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 Purpose: To investigate the cause of reduced vertebral perfusion in 
a rat ovariectomy model.

 Materials and 
Methods: 

Experimental protocol was approved by the local Ani-
mal Experiment Ethics Committee. Twenty-two Sprague-
Dawley rats were studied. Computed tomographic bone 
densitometry and magnetic resonance perfusion imaging 
were performed at baseline and 2, 4, and 8 weeks after 
ovariectomy ( n  = 11) or sham surgery ( n  = 11). Perfusion 
parameters analyzed were maximum enhancement ( E  max ) 
and enhancement slope ( E  slope ). