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Objective: To investigate whether hippocampal atrophy, a proxy for incipient Alzheimer’s disease, can be
detected in non-demented monozygotic co-twins of demented twins by using volumetric magnetic
resonance imaging (MRI).
Methods: Seven pairs of monozygotic female twins discordant for cognitive function (mean (SD) age 75
(4) years), and 10 age and education matched healthy controls (seven women, three men; mean age 73
(3) years) were studied with volumetric MRI.
Results: The mean normalised right hippocampal volume was 31% lower (p = 0.002) in the demented
twins, and 6% lower (p = 0.45) in the non-demented twins than in the controls. In the left hippocampus, the
mean normalised volume was 36% lower (p,0.001) in the demented twins, and 9% lower (p = 0.13) in the
non-demented twins than in the controls.
Conclusions: Significant hippocampal atrophy was detected in the demented twins compared with the
controls. This is in line with previous imaging and pathological studies, with hippocampus showing the
early changes in Alzheimer’s disease. In the non-demented twins, only a minor, non-significant reduction
was observed in the hippocampal volumes compared with the controls. This could reflect gene–
environment interactions that have protected the non-demented twins longer than their demented co-twins
and contributed to the relative preservation of their hippocampal volumes, or it could be a sign of
preclinical Alzheimer’s disease in the non-demented twins.

I
t has been suggested that the pathological process in
Alzheimer’s disease has continued for years or perhaps
even decades in the brain before any clinical symptoms

become manifest. The medial temporal lobe, especially the
entorhinal cortex and hippocampus—which are important
for normal memory function—are the regions with the
earliest pathological changes in Alzheimer’s disease.1 2

Magnetic resonance imaging (MRI) studies in healthy people
at genetic risk for Alzheimer’s disease, in people with mild
cognitive impairment,3 or in those with incipient Alzheimer’s
disease have shown brain changes occurring first in the
medial temporal lobe and some also in the lateral temporal
cortex in the form of atrophy.4–8 MRI volumetry of these
structures has been shown to have some predictive value in
terms of conversion from mild cognitive impairment to
Alzheimer’s disease.9–12

Genetic factors influence the shape and the size of brain
structures to a large extent. In particular, previous twin
studies have shown that gross brain volume,13–16 the size of
the corpus callosum,17 18 and the size of the ventricles18 are
highly genetically determined. More variability between
twins has been found in the gyral and sulcal patterns.13 16 19

In one large twin study, only 40% of the variance of
hippocampal volume was found to be attributable to genetic
influences, while as much as 60% of the variance of the
temporal horn, and 80% of the variance of the corpus
callosum and intracranial volume were considered to be
attributable to genetic influences.20 The authors suggested
that the environment by itself, or gene–environmental
interactions, exert greater and longer control in modifying
hippocampal size than that of other more genetically
determined brain regions.

The concordance rates of Alzheimer’s disease are higher in
monozygotic than in dizygotic twins,21–23 although the

unaffected co-twins will not invariably develop Alzheimer’s
disease. The onset of Alzheimer’s disease between those
monozygotic co-twins who eventually become concordant
has been shown to vary by several years.22 24 25 Thus in a given
discordant monozygotic twin pair, the asymptomatic co-twin
could be in the early phase of the disease. Only a few MRI
studies have previously been done on monozygotic twins
discordant for Alzheimer’s disease. These studies have been
case reports of a single twin pair,26–28 with contradictory
results with respect to possible hippocampal atrophy in the
unaffected co-twin. In this study, our aim was to investigate
whether hippocampal atrophy, a proxy for incipient
Alzheimer’s disease, could be detected in seven non-
demented monozygotic co-twins of demented twins, using
volumetric MRI.

METHODS
Participants
Twins
Seven pairs of monozygotic twins were recruited through the
Finnish twin cohort, which was compiled from the Central
Population Registry of Finland using selection procedures
described in detail elsewhere.29 From this cohort, all 413
monozygotic twin pairs alive in 1999 and aged 65 years and
over at that time were asked to participate in a telephone
interview, the TELE,30 which assesses cognitive status. The
seven twin pairs of this study were selected so that they were
discordant for cognitive function. The discordance was
initially based on the TELE score achieved, and was
subsequently confirmed by a detailed neuropsychological
examination, as described below. All the twin pairs examined
were female. In one pair, both co-twins were left handed and
in another pair, one co-twin was ambidextrous and the other
right handed. In the remaining five pairs, both co-twins were
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right handed. The mean (SD) age of the twins was 75 (4)
years. The mean mini-mental state examination (MMSE)31

