 ].   

   2.    Difficulty with an embryo transfer can be anticipated by 
performing a trial transfer prior to the start of an IVF cycle. 
If diffi culty with a trial transfer is encountered and it is not pos-
sible to get a catheter into the uterine cavity, the patient can 
undergo cervical dilation and hysteroscopy under ultrasound 
guidance prior to undergoing ovarian stimulation. Cervical 
dilation up to the diameter of the intended transfer catheter 
can also be gently performed at the time of oocyte retrieval.   

   3.    Cervical mucus may interfere with delivery of the embryos 
into the uterine cavity by plugging the tip of the catheter. 
Additionally, embryos may adhere to the mucus around the 
catheter and may become displaced upon catheter removal. 
Studies looking at effect of cervical mucus removal have yielded 
mixed results [ 9 ,  10 ].   

   4.    Diffi culties that may be encountered/and strategies that may help 
overcome them in preparation for the actual ET are as follows:
   (a)    Coiling of the soft catheter inside the cervical canal: 

Soft catheters may become coiled inside the cervical canal. 
If this is suspected, a simple test of either rotating the 
catheter 360° resulting in recoil or withdrawing the cath-
eter by 1–2 cm and feeling for a difference in resistance will 
usually confi rm this suspicion.   

  (b)    Cervical stenosis: Cervical dilation using ultrasound guid-
ance can temporarily alleviate the diffi culty of negotiating 
the cervical canal in a patient with stenosis. Techniques of 
cervical dilation may include mechanical dilation [ 11 ,  12 ], 
osmotic dilation with laminaria [ 13 ], placement of a 
Malecot catheter [ 14 ], and operative hysteroscopy with 
shaving. We prefer mechanical cervical dilation. While tim-
ing of dilation is still debatable, most practitioners at our 
institution perform any necessary cervical dilation at the 
time of egg retrieval.   

  (c)    Extreme utero-cervical angle: Another cause of failure of 
the catheter to pass the internal cervical os is a lack of 
achieving proper alignment between the ET catheter and 
cervico- uterine angle. Curving the ET catheter according 
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to the cervico-uterine angle may help negotiate this angle. 
Gentle maneuvering of the vaginal speculum may also 
facilitate introduction of the catheter. 

 In cases of very antefl exed uteri, straightening of the angle can be 
achieved by fi lling the bladder before ET. 

 In cases of severely fl exed uteri which may potentially require a 
tenaculum on the cervix for traction, a cervical stitch cut long 
can be placed at the time of oocyte retrieval and then used for 
relatively atraumatic traction at ET. We do not generally rec-
ommend use of a tenaculum at the time of transfer as it may 
initiate uterine contractions. 

 If placement is still diffi cult, one may use a malleable stylet through 
the outer sheath and negotiate the cervical canal before intro-
ducing the soft catheter.       

   5.    Data suggests that the use of a soft catheter may be associated 
with a higher pregnancy rate than the use of a fi rm one [ 15 – 17 ].   

   6.    Ultrasound guidance may also be used as a tool in dealing with 
diffi cult transfers. At our institution, use of ultrasound guid-
ance is reserved for potentially diffi cult transfers as anticipated 
by the trial transfer. The bladder should be full enough to 
cover the uterine fundus to aid with visualization. Proponents 
of ultrasound guidance site several advantages:
   (a)    Using ultrasound ensures that the catheter is placed at a 

specifi ed distance from the fundus, avoiding fundal contact;   
  (b)    U/S guidance may be helpful in uteri distorted by fi broids 

or patients with a prior cesarean section scar   
  (c)    The full bladder required for U/S guidance may help 

straighten the cervico-uterine angle in patients with a 
severely anteverted uterus   

  (d)    U/S guidance may be helpful in a training institution, as it 
offers real time feedback for both the trainee and instructor   

  (e)    U/S guidance provides the patient reassurance that the 
embryos are being delivered appropriately.   

  (f)    A 2010 Cochrane review of 17 RCTs comparing ultrasound 
and clinical touch method concluded that ultrasound 
increased ongoing clinical pregnancy rates (441/1,254 vs. 
350/1,218, odds ratio 1.38, 95 % CI 1.16–1.64,  p  < 0.0003) 
[ 18 ]. Two additional meta-analyses of RCTs have led to sim-
ilar conclusions [ 19 – 20 ]. Most studies included, however, 
are limited by markedly different embryo transfer techniques, 
lack of standardization of operator experience, low power 
and inadequate randomization.     

 Disadvantages of ultrasound may include the need for a second 
operator, a longer procedure time, and patient discomfort sec-
ondary to a full bladder and pressure from the probe.         
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    Chapter 26   

 Safety of Intracytoplasmic Sperm Injection 

           Gianpiero     D.     Palermo     ,     Queenie     V.     Neri    , and     Zev     Rosenwaks    

   Abstract 

   Early follow-up studies of IVF children showed that the frequency of birth anomalies resembled those 
arising with natural conception. More detailed analyses confi rmed these fi ndings, reinforcing the concept 
of the preimplantation period as teratologically “safe.” The use of intracytoplasmic sperm injection (ICSI) 
to achieve fertilization introduced another variable. 

 ICSI’s safety has often been criticized because the fertilizing spermatozoon neither binds to the zona 
pellucida nor fuses with oolemma. Bypassing these physiologic steps together with the arbitrary selection 
of the spermatozoon has been reason for concern. Thus far, ICSI offspring undergoing adolescence and 
beyond has provided suffi cient information to reassure these qualms. In fact, the health of the offspring 
generated through ICSI, once taken into consideration the gestational order, the age and the genetic 
makeup of the couples are generally reassuring.  

  Key words     ICSI  ,   IVF  ,   Children follow-up  ,   Assisted reproductive technologies  ,   Multiple gestation  , 
  Birthweight  ,   Gestational age  

1       Safety of ART 

    It is likely that well over fi ve million babies have been born 
worldwide using assisted reproductive technologies (ART) [ 1 ]. 
The most important aspect of ART is the generation of healthy 
offspring. Since IVF’s early days [ 2 ,  3 ], the long-term health of 
children born as a result of this procedure has been closely scruti-
nized. Though assisted reproduction treatments have rapidly 
become largely standardized worldwide, the greatest variation in 
ART procedures can be found in the use of different embryo culture 
media and media protein supplements; the adoption of a variety of 
different procedures for the collection, storage, and insemination 
of gametes; and the generation and storage of conceptuses. 

 Early follow-up studies of IVF children showed that the 
frequency of birth anomalies resembled those arising with natural 
conception [ 3 ]. More detailed analyses confi rmed these fi ndings, 
reinforcing the concept of the preimplantation period as 
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teratologically “safe.” The use of intracytoplasmic sperm injection 
(ICSI) [ 4 ] to achieve fertilization introduced another variable. 
ICSI’s safety has often been criticized because the fertilizing 
spermatozoon neither binds to the zona pellucida nor fuses with 
the oolemma. Calcium spiking and sperm decondensation in ICSI 
fertilizations are also peculiar, and the claim of the persistence of 
acrosomal vesicle may delay the decondensation of early paternal 
pronucleus [ 5 ]. Nevertheless, despite these apparent risk factors, 
birth anomaly rates were only slightly higher in children conceived 
via ICSI in follow-up studies [ 6 ]. 

 At present 2–4 % of children born in developed countries are 
conceived through ART [ 7 ,  8 ], with ICSI being the most effective 
means of treating couples with male factor infertility and previous 
fertilization failures. In fact, even spermatozoa collected from the 
epididymis and from the testis achieve comparable fertilization and 
consistent pregnancy rates when used in conjunction with this 
technique.  