score of the demented twins was 21.1 (6.0) and that of their
non-demented co-twins, 26.0 (2.8). All twins were screened
for hypothyroidism and vitamin B-12 deficiency to exclude
these conditions as possible causes of dementia.32 No
clinically significant abnormalities that could have affected
cognitive function in the twins were found. None of the twins
had experienced any serious head trauma, had a history of
epilepsy, or had experienced single seizures or episodes of
status epilepticus. This was confirmed from the medical
records. In the interview with the twins and informants, no
history of prolonged febrile convulsions in childhood became
apparent. Furthermore, no major depression was detected in
any twins, based on the judgement of the clinician or
neuropsychologist; possible minor depressive symptoms were
not likely to have confounded the neuropsychological test
results.

Confirmation of zygosity and ApoE status
The zygosity was confirmed by DNA extracted from venous
blood samples. Ten highly polymorphic genetic markers used
by the paternity testing laboratory of the National Public
Health Institute were determined, and monozygosity was
inferred if no intrapair differences in the markers were
observed. Three twin pairs had an ApoE e4 allele, with one
pair being homozygous for this allele. The remaining four
pairs were homozygous for the e3 allele.

Neuropsychological test ing
In addition to the initial TELE interview, the twins’ cognitive
discordance was confirmed with a comprehensive neuropsy-
chological test battery including the Wechsler memory scale–
revised (logical memory immediate and delayed, visual
reproduction immediate and delayed), Wechsler memory
scale (digit span), Wechsler adult intelligence scale–revised
(similarities, block design), verbal fluency (animals and letter
s), trail making A, and Boston naming test. These tests assess
memory, attention, language, psychomotor functions, and
visuospatial and visuoconstructive abilities. The results of the
above mentioned tests in 113 neurologically healthy elderly
Finnish individuals of comparable age were used as reference
values.33 If the individual had a subjective memory com-
plaint, scored at least 1.5 SD under the mean reference value
in any memory domain, had normal general cognitive
function, and had preservation of the activities of daily
living, the criteria for mild cognitive impairment were
fulfilled.3 If the individual showed widespread impairment
(scored at least 1.5 SD under the mean reference value in any
other cognitive domain in addition to the memory deficit),
and had a progressive decline in memory and other cognitive
functions over time, the NINCDS-ADRDA criteria for prob-
able Alzheimer’s disease were fulfilled.34 All of the seven twin
pairs were cognitively discordant. According to the above
mentioned criteria, in four pairs one co-twin was cognitively
intact and the other was demented. In two pairs one co-twin
was intact, and the other had mild cognitive impairment. In
the remaining pair, one co-twin had mild cognitive impair-
ment, and the other was demented. In addition to the above
mentioned tests, the twins underwent the Consortium to
Establish a Registry for Alzheimer’s Disease (CERAD)35 tests.

Controls
The control group consisted of 10 healthy volunteers (seven
women and three men) with no previous history of
neurological or psychiatric diseases. These controls were age
and education matched. The duration of education was
categorised into four classes ((6 years, 7–9 years, 10–12
years, and .12 years). There was no difference in the

distribution of education between the demented twins and
the controls (p = 1.00, Fisher’s exact test), between the non-
demented twins and controls (p = 1.00, Fisher’s exact test),
or between the demented and non-demented twins (p = 0.32,
McNemar’s test). The controls underwent the same neuro-
psychological examination as the twins. The neuropsycholo-
gical test scores of the control group were also compared with
the reference values of the 113 neurologically healthy elderly
Finnish individuals, and after this thorough examination the
controls were confirmed as cognitively intact. All controls
were right handed. The mean age of the control group was 73
(3) years, and their mean MMSE score was 28.5 (1.1).

Written informed consent was obtained from all partici-
pants before the MRI and neuropsychological investigation.
The study protocol was approved by the joint ethics
committee of the University of Turku and the Turku
University Central Hospital.

MRI
MRI scanning
The participants were scanned with a 1.5 Tesla MRI device
(three controls with a Siemens Magnetom, Erlangen,
Germany; seven controls and all twins with GE Signa,
General Electric Medical Systems, Milwaukee, Wisconsin,
USA) at the Turku University Central Hospital. For the
Siemens’ scanner, we used a three dimensional, magnetisa-
tion prepared, rapid acquisition gradient echo sequence (time
of repetition (TR) 10 ms, time of echo (TE) 4 ms, flip angle
10 ,̊ matrix 2566256, one acquisition), which resulted in 128
1.5 mm thick sagittal images with no interslice gap. For
Signa, we used three dimensional, fast spoiled, gradient echo
sequence (TR 11.3 ms, TE 4.2 ms, flip angle 20 ,̊ matrix
2566256, one acquisition), which resulted in 124 1.2 mm
thick axial images with no interslice gap.