2     Genetic Disease Concern 

 As more and more men with severe oligospermia or azoospermia 
become fathers via ART, the occasional association of these condi-
tions with karyotypic anomalies or Y-chromosome microdeletions 
has raised concerns as to whether ICSI facilitates the transmission 
of genetic defects to these patients’ offspring. For instance, a higher 
incidence of sperm aneuploidy in infertile men with secretory azo-
ospermia [ 9 – 12 ] is expected to produce a higher frequency of 
gonosomal abnormalities in the male progeny [ 13 ,  14 ], possibly 
because of meiotic defects surfacing during male germ line matura-
tion [ 15 ]. These offspring anomalies can also arise de novo, as was 
indicated from an in-house genetic assessment of 5-year-old ICSI 
children with a 3.6 % incidence of gonosomal abnormalities [ 16 ] 
compared with 0.15 % incidence in a naturally conceived popula-
tion [ 17 ]. In fact, based on current data and in agreement with the 
literature, it appears that a deletion in the AZF region of the Y 
chromosome presents in the male progeny alongside a compro-
mised ability to produce spermatozoa [ 10 ,  18 ]. 

 Expansion in the triplet repeat constituting the androgen 
receptor ( AR ) gene has also been linked with spermatogenetic 
defects [ 19 ]. However, our study confi rmed that its maternal 
transmission of the AR gene protects the male progeny generated 
by infertile men from inheriting a dysfunctional AR gene, and 
therefore from the gene’s eventual deleterious effect on spermato-
genesis [ 20 ]. 

 A different issue arises from the DNA fragmentation observed 
in suboptimal spermatozoa, which could affect embryo development 
and become a source of epigenetic disorders in phenotypically 
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normal offspring [ 21 ]. However, such fragmentation does not 
seem to preclude the establishment of a pregnancy [ 22 ,  23 ], which 
can possibly be attributed to the corrective role of single sperm 
selection in the ICSI procedure [ 24 ,  25 ].  

3     Follow-Up of Children Born After ART 

 Shorter gestations and lower birth weights have been noted in 
assisted reproduction pregnancies, irrespective of the conception 
method [ 26 ,  27 ] utilized. The basis for this could lie with the very 
factors that are involved in the parents’ infertility [ 28 ], the fact that 
a singleton may result from early in utero loss of a twin [ 29 ], or 
that Caesarian deliveries of ART babies are often performed at the 
slightest sign of fetal distress [ 30 ]. However, when we stratifi ed 
our data according to maternal age, singleton ICSI children had 
the same mean gestational age and birth weight as those conceived 
naturally [ 16 ]. Similarly, in the study of Lin et al. [ 31 ], levels of 
neonatal distress, NICU admission, and congenital malformations 
were comparable in both groups. 

 One unsettling investigation on the health of assisted repro-
duction offspring reported a twofold increase in major malforma-
tions [ 32 ]. However, this report failed to correct for maternal age, 
other patient characteristics [ 33 ], the presence of male factor infer-
tility [ 34 ], and in its abnormality classifi cation methods [ 35 ]. 

 Follow-up studies of ICSI children, beginning in the mid-
1990s, have revealed an incidence of malformations within the 
expected range for the general population of New York State [ 36 ]. 
Another series comparing singleton ICSI children that were 
matched for maternal age with naturally conceived children dis-
played no difference in neonatal outcomes [ 31 ]. A recent series 
investigating the outcomes of neonates generated by different 
assisted conception procedures, ICSI versus IVF with conventional 
fertilization, provided further confi rmation of the expected rate of 
malformation [ 37 ]. 

 Bowen and colleagues [ 38 ] evaluated the medical and devel-
opmental state of 1-year-old children born after ICSI or IVF as 
well as after natural conceptions. They found that most 1-year-old 
ICSI children were healthy and were developing normally, as mea-
sured by the Bayley Scales of Infant Development. However, about 
17 % displayed an increase in learning diffi culties compared with 
those conceived by IVF or naturally. A later report dismissing this 
concern in 2-year-old ICSI toddlers [ 39 ] inspired a follow-up 
study in 3 year olds. This age was chosen because mental develop-
ment scores collected at 2.5 years are more predictive of mental 
performance in later life [ 40 ]. Moreover, in screening for a larger 
number of children using parent-administered questionnaires, it 
was found that the great majority of the 3-year-old children 
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analyzed in the ICSI and IVF groups had normal cognitive abilities, 
socio-emotional development, and motor skill scores. This could 
not be confi rmed for children from high-order gestations, how-
ever, as more frequent cognitive delays are observed in this group 
than in children resulting from singleton pregnancies, regardless of 
the conception method [ 41 ]. Interestingly, ICSI children whose 
fathers’ spermatozoa were harvested surgically appeared to score 
better than those conceived with ejaculated spermatozoa [ 42 ]. In 
a German follow-up study of 5- and 10-year-old children, research-
ers found that the child's capacity in two different cognitive styles, 
sequential versus simultaneous mental processing, as measured by 
the Kaufman Assessment of Battery for Children, fell within the 
normal range for both IVF and ICSI children [ 43 ]. However, chil-
dren born after standard IVF had better simultaneous mental pro-
cessing than ICSI children ( P  < 0.005). In a different follow-up of 
10-year-old children, it was found that ICSI and their naturally 
conceived counterparts had similar motor skills and IQ [ 44 ]. 

 Because of the confounding role of multiple gestations, it was 
then decided to assess singleton births at 5 years of age as part of a 
multicenter international investigation. Although this study’s 
results revealed no differences in the full scale IQ between ICSI 
and naturally conceived children, parents of naturally conceived 
children surprisingly displayed higher levels of distress and dysfunc-
tional child interactions, and children appeared to be more diffi cult 
compared with those conceived by ICSI parents ( P  < 0.05) [ 45 ]. 
This study also revealed that ICSI children were indeed character-
ized by a lower birth weight ( P  < 0.05) and also by a higher pro-
portion of major malformations ( P  < 0.05) than their naturally 
conceived counterparts. The higher proportion of affected chil-
dren was concentrated in the Belgian surveys [ 13 ]. Another study 
comprising 1,500 children from fi ve European countries failed to 
show a higher incidence of major malformation in the assisted 
reproduction group compared with the naturally conceived group 
despite a clear difference in their parental age [ 46 ]. The same 
Brussels group evidenced a malformation rate of 10.0 % versus 
3.4 % in the same cohort of naturally conceived children once they 
reached 8 years of age [ 47 ]. These three additional malformations 
consisted of an inguinal hernia and two nevus fl ammeus that 
required only minor surgical corrections. Interestingly, when the 
same ICSI progeny were reassessed for physical and intellectual 
performances at 10 years of age, their state matched that of a 
similar natural conception group [ 44 ]. In another follow-up study, 
ICSI, IVF, and naturally conceived neonates were assessed for peri-
natal outcome, health, growth, and medical care needs. While the 
authors observed that ICSI and IVF children's developmental 
outcome were comparable, ICSI children had poorer perinatal 
outcome in comparison to their naturally conceived counterparts 
( P  < 0.05) [ 48 ]. A recent survey on neonates demonstrated that 
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ICSI children born after the use of surgically retrieved spermatozoa 
had, however, a higher incidence of cardiac defects in comparison 
to ICSI using ejaculated sperm and those that are spontaneously 
conceived [ 49 ].  

4     Epigenetic Concerns 

 Questions have been posed about the effect of embryo culture 
media on the health of assisted reproduction children and whether 
the extended embryo culture can induce imprinting disorders [ 50 ]. 
Some reports have claimed an association of Angelman syndrome 
with assisted reproduction; however, assessment of the q11–13 
locus of chromosome 15 has not revealed any methylation abnor-
malities. Although the inability to detect any methylation abnor-
malities in this locus may be attributed to some assay variability 
[ 51 ], a clear link between the occurrence of Angelman syndrome 
and Prader–Willi syndrome with assisted conception has not been 
confi rmed [ 52 ]. Thus, some studies claimed that the association of 
imprinting disorders and assisted reproduction is tentative and that 
use of ART carries an absolute risk that may be negligible [ 53 ]. 
Moreover, even in the loss of methylation/imprinting, parental 
alleles can retain their parent-of-origin-dependent specifi city, pos-
sibly through other epigenetic phenomenon such as histone modi-
fi cations [ 54 ]. The quantifi cation of the relative expression of some 
key developmental imprinted genes using fetal adnexa of assisted 
reproduction offspring revealed imbalances insuffi cient to cause 
any clinical manifestation [ 55 ]. 

 The fact that nonsymptomatic anomalies of gene expression 
are indeed present and detectable in placental tissues [ 56 ] of 
assisted reproduction offspring underscores the need to continue 
monitoring the infl uence of reproductive techniques on the con-
ceptus. These variations in gene expression have also been noted in 
a study of a transgenic mouse strain characterized by its high sensi-
tivity to oxidative insults, in which assisted conception procedures 
such as in vitro insemination or ICSI did not affect the phenotype 
in comparison with natural mating [ 57 ]. Although this study 
excludes the conception methods as being potentially responsible 
for altering offspring epigenetics, other common steps used in the 
assisted reproduction protocols need to be evaluated. While 
imprinting imbalances may be a consequence of simple embryo 
manipulations such as embryo transfer procedures, their incidence 
seems to be most dependent upon the in vitro culture used. 
In vitro culture appears to exert more serious imprinting imbal-
ances, characterized by loss of paternal methylation of H19 and 
consequent reduction in expression in the same allele of IGF2 [ 58 ]. 
H19 and IGF2’s interdependence results from the binding of 
the repressor factor CTCF (CCCTC-binding factor zinc fi nger 
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protein, human transcriptional repressor mRNA) to the unmethylated 
differential methylation regions (DMR), which then prevents the 
H19/IGF2 common enhancers from activating the IGF2 promoter 
[ 59 ,  60 ]. This contrasts with the normal scenario of a paternal 
allele, whose H19 is methylated and silenced, whereas the recipro-
cally linked IGF2 gene is actively transcribed. The Rivera study 
[ 58 ] reported that downregulation of H19 in the assisted repro-
duction population occurred without a concurrent overexpression 
of IGF2. Although this could be an occasional fi nding, it may point 
to a subliminal deleterious effect of the in vitro culture conditions 
on the preferentially expressed maternal genes H19 and CDKN1C. 
The observed downregulation of these genes was clearly isolated 
and insuffi cient to induce an upregulation of the preferentially 
expressed paternal genes, and therefore, was incapable of projecting 
their negative effect on the offspring phenotype. This minor imbal-
ance is confi rmed by the difference in the measurement of whole 
genome analysis and the distribution of gene expression. The two 
conception methods seem to share a comparable, analogous gene 
pattern that is somewhat different from naturally conceived children, 
also seen in the above-mentioned experimental work [ 57 ]. 

 A survey of 1,000 British families raising children affl icted with 
transient neonatal diabetes mellitus, Prader–Willi syndrome, 
Angelman syndrome, or Beckwith–Wiedemann syndrome showed 
that only the latter, where H19 downregulation plays a pivotal role, 
appeared to maintain an association with assisted reproduction [ 52 ]. 

 That the maternal genes H19 and CDKN1C are involved with 
imprinting disorders in assisted reproduction children independent 
of the insemination method suggests that the spermatozoon or the 
fertilization technique itself is not the main culprit. This, however, 
was not confi rmed during an analysis of moderate and severe oli-
gozoospermic men who displayed a loss of methylation of the H19 
gene [ 61 ]. Other authors observed methylation imbalances of 
paternal genes such as HUMARA and SNPRN during seminifer-
ous tubule spermatogenesis where a partial methylation of 
HUMARA in non- obstructive azoospermia was detected [ 62 ]. A 
later study established a complete loss of methylation of the pater-
nal H19 and a concurrent hypermethylation of paternally expressed 
MEST in men with spermatozoa concentration of ≤10 × 10 6 /ml 
[ 63 ]. These imprinting defects are identifi able in individuals with 
disrupted spermatogenesis and worsen in conjunction with the 
severity of the spermatogenic failure. Erroneous methylation of 
these genes could be due to the erasure of methylation marks dur-
ing germline development or could be acquired  de novo , either 
during the formation of the spermatozoa in the seminiferous 
tubules or through abnormal epididymal function [ 64 ]. This sug-
gests that genomic imprinting defects might underlie infertility by 
itself [ 63 ] again carrying a signifi cant risk of causing biallelic inac-
tivation of the IGF2 gene in the human embryo consequent to a 
biallelic expression of the linked H19. However, different patterns 
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of sperm methylation may occur in the same patient, allowing 
spermatozoa with severe imprinting errors to coexist with sperm 
with normal imprinting marks. This fact suggests that misregula-
tion leading to error in the establishment of imprinting marks is 
not necessarily widespread throughout the seminiferous tubules 
[ 63 ]. Accordingly, abnormal methylation patterns of imprinted 
genes in cases with disrupted spermatogenesis might be derived 
from different imprinting marks in the adult testicular germinal 
stem cell pool, from defects occurring during progenitor diploid 
germ cell expansion, or during haploid germ cell differentiation [ 63 ]. 
In fact, by analyzing methylation characteristics of SNRPN and 
H19 genes, other investigators did not confi rm the fi nding even in 
spermatogenetically compromised seminiferous tubules [ 65 ]. This 
is supported by the observation of these disorders in association 
with standard in vitro insemination, where spermatogenesis is pre-
sumably not compromised, and points at factors in play at concep-
tion or during early embryo development that may be attributable 
to the exposure to culture medium [ 58 ,  66 ,  67 ]. 

 On the other hand, since imprinting defects occur more 
 frequently as a function of the number of assisted reproduction 
cycles, hormonal treatments rather than laboratory procedures 
may be to blame [ 53 ,  68 ,  69 ]. This suggests that the main risk of 
epigenetic diseases after assisted reproduction might be oocyte-
related. This is consistent with the fi nding that the only identifi able 
common factor in 12 Beckwith–Wiedemann syndrome (BWS) 
children conceived by different reproductive techniques was ovar-
ian stimulation [ 53 ,  65 ,  70 ,  71 ]. In fact, in a case report of two 
BWS children born to the same parents, one child was conceived 
naturally (after exposure to ovarian stimulation) and one child via 
standard IVF. This case suggests that both infertility and ovarian 
stimulation are possible risk factors for imprinting disorders [ 72 ]. 

 Since some assisted reproduction procedures have been impli-
cated in various adverse outcomes of the offspring, basic research 
is required to elucidate the biological mechanisms underlying the 
genetic and epigenetic effects of assisted reproduction. In addition, 
it is important for clinicians to precisely record the assisted repro-
duction procedures including the stimulation protocol, method of 
embryo culture, culture media used, and timing of embryo trans-
fer. As it is not yet possible to precisely evaluate the consequences 
of assisted reproduction on imprinting, long-term, large-scale epi-
demiological projects and follow-up studies that could estimate the 
magnitude of the risks posed by assisted reproduction on human 
pregnancies are sorely needed. 