To measure the hippocampal volumes, the scans were
saved on an optical disc and analysed at the Kuopio
University Hospital (Kuopio, Finland). First, the scans were
reconstructed into 2.0 mm thick contiguous coronal slices
oriented perpendicularly to the intercommissural line. The
hippocampi were manually traced slice by slice by one
person, blinded to the subjects’ clinical data, using custom
made software for a standard Siemens’ work console. The
rostral end of the hippocampus, when it first appears below
the amygdala, was the anatomical starting point. Tracing of
the hippocampus ended posteriorly in the section where the
crura of the fornices depart from the lateral wall of the lateral
ventricles.

The intraclass correlation coefficient for intrarater relia-
bility was 0.95. The intracranial area on a coronal section at
the level of the anterior commissure was measured and used
for normalisation of the volumetric data. For data presenta-
tion purposes, the volumes reported herein are normalised to
the intracranial area according to the formula: [volume/
intracranial area]61000.36

Statistical analyses
The results are shown as mean (SD). The equality in the
distribution of education between the demented twins and
controls, and between the non-demented twins and controls,
was tested with Fisher’s exact test. McNemar’s test was used
in the comparison of education between the demented and
non-demented twins, as the twins were considered to be
correlated (paired) samples. Comparisons between the
hippocampal volumes of the demented and non-demented
co-twins were done with paired t tests. Differences in the
hippocampal volumes between the demented twins and
controls, and between the non-demented twins and controls,
were evaluated with two sample t tests. The associations
between the neuropsychological test scores and hippocampal
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volumes were analysed with Pearson’s correlation coeffi-
cients. In all tests, differences were considered significant at a
probability (p) value of ,0.05. Statistical analyses were done
with the SAS System for Windows, release 8.02 (SAS
Institute, Cary, North Carolina, USA).

RESULTS
The mean normalised right and left hippocampal volumes in
the demented twins, their non-demented co-twins, and the
controls are shown in table 1. In the right hippocampus, the
mean hippocampal volume was 31% lower in the demented
twins (t = 23.66, df = 15, p = 0.002), and 6% lower in the
non-demented twins (t = 20.77, df = 15, p = 0.45) than in
the controls. When the demented twins were compared with
their non-demented co-twins, a significant 27% reduction
(t = 25.10, df = 6, p = 0.002) was found in the mean right
hippocampal volume. In the left hippocampus, the mean
hippocampal volume was 36% lower in the demented twins
(t = 25.79, df = 15, p,0.001), and 9% lower in the non-
demented twins (t = 21.59, df = 15, p = 0.13) than in the
controls. Here, a significant 29% reduction (t = 26.17, df = 6,
p,0.001) was also found in the demented twins compared
with their non-demented co-twins. Figure 1 shows the
scatterplots of normalised right and left hippocampal
volumes in the three groups. Correlation analysis revealed
no significant associations between the hippocampal volumes
and MMSE scores, or delayed recall and savings scores of the
CERAD tests in the group of the demented twins (Pearson
r = 0.24–0.66, p = 0.10–0.60, n = 7).

DISCUSSION
This is the first volumetric MRI study, to our knowledge, that
has been carried out in a group of monozygotic twins
discordant for cognitive function. We found the mean
normalised right and left hippocampal volumes of the
demented twins to be significantly reduced, in a range of
27% to 36% compared with their non-demented co-twins and
controls. The non-demented twins showed a 6–9% hippo-
campal volume loss compared with the controls, which did
not reach statistical significance.

Previously, three brain MRI studies have been done on
monozygotic twins discordant for Alzheimer’s disease, and
each study has been a case report based on a single pair. Thus
no statistical conclusions could have been drawn from those
studies. In a report by Luxenberg et al in one male
monozygotic twin pair discordant for Alzheimer’s disease,
MRI of the affected twin showed marked loss of cortical grey
matter, enlargement of sulcal spaces, and ventricular dilata-
tion, while MRI in the unaffected co-twin was normal.27 In
neuropsychological tests the affected twin had marked
deficits in all areas of cognition, while the unaffected co-
twin had milder impairment. Small et al studied one female
monozygotic twin pair appearing discordant for Alzheimer’s
disease. MRI showed atrophy in both twins, with larger
amounts of sulcal widening, ventricular enlargement, and
loss of normal contour of the lateral ventricles in the affected