 While multiple case reports and case series have suggested an 
association between imprinting disorders and ART, recent cohort 
studies have failed to confi rm the association [ 73 ]. Taking all of 
these studies into consideration, the current data suggest an asso-
ciation between imprinting disorders and ART that carries a low 
absolute incidence risk.  
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5     Prepubertal and Pubertal Development 

 A British follow-up study of young ART children identifi ed that 
IVF and ICSI children were comparable to naturally conceived 
adolescents counterparts in terms of head circumference, height, 
and weight at any time point analyzed from birth, 5 years, 
7–9 years, and 10–12 years [ 74 ]. Results from another survey, 
completed by parents, suggested that 5- and 7-year-old ART chil-
dren had higher risks of respiratory problems characterized by 
asthma, wheezing, or taking anti-asthmatic medication when 
compared to children conceived naturally or after ovulation induc-
tion [ 75 ]. When Leydig cell function of pubertal boys aged 14 
years resulting from ICSI was assessed, either through venous 
puncture or saliva sampling, testosterone concentrations were 
comparable to naturally conceived boys [ 76 ,  77 ]. In another series 
of investigations, the same researchers monitored pubertal devel-
opment by Tanner stage (breast, genital, and pubic hair develop-
ment) and age at menarche, in singleton born ICSI boys and girls, 
and did not observe any obvious differences in sexual develop-
ment in ICSI adolescents compared to their 14-year- old sponta-
neously conceived counterparts, except for less pronounced breast 
development in ICSI females [ 78 ]. Finally, adiposity and body fat 
distribution were also measured in these 14-year-old adolescents. 
No differences in body composition measurements were found 
between ICSI and the control cohort. However, in boys with 
more advanced pubertal stages, there was a higher sum of periph-
eral skinfolds. In addition, the peripheral adiposity and body fat 
percentage of ICSI girls were signifi cantly higher than their spon-
taneously conceived counterparts [ 78 ]. 

 Overall, studies of children ranging from newborn to 14 years 
of age [ 43 ,  44 ,  47 ,  48 ,  74 – 77 ] have been reassuring in terms of 
perinatal outcome, IQ, and physical development [ 79 ]. Further 
follow-up on ICSI teenagers into adulthood should be continued 
to evaluate the reproductive capacity of these youngsters.  

6     Counseling Infertile Couples About Risks 

 Once the ART option is offered to a couple in our practice, choos-
ing a specifi c method of insemination is a complex decision because 
of the looming chances of failed fertilization due to subtle factors 
conferred by both gametes. This pressure on infertility specialists 
may induce them to bypass the academic approach and directly tar-
get a microinsemination method, as ICSI may spare the couple the 
emotional and fi nancial costs related to fertilization failure. While 
ICSI was developed to address specifi c defects of the male gamete, it 
is now mastered worldwide and is effective in a variety of contexts. 
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 ICSI is equally effective with fresh or frozen sperm specimens 
as well as ejaculated or surgically retrieved spermatozoa. Further, 
the procedure’s utility is independent of the characteristics of the 
semen parameters or the presence of antisperm antibodies. 

 Moreover, ICSI’s dependability has broadened its initial use 
from a technique capable of overriding the dysfunctionality of 
spermatozoa to one that may partly compensate for problems with 
the egg. Indeed, ICSI has allowed successful fertilizations when 
only few and/or abnormal oocytes were available because it allows 
direct visualization of oocyte maturation by stripping cumulus cells 
from the oocytes. In fact, the availability of ICSI has been instru-
mental in some European countries, including Italy and Germany, 
in circumventing restrictive legislation that limits the number of 
oocytes inseminated or embryos to be replaced. 

 ICSI has also been instrumental in fertilizing cryopreserved 
oocytes which otherwise are resistant to natural sperm penetration 
due to zona pellucida hardening resulting from premature exocytosis 
of cortical granules. Furthermore, ICSI is the preferred  conception 
method during the application of preimplantation genetic diagnosis 
since it avoids contamination of the zona with sperm DNA, thus 
increasing the number of embryos available for screening. 

 Moreover, ICSI has an impact in the arena of HIV infection. 
While many patients infected with HIV-1 show interest in beginning 
a family, most serodiscordant couples are concerned with the 
possibility of both horizontal and vertical transmission of the virus. 
In such cases, intrauterine insemination with spermatozoa pro-
cessed by double gradient centrifugation followed by swim up has 
been the suggested method of treating serodiscordant couples 
with an HIV-1 infected male partner. The use of ICSI in this 
context has been proposed by several groups because of its 
negligible oocyte exposure to semen, thereby reducing the risk of 
viral transmission. 

 ICSI has been so effective, in fact, that we can now use any 
spermatozoa collected from different sources within the male 
reproductive system, can be less concerned about the presence of 
antisperm antibodies and sperm preparation method utilized, and 
even disregard morphology, acrosome presence, abnormal chro-
matin packing, or the lack of a complete fl agellum or display poor 
motility. ICSI’s use seems destined only to increase, particularly 
with the introduction of streamlined and automated approaches to 
in vitro insemination. 

 It is because of ICSI that we reap most of the benefi ts related 
to this entirely different way of generating a conceptus. In fact, 
the removal of the cumulus cells to allow sperm injection offers a 
window to assess the maturity of oocytes and pinpoint the exact 
timing of fertilization’s beginning. This also provides us with 
information on the effi cacy of specifi c ovarian stimulation proto-
cols, which may be particularly helpful as we strive to reduce the 
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stress to the ovary and minimize the number of oocytes retrieved 
while optimizing their quality. Abnormal ICSI fertilizations have 
helped us to shed light on the inheritance of the centrosome, as 
previously elucidated. 

 ICSI has been invaluable in understanding the mechanism of 
oocyte activation, whether due to ooplasmic asynchrony or a lack 
of spermatozoal cytosolic factor. The use of ICSI has generated a 
great deal of concern since it may increase the risk of transmitting 
genetic diseases to the offspring, as confi rmed by studies reporting 
on the higher incidence of sex chromosomal aneuploidy of pater-
nal origin and structural  de novo  chromosomal abnormalities in 
children conceived after ICSI compared to the general population. 
These reports indicated that men with spermatogenic impairment 
due to a primitive testiculopathy have an increased sperm 
aneuploidy rate, which negatively correlates with the main sperm 
parameters despite a normal somatic karyotype. This suggests that 
the  noxae  acting at the testicular level not only impairs spermato-
genesis but also affects the molecular mechanisms involved in 
chromosomal segregation. 

 In spite of these unsettling implications, ICSI offspring result-
ing from a singleton pregnancy are in general reassuringly healthy. 
Normal, healthy offspring also result when surgically retrieved 
samples or when scarce sperm cells with “prohibitive” morphology 
are injected. 

 It is our belief that during consultation with infertile couples 
presenting with borderline semen parameters, where there are 
dubious chances of fertilizing a conceptus, or when it is foreseen 
that the individuals may not be able to emotionally handle an 
unexpected fertilization failure, ICSI should not be denied. As in 
all aspects of medicine the counseling begins with the description 
of the side effects of medications, the surgical risks linked to egg 
retrieval, and the possibility of transmission of genetic disorders 
(even if currently unknown to the prospective parents) related to 
the oocyte or the sperm. Nonetheless, the chances of a  de novo  
appearance of a disorder resulting from the syngamy of the two 
parental gametes should also be discussed. The concerns related to 
the health of ICSI offspring are not linked to the procedure itself, 
but mostly to the genetic or epigenetic conditions of the parents 
that is later expressed through the union of their gametes. 

 In summary, the most important factor that can lead to adverse 
outcomes in offspring conceived by IVF or ICSI is the occurrence 
of high-order pregnancies. However, the introduction of single 
embryo transfer has reduced this considerably. Although perinatal 
outcomes such as prematurity, low birth weight, perinatal mortal-
ity, and increased incidence of malformations have been linked to 
the techniques of IVF and ICSI, infertility itself seems to be the 
larger issue that leads to negative clinical outcomes. Overall, no 
signifi cant long- term neurodevelopmental differences have been 
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found in connection with ART, though the risks associated with 
childhood cancer and future fertility still require further 
investigation.     
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    Chapter 27   

 Human Germ Cell Differentiation from Pluripotent 
Embryonic Stem Cells and Induced Pluripotent Stem Cells 

           Jose     V.     Medrano    ,     Carlos     Simon    , and      Renee     Reijo     Pera    

    Abstract 

   Although 10–15 % of couples are infertile, little is known of the diverse, underlying pathologies in men 
and women with poor germ cell production; furthermore, for those with few or no high-quality germ cells, 
there are few options available for treatment. Thus, over the last decade, concerted efforts have been aimed 
at developing a biological system to probe the fundamentals of human egg and sperm production via 
pluripotent stem cell cells with the hopes of informing clinical decisions and ultimately providing alterna-
tive methods for therapy which may include developing a source of germ cells ultimately for reproductive 
purposes.  