twin. In neuropsychological tests the affected twin showed
extensive deterioration, while her unaffected co-twin had
milder cognitive decline.28 In a study by Geroldi and
associates with one female monozygotic twin pair discordant
for Alzheimer’s disease, the MRI showed medial temporal
lobe atrophy only in the affected twin. Cognitive functions
were normal in the unaffected co-twin.26 Thus in these
previous twin studies, pathological MRI findings were either
accompanied by cognitive impairment, or else no pathological
MRI findings were found despite cognitive impairment in the
unaffected co-twins. However, in only one study26 was medial
temporal lobe atrophy measured quantitatively, while the
other two studies concentrated on visual assessment of
cortical atrophy without any focus on the medial temporal
lobe. Thus the earliest changes of medial temporal lobe
atrophy, before the first signs of cognitive deterioration,
might have been missed.

In our study, significant hippocampal atrophy was detected
in the demented twins compared with their non-demented
co-twins and controls. This is in accordance with previous
studies in which MRI volumetry has been shown to be a
sensitive means of detecting hippocampal atrophy early in
the disease process of Alzheimer’s disease, and to differenti-
ate patients with Alzheimer’s disease from healthy con-
trols.36 37 In the non-demented twins in our study only a
minor 6–9% reduction in hippocampal volumes was observed
compared with the controls. Earlier studies have shown that
volumetric MRI measurements of the hippocampus have
been 11–15% lower in subjects with mild cognitive impair-
ment than in healthy controls.38–41 However, all but one of the
non-demented twins in our study were diagnosed as being
cognitively intact. Thus this is probably the reason why we
did not find any significant volume losses in our study, in
contrast with those involving subjects with mild cognitive
impairment.38–41

We did not find any significant differences in mean
hippocampal volumes between the non-demented twins
and the controls, but issues that should be considered are
the relatively small number of twin pairs and the large
within-group variation in hippocampal volumes. It is not
likely that the two scanners used in this study contributed to
the within-group variation, given that all the twin pairs were
scanned with the same scanner. In one previous study,6 co-
registered serial MRI showed an accelerated atrophy rate, in
comparison with controls, in the medial temporal lobe of
presymptomatic subjects who carried a known autosomal
dominant mutation leading to early onset Alzheimer’s
disease. Thus a longitudinal follow up would be needed to
show whether the non-demented twins in our study would
have a greater atrophy rate than the controls, or whether
those who might convert to Alzheimer’s disease would have
even greater hippocampal atrophy. In our study, the
correlations between the cognitive test scores and hippocam-
pal volumes in the demented twins were positive but did not
reach statistical significance, unlike in some previous studies
on patients with Alzheimer’s disease,42–44 which probably

Table 1 Normalised right and left hippocampal volumes in the demented twins, their non-demented co-twins, and the controls

Demented twins (n = 7) Non-demented co-twins (n = 7) Controls (n = 10) p Values

Hippocampus Volume % Volume % Volume
Demented v non-
demented1

Demented v
controls2

Non-demented v
controls2

Right 102.4 (23.8) 69 139.4 (14.6) 94 147.8 (26.1) 0.002 0.002 0.45
Left 90.3 (19.0) 64 127.8 (15.9) 91 140.6 (16.6) ,0.001 ,0.001 0.13

Values are mean (SD). Percentages indicate the proportion of the control mean value.
1Statistical method: paired t test.
2Statistical method: two sample t test.

118 Jä rvenpä ä , Laakso, Rossi, et al

www.jnnp.com

http://jnnp.bmj.com


reflects the relatively small sample size in our study.
However, hippocampal volume loss is only one marker of
cognitive decline and Alzheimer’s disease, as memory
acquisition may also occur outside hippocampal structures.45

In a sizeable twin study,20 the volume of the hippocampus
was found to be less heritable than the other brain structures
examined. The authors suggested that environment by itself,
or gene–environmental interactions, exert greater and longer
control in modifying hippocampal size than that of other,
more genetically determined brain regions. Given that the
onset of Alzheimer’s disease between those monozygotic co-
twins who eventually become demented has varied by several
years,22 24 25 it is possible that some of the non-demented
twins of our study are in the presymptomatic phase of the
disease. However, gene–environment interactions might have
protected them longer than their demented co-twins and
contributed to the relative preservation of their hippocampal
volumes.
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Foundation, the Finnish Neurological Foundation, the Finnish
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