  Key words     Pluripotent embryonic stem cells  ,   Induced pluripotent stem cells  ,   Germ cell differentiation  , 
  Feeder-free culture of hESCs and iPSCs  ,   Lentiviral transduction and differentiation  ,   Flow cytometry  , 
  FISH  ,   Synaptonemal complex formation  

1       Introduction 

 Historically, the quality of life of infertile couples has been greatly 
diminished by the loss of opportunity to conceive; however, in 
recent years, novel clinical interventions such as intracytoplasmic 
sperm injection have dramatically changed the outlook for some 
couples, particularly those with severe forms of infertility [ 1 ]. 
In parallel with clinical successes, there have also been ground- 
breaking scientifi c advances including sequencing of the human 
genome, derivation of human embryonic stem cell (hESC) lines, 
and reprogramming of adult human somatic cells to pluripotency 
[ 2 – 6 ]. Together, these advances now allow us to overcome two 
historically insurmountable limitations in studies of human germ 
cell (egg and sperm) differentiation: the  inaccessibility  of early 
human development to exploration and manipulation and the 
 genetic - intractability  of the genome during development. 

 From a basic science point of view, there are several unique 
aspects to human germ cell development that merit investment in 
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understanding human development per se: First, genes and dosages 
required for human germ cell development differ from those of 
mice, including both autosomal and sex chromosomal genes and 
dosages [ 7 – 13 ]. Second, humans are rare among species in that 
infertility is common, with half of all cases linked to faulty germ 
cell development [ 14 ]. Moreover, pathologies associated with 
meiotic errors are numerous in humans relative to other species, 
with errors in meiotic chromosome segregation occurring in as 
many as 5–30 % of human germ cells depending on sex and age [ 15 ]. 
This is in contrast to frequencies of ca. 1/10,000 cells in yeast, 
1/1,000 cells in fl ies, and 1/100 cells in mice. With recent 
advances, we now have the ability to incorporate new strategies in 
order to examine the specifi cs of human germ cell development. 
This will allow us to derive full benefi t from the wealth of data 
from model systems such as the fl y and the mouse to begin to 
understand the complex genetics of human germ cell formation 
and differentiation. In seeking to understand germ cell biology, we 
also acknowledge that the ability to contribute to the germ line is 
a fundamental property that distinguishes pluripotent stem cells. 
For example, Han and colleagues recently demonstrated that by 
addition of a 5th factor to the commonly used 4 factor mixture for 
reprogramming, ability to contribute to the germ line was signifi -
cantly increased [ 16 ]. This was in spite of the fact that iPSCs 
derived from 4 factor-reprogramming were indistinguishable from 
standard iPSCs or mESCs in gene expression and markers of pluri-
potency. Thus, recent research allows us to address fundamental 
questions regarding our germ line origins, function, and pathology 
and lays the groundwork for designing rational therapeutics and 
diagnostics to inform clinical decisions based on data obtained from 
model organisms, human genetic studies and direct experimental 
analysis of human germ cells. It also contributes to the related fi eld 
of pluripotent stem cell biology and regenerative medicine. 

 In spite of the obvious need for information regarding human 
germ cell development, most of our knowledge of germ cell devel-
opment derives from studies of model organisms over the last 
decades [ 17 ]. Yet, it is often diffi cult to translate data from model 
systems to human germ cell development, given the lack of com-
parative data on human development. Thus, it is critical that we 
shift the current research paradigm and use the vast array of tools 
and knowledge derived from other systems to focus on human 
germ cell development. To accomplish this, we can build upon 
knowledge of mechanisms that act to form and differentiate germ 
cells in  Drosophila  and the mouse [ 18 – 21 ]. In addition, we can 
combine our knowledge of the genetics of human infertility, 
 especially as it is related to decades-old questions regarding the sex 
chromosomes, with fundamental principles of stem cell biology to 
develop an innovative scientifi c platform that is capable of addressing 
questions regarding gene function via classical genetic means 
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(natural mutations, complementation, suppressor analysis, and 
epistasis) on a human genome background [ 9 ,  22 – 31 ]. We can 
also shift the paradigm of clinical practice by ultimately providing a 
platform for pharmaceutical, genetic, and environmental testing 
and contributing to a vision of the day when we may intervene to 
preserve and/or restore fertility of men and women. 

 Previous studies have resulted in the development of hESC- 
based tools that allowed us to conduct the fi rst direct genetic analysis 
of human germ cell development. Studies indicated that germ cell 
formation, maintenance and differentiation through meiosis could 
be modulated via expression of  DAZ ,  DAZL , and  BOL  [ 32 ,  33 ]. 
However, clearly the ability to interrogate gene function is limited 
to simple genetics with hESCs and the use of morpholinos or 
siRNA; thus, subsequent studies focused on new approaches 
based on iPSCs (induced pluripotent stem cells) [ 34 ]. Classically, 
pluripotent stem cells have been derived from the inner cell mass, 
are capable of contributing to all three germ layers, as well as the 
germ line, and are characterized by specifi c cell markers, epigenetic 
and genetic status, and growth requirements [ 2 ,  35 – 37 ]. However, 
more recently, cells with extensive similarities to hESCs have been 
derived via reprogramming of skin fi broblasts [ 4 – 6 ]. By introducing 
a cocktail of transcription factors, somatic cells can be repro-
grammed to an ESC-like fate. Although molecular details of repro-
gramming have not been well described, human iPSCs may provide 
an optimal system to probe the genetics of human infertility and 
ultimately obtain functional germ cells. Although many obstacles 
remain, much progress has been made in differentiating germ cells 
from both induced pluripotent stem cells and human embryonic 
stem cells in the last 5–10 years. Here, we describe the state of the 
art in germ line differentiation from pluripotent stem cells.  

2     Materials 

 Below we outline the methods used most commonly and success-
fully to differentiate pluripotent human stem cell lines to the germ 
cell lineage; note that we include differentiation via overexpression 
of germ cell-specifi c genes ( DAZ ,  DAZL ,  BOULE , and  VASA ). 
Methods can be modifi ed for expression of other genes, testing 
of signaling factors or peptides, or spontaneous differentiation; 
methods are based on previous studies [ 32 ,  34 ,  38 – 41 ] and unpub-
lished data (Medrano-Plaza, Simon, and Reijo Pera). 

      1.    Powder porcine skin gelatin (Sigma).   
   2.    Inactivated mouse embryonic fi broblasts (MEF) in passage 3–5.   
   3.    Established human embryonic stem cell (hESC)/human 

induced pluripotent stem cell (iPSC) lines in a passage number 
between 15 and 55.   

2.1  Reagents and 
Chemicals
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   4.    MEF medium: DMEM high glucose (Invitrogen) supple-
mented with 10 % fetal bovine serum (Hyclone), 2 mM 
  L - glutamine  (Invitrogen), and 1 % Penicillin/Streptomycin 
(Invitrogen).   

   5.    hESC maintenance medium: DMEM/F12 supplemented with 
20 % KnockOut serum replacer, 2 mM  L -glutamine, 0.1 mM 
nonessential amino acids, 10 ng/mL basic FGF (Invitrogen), 
and 0.1 mM 2-mercaptoethanol (Millipore).   

   6.    Powder collagenase type IV (Invitrogen).   
   7.    Matrigel growth factor reduced (BD Biosciences).   
   8.    High titer DAZ2, DAZL, BOULE, and VASA expression 

 lentivirus supernatants (if overexpression is desired).   
   9.    High titer pLVGV (VASA-GFP) lentivirus supernatant.   
   10.    Polybrene (Millipore).   
   11.    PBS-Ca 2+ -Mg 2+  (Invitrogen).   
   12.    Differentiation medium: DMEM/F12 supplemented with 

20 % fetal bovine serum (Hyclone), 2 mM  L -glutamine, 
0.1 mM nonessential amino acids (Invitrogen), and 0.1 mM 
2-mercaptoethanol (Millipore).   

   13.    Blasticidin (Invitrogen).   
   14.    Geneticin (Invitrogen).   
   15.    Trypsin 0.05 % (Invitrogen).   
   16.    Absolute ethanol (Panreac).   
   17.    DNA staining buffer (0.2 mg/mL RNase A (Sigma) and 

0.02 mg/mL propidium iodide (PI) (Invitrogen) in BD Perm/
Wash buffer (BD Biosciences)).   

   18.    Hypoextraction buffer (30 mM Tris (Sigma), 50 mM Sucrose 
(Sigma), 17 mM Citric acid (Sigma), 5 mM EDTA (Invitrogen), 
two tablets of Complete Mini (Roche); pH 8.2).   

   19.    Paraformaldehyde (PFA) 4 % (Sigma).   
   20.    Photo-Flo (KODAK).   
   21.    Blocking solution (4 % goat serum (Sigma) in 1 % BSA (Sigma), 

0.1 % Tween-20 (Sigma) in PBS (Invitrogen)).   
   22.    Rabbit polyclonal anti-SCP3 primary antibody (Novus 

Biologicals).   
   23.    Mouse polyclonal anti-CENPA antibody (Abcam).   
   24.    Goat anti-rabbit Alexa 594 secondary antibody (Invitrogen).   
   25.    Goat anti-mouse Alexa 488 secondary antibody (Invitrogen).   
   26.    ProLong Gold antifade reagent with DAPI (Invitrogen).   
   27.    Carnoy’s fi xative (1:3 acetic acid–methanol).   
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   28.    Cytoplasm wash buffer (50 μg/mL pepsin in 0.01 N HCl).   
   29.    FISH hybridization mixture 1× (7 μL CEP hybridization buf-

fer, 1 μL CEP 18 (D18Z1) SpectrumOrange probe, 1 μL CEP 
16 (D16Z3) SpectrumGreen probe, 1 μL CEP 16 (DYZ1) 
SpectrumAqua probe) (Vysis, Abbott Molecular).   

   30.    Rubber cement.   
   31.    Formamide.   
   32.    20× saline–sodium citrate (SSC) buffer (Sigma).      

      1.    T175cm 2  culture fl asks (Falcon, BD Biosciences).   
   2.    6-well plates (Falcon, BD Biosciences).   
   1.    Micropipettes and plastic tips (2.5, 10, 20, 200, and 1,000 μL).   
   2.    Serological pipettes (2, 5, 10, 25, and 50 mL).   
   3.    Culture incubators with humidity and CO 2  % control.   
   4.    Plastic or rubber cell scrapers (e.g., “policeman”).   
   5.    Biosafety level 2 (BL2) work area with a culture laminar fl ow 

hood.   
   6.    Stereomicroscope.   
   7.    Cell strainer, 30 μm (BD Biosciences).   
   8.    Hemocytometer.   
   9.    Inverted microscope with phase-contrast optics.   
   10.    Fluorescence activated cell sorting system.   
   11.    Cytospin centrifuge with adapters and Cytospin slides (Thermo 

Scientifi c).   
   12.    Staining Coplin cuvettes.   
   13.    Water bath.   
   14.    Thermoplate.   
   15.    Fluorescence microscope.   
   16.    Cell counter.      

      1.    Autoclave.   
   2.    Precision balances.   
   3.    Cell culture laminar fl ow hood.   
   4.    Centrifuges.   
   5.    Forceps.   
   6.    Informatics equipment.   
   7.    Filtration apparatus.   
   8.    First aid kits.   
   9.    Heating blocks and warming plates.   

2.2  Equipment 
and Consumables

2.3  Other Essential 
Laboratory Equipment 
and Supplies
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   10.    Ice bucket.   
   11.    Lab furniture low VOC emission.   
   12.    Liquid nitrogen tank.   
   13.    Refrigerator (4 °C) and freezer (−20 and −80 °C).   
   14.    pH meter.   
   15.    Timer and stopwatch.   
   16.    Vortex mixers.   
   17.    Purifi ed water supply or molecular grade bottled water.   
   18.    Biohazard disposal bags and containers.   
   19.    Disk fi lter units.   
   20.    Gloves.   
   21.    Protective goggles.   
   22.    Lab coats.   
   23.    Laboratory glassware.   
   24.    Microscope slides and coverslips.   
   25.    Test tubes and racks.       

3     Methods 

       1.    Coat T175 cm 2  culture fl asks with 5 mL of 0.1 % gelatin 
(diluted in water) and incubate for 30 min at 37 °C.   

   2.    Remove gelatin from fl asks and add 20 mL of MEF medium to 
each fl ask.   

   3.    Gently thaw inactivated MEFs and resuspend them in 10 mL 
MEF medium.   

   4.    Centrifuge the cells at 200 ×  g  for 5 min at room temperature, 
discard supernatant and resuspend cell pellet in MEF medium 
in order that cell concentration is 3,000,000 cells/mL.   

   5.    Seed 1 mL of the fi broblasts cell suspension per fl ask, in order 
that the cell density reaches approximately 17,000 cells/cm 2 . 
Incubate the fl asks overnight at 37 °C, 5 % CO 2 .   

   6.    The next day, remove MEF medium from fl asks, wash with 
PBS, and add 40 mL of hESC medium.   

   7.    During the next 5 days, collect conditioned hESC medium 
from fl asks and replace it by fresh hESC medium every 24 h. 
The conditioned hESC medium can be frozen down at −20 °C 
and stored for up to 6 months.   

   8.    When ready to use, thaw conditioned medium, fi lter it through 
a 0.22 μm pore diameter membrane system and add βFGF to a 
fi nal concentration of 10 ng/mL.      

3.1  Cell Culture 
of hESCs and iPSCs, 
Transduction, and 
Differentiation

3.1.1  Preparation 
of Conditioned Medium 
for Feeder-Free Culture 
of hESCs and iPSCs
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      1.    To prepare Matrigel-coated plates, slowly thaw a 1 mL 
Matrigel aliquot at 4 °C to avoid the formation of gel and 
dilute it in 49 mL of cold DMEM/F12 (dilution 1:50). Then 
add 1 mL of Matrigel solution to coat each well of 6-well 
plates.   

   2.    Incubate the plates for 1 h at room temperature or overnight 
at 4 °C (Matrigel coated plates can be stored at 4 °C up to 
2 weeks before use).   

   3.    To passage hESC/iPSC colonies to the feeder-free culture on 
Matrigel, aspirate medium from a 6-well plate with ready to 
passage colonies and add 1 mL of collagenase type IV (1 mg/
mL diluted in DMEM/F12) per well. Incubate plates at 37 °C 
for 10–15 min. Check colony morphology every 5 min during 
collagenase incubation in order to stop reaction when the edge 
of the colonies start to detach.   

   4.    Remove the collagenase and add 2 mL of fresh hESC medium 
per well.   

   5.    Gently detach colonies with a cell scraper and collect them into 
15 mL centrifuge tubes. Dissociate the cells into small clusters 
of 100–500 cells with gentle pipetting.   

   6.    Let the cells to settle down for 5 min in order to remove the 
supernatant with fi broblasts, and resuspend the cell pellet with 
colonies in conditioned medium.   

   7.    Remove Matrigel from coated plates, wash with PBS twice and 
add 3 mL of the clump suspension in conditioned medium per 
well (optimal colony density should be 60–80 colonies per well 
of a 6-well plate). Return plates to the incubator. Shake the 
plates left to right and back to front to distribute cell clumps 
inside the wells.   

   8.    Change conditioned medium of plates every day and remove 
spontaneously differentiated areas mechanically during the 
next 2–4 days. When the confl uence inside the wells is around 
50 % the cells are ready for the lentiviral transduction.      

   Note: Because we are manipulating biohazardous virus, this part 
of the protocol should be performed in a Biosafety Level 2 (BL2) 
work area. 

    1.    For the ectopic expression of germ cell related RNA-binding 
proteins, thaw a vial of high titer lentiviral supernatant of 
DAZ2, DAZL, BOULE, and VASA. For the Analysis of the 
potential of pluripotent cell lines to form germ cells via VASA-
GFP FACS, thaw a vial of high titer lentiviral supernatant of 
pLVGV.   

   2.    Remove conditioned medium from wells and add 250 μL of 
each lentiviral supernatant to a fi nal volume of 1 mL per well 

3.1.2  Feeder-Free 
Culture of hESCs and 
iPSCs for the Lentiviral 
Transduction

3.1.3  Lentiviral 
Transduction and 
Differentiation
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(DAZ2 gene is located at the Y chromosome and is not present 
in female cell lines, so in these cell lines infection should be 
done with 250 μL of each VASA, DAZL, and BOULE viral 
supernatant, replacing the 250 μL of DAZ2 supernatant by 
conditioned medium). For the pLVGV transduction, use 
directly 1 mL of viral supernatant per well.   

   3.    Add polybrene to a fi nal concentration of 8 μg/mL.   
   4.    Incubate plates at 37 °C, 5 % CO 2  for 6 h.   
   5.    Add 2 mL of conditioned medium to each well (dilution of viral 

supernatant 1:3) and incubate overnight at 37 °C, 5 % CO 2 .   
   6.    The next day, remove viral supernatants from wells and wash the 

at least twice with 4 mL of PBS per well in order to completely 
remove viruses. Once you have completely removed the virus 
supernatants, you can move your plates back to the standard 
tissue culture lab.   

   7.    To let the cells recover from the lentiviral infection, add 3 mL 
of fresh conditioned medium per well and incubate overnight 
at 37 °C, 5 % CO 2 .   

   8.    The next day, start selection of resistant infected cells by adding 
blasticidin to a fi nal concentration of 2 μg/mL in conditioned 
medium during the next 3 days with media changes every day 
in the wells transduced with the ectopic expression lentiviruses. 
For the wells transduced with pLVGV, the selection antibiotic 
is 200 μg/mL geneticin during 7 days, followed by an addi-
tional passage of cells without antibiotic in order to let them 
recover from the treatment. Because the effi ciency of transduc-
tion in hESCs and iPSCs is low, it is normal that a signifi cant 
portion of cells start to die and detach starting on day 2 of 
selection and during the next 3–5 days. Also, these selection 
treatments are based in our titration experiments with our cell 
lines, but maybe different cell lines can show a different 
response to the antibiotics, so we recommend to perform new 
titration experiments if different cells lines are going to be 
tested.   

   9.    Once fi nished the selection period, replace the conditioned 
medium of wells by differentiation medium and keep the 
cells on this medium during the next 2 weeks with media 
changes every 2–3 days. During the spontaneous differentia-
tion, cells will change their typical morphology of small 
round cells growing in colonies and start to form different cell 
types with mesenchymal, fi broblast and epithelial morphology 
(Fig.  1 ). Check daily the morphology change and GFP fl uores-
cence of differentiating cells in order to detect any signifi cant 
change.
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              1.    Remove differentiation medium and wash the wells with 
PBS- Ca 2 + -Mg 2+  twice.   

   2.    Add 500 μL of trypsin 0.05 % to each well and incubate for 
10 min at 37 °C.   

   3.    Stop reaction by adding 2 mL of differentiation medium and 
harvest the cells still attached to the bottom of the well by 
fl ushing.   

   4.    Filter cell clumps through a 30 μm cell strainer in order to 
obtain a single cell suspension without any cell clump. Collect 
cells in 15 mL centrifuge tubes.   

   5.    Centrifuge cells at 200 ×  g  for 5 min at room temperature.   
   6.    Discard supernatant, count cells and resuspend cell pellet 

with differentiation medium to a fi nal concentration of 0.5–1 
million of cells/mL.   

   7.    Put tubes on ice during the next steps in order to maintain cells 
alive during the fl ow cytometer set up (Fig.  2 ).

       8.    Before starting the FACS of VASA-GFP positive and negative 
cells, it is necessary to apply several gates to the cell suspension 
in order to improve the sorting:
   (a)    Set the voltage and gain of the forward and side scatter in 

order to visualize the cell population in a dot plot repre-
senting size (linear forward scatter) versus complexity 

3.2  Analysis 
of the Potential 
of Pluripotent Cell 
Lines to Form Germ 
Cells Via VASA-GFP 
Fluorescence 
Activated Cell Sorting 
(FACS)

  Fig. 1    Morphology of undifferentiated H9, HSF1, iPS(IMR90), and iHUF4 cell colonies routinely cultured on MEFs 
and cells differentiated as adherent culture for 14 days. After 14 days of differentiation, cultures appear confl uent, 
with cell morphology distinct from the undifferentiated cells for all the cell lines (from Panula et al. [ 34 ])       
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(linear side scatter). In this graph, set a gate (G1) that contains 
most of cells excluding too small events (cell debris).   

  (b)    Create a second plot showing the G1 population in 
the linear forward-high scatter versus the linear forward-
wide scatter and set the gate G2 in the area that contains 
the events in the linear population in order to exclude 
 possible doublets (upper side) and cell debris (lower side). 
This G2 gate contains the working cell population to sort.   

  (c)    Create a plot showing the G2 population in the logarithmic 
red detector versus the logarithmic green detector. In the 
negative control population transduced with the empty len-
tiviral backbone, autofl uorescence in the red and green 
detectors increases linearly with the size and complexity of 
cells. However, when a subset of cells in the whole popula-
tion expresses GFP under the control of the VASA pro-
moter, a cloud of events will move out of the linear 
autofl uorescence zone to the green fl uorescence. Alternative, 
you can just create a gate with the linear forward scatter 
versus the logarithmic green detector and compare the 
transduced cells with their non-GFP transduced controls to 
discriminate GFP positive cells.       

   9.    Set a gate that comprises the linear autofl uorescence area (GFP 
negative population) and another one for the cloud of events out 
of the linear area moved to the green detector (GFP positive 
population), and sort them in different collection tubes. In our 
hands, different cell lines have different potential with an expected 
effi ciency that ranges between 1 and 10 % of VASA- GFP positive 
cells. The percentage of GFP positive cells is indicative of that 
since the GFP is expressed under control of the germ line specifi c 
VASA promoter. Different cell lines could have different poten-
tial to form germ cells. Additionally, sorted cells can be moved 
back to culture conditions, or be subjected to gene and protein 
expression analysis, as well as other analytic techniques in order 
to confi rm their germinal identity.      
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  Fig. 2    Schematic representation of the setup protocol for the VASA-GFP fl ow cytometry sorting       
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      1.    Remove differentiation medium and wash the wells with 
PBS- Ca 2 + -Mg 2+  twice.   

   2.    Add 500 μL of trypsin 0.05 % to each well and incubate for 
10 min at 37 °C.   

   3.    Stop reaction by adding 2 mL of differentiation medium and 
harvest the cells still attached to the bottom of the well by 
fl ushing.   

   4.    Filter cell clumps through a 30 μm cell strainer in order to 
obtain a single cell suspension without any cell clump. Collect 
the cells in 15 mL centrifuge tubes.   

   5.    Centrifuge the cells at 200 ×  g  for 5 min at room temperature.   
   6.    Discard supernatant, count the cells, and resuspend cell pellet 

in ice-cold ETOH 70 %.   
   7.    Incubate the cells for 45–60 min at room temperature in order 

to fi x them.   
   8.    Centrifuge the cells at 200 ×  g  for 5 min at room temperature.   
   9.    Discard supernatant, wash with PBS, and repeat the 

centrifugation.   
   10.    Discard supernatant and resuspend the cells in DNA staining 

buffer (0.2 mg/mL RNase A and 0.02 mg/mL propidium 
iodide in BD Perm/Wash buffer containing saponin and FCS) 
at a fi nal concentration of 0.5–1 million of cells/mL.   

   11.    Incubate the cells protected from light at 37 °C for 30 min. 
Keep the cells protected from light also during the cytometer 
set up (Fig.  3 ).

       12.    Before starting the fl uorescence activated cell sorting (FACS) 
of VASA-GFP positive and negative cells, it is necessary to 
apply several gates to the cell suspension in order to improve 
the sorting:
   (a)    Set the voltage and gain of the forward and side scatter in 

order to visualize the cell population in a dot plot repre-
senting size (linear forward scatter) versus complexity (lin-
ear side scatter). In this graph, set a gate (G1) that contains 
most of cells excluding too small events (cell debris).   

  (b)    Create a second plot showing the G1 population in the 
linear PI detector versus the linear PI-wide scatter and set 
the gate G2 in the area that contains the events in the 
linear population in order to exclude possible doublets 
(upper side) and cell debris (lower side). This G2 gate 
contains the working cell population to sort.       

   13.    Create a histogram showing the G2 population in the linear PI 
detector. Typical diploid cycle shows two peaks representing the 
G 1  (2N, 1C) and G 2  (2N, 2C) phases with a valley representing 
the cells in mitosis/S phase.   

3.3  Flow Cytometry 
Sorting of Cells by 
Their DNA Content

Human Germ Cell Differentiation from Pluripotent Embryonic Stem Cells…



574

   14.    Using a PI-labeled sperm sample as a positive 1N control, set 
the gates that comprise the putative 1N and 2N cells and sort 
them into different collection tubes. Expected effi ciency of hap-
loid cells is between 0.5 and 2 % in our experiments performed 
with different hESC/iPSC lines. Sorted cells can be subjected 
to further analysis to determine their ploidy.      

       1.    Collect and gently resuspend by pipetting up and down single 
cells in 1 mL of fresh prepared hypoextraction buffer (30 mM 
Tris, 50 mM Sucrose, 17 mM Citric acid, 5 mM EDTA, two 
tablets of Complete Mini (Roche); pH 8.2) at a concentration 
of 100,000 cells/mL.   

   2.    Place tubes containing cell suspensions on ice and incubate for 
5 min.   

   3.    Load 100 μL of the cell suspension onto a Cytospin slide and 
centrifuge at 800 rpm for 3 min in a Cytospin centrifuge.   

   4.    Remove the Cytospin adapter. Immediately place the slides 
into a humid chamber and fi x the cells in 4 % PFA for 15 min 
at room temperature.   

   5.    Drip off the PFA and rinse once with PBS.   
   6.    Permeabilize the cells with 0.04 % Photo-Flo (KODAK) in 

PBS for 5 min at room temperature.   
   7.    Drip off the Photo-Flo and incubate the slides in blocking 

solution (4 % goat serum in 1 % BSA, 0.1 % Tween-20 in PBS) 
for 30 min at room temperature.   

   8.    Incubate with primary antibodies Rabbit polyclonal anti-SCP3 
primary antibody (1:1,000 dilution) and Mouse polyclonal 

3.4  Meiotic 
Progression Analysis 
by FISH and 
Synaptonemal 
Complex Formation

3.4.1  Synaptonemal 
Complex Formation 
Analysis by Nuclear SCP3 
Staining Pattern
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anti-CENPA antibody (1:500 dilution) for 2 h at room 
temperature in the same blocking solution.   

   9.    Wash the slides with PBS + 0.1 % Tween-20 for 5 min at room 
temperature, three times.   

   10.    Incubate with secondary antibodies Goat anti-rabbit Alexa 
594 and Goat anti-mouse Alexa 488 for 1 h protected from 
light.   

   11.    Wash the slides with PBS + 0.1 % Tween-20 for 5 min at room 
temperature, three times.   

   12.    Mount coverslips with ProLong Gold antifade reagent with 
DAPI. Dry overnight.   

   13.    Analyze the synaptonemal complex formation under fl uorescence 
microscope. CENPA (green) would be helpful to co- localize 
chromosomic centromeres inside the nucleus. Punctuated SCP3 
signal (red) indicates that cells are in an early meiotic stage 
(leptotene stage of prophase I). In the other hand, an elongated 
SCP3 staining pattern inside the nucleus is indicative of progres-
sion through zygotene, pachytene, or diplotene meiotic prophase 
I stages (Kee et al., 2009) (Fig.  4 ).

             1.    Load 100 μL from a cell suspension of 100,000–200,000 
cells/mL onto a Cytospin slide and centrifuge at 800 rpm for 
3 min in a Cytospin centrifuge.   

3.4.2  Fluorescent In Situ 
Hybridization (FISH)

  Fig. 4    Representative SCP3 staining patterns for the different stages of meiotic prophase I. Punctuated SCP3 
signal indicates that cells are in an early meiotic stage (leptotene stage of prophase I). On the other hand, an 
elongated SCP3 staining pattern inside the nucleus is indicative of progression through zygotene, pachytene, 
or diplotene meiotic prophase I stages (Kee et al. [ 32 ])       
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   2.    Remove the Cytospin adapter and immediately fi x cells in 
glacial Carnoy’s fi xative solution (1:3 acetic acid–methanol). 
Let the fi xative dry for 5 min at room temperature. At this 
point, slides can be stored at −20 °C to resume the protocol 
later.   

   3.    Incubate the slides in 2× SSC buffer for 30–60 min at room 
temperature.   

   4.    Treat the slides with cytoplasm wash buffer (50 μg/mL pepsin 
in 0.01 N HCl) for 5 min at 37 °C.   

   5.    Wash the slides with PBS for 5 min at room temperature twice.   
   6.    Optional: Postfi x nucleus by incubation of the slides in 1 % 

formaldehyde and wash with PBS.   
   7.    Dehydrate the samples by incubating slides in increasing 

concentration baths of ice cold ETOH 70, 80 and 100 %, 
2 min each. Air-dry the slides once the last incubation is over.   

   8.    Add 2 μL of FISH hybridization mixture 1× (7 μL CEP hybrid-
ization buffer, 1 μL CEP 18 (D18Z1) SpectrumOrange probe, 
1 μL CEP 16 (D16Z3) SpectrumGreen probe, 1 μL CEP 16 
(DYZ1) SpectrumAqua probe) to each coverslip upside down 
and then mount them to each slide. Seal it with rubber cement 
to prevent evaporation.   

   9.    Denature samples and probes together by incubating them on 
a thermoplate at 85 °C for 5 min protected from light. 
Alternatively, probes and samples can be denatured separately 
by incubating them at 76 °C for 5 min in 70 % formamide/2× 
SSC buffer.   

   10.    Transfer the slides immediately to humidifi ed chambers and 
incubate them at 37 °C overnight protected from light.   

   11.    The next day, carefully remove rubber cement with forceps.   
   12.    Place the slides in a denaturing wash of 50 % formamide/2× 

SSC buffer at 43 °C for 10 min.   
   13.    Repeat the  step 12  twice. Usually, coverslips fall in the second 

wash. If not, carefully remove them from the slides with the 
forceps.   

   14.    Wash again the slides in 2× SSC buffer at 43 °C for 10 min.   
   15.    Optional: Wash the slides in 2× SSC buffer + 0.1 % NP-40 at 

43 °C for 10 min.   
   16.    Wash the slides in 2× SSC buffer for 5 min at room 

temperature.   
   17.    Mount coverslips with ProLong Gold antifade reagent with 

DAPI. Dry overnight.   
   18.    Analyze cell ploidy under a fl uorescence microscope, using a 

cell counter to determine the percentage of haploid cells.           
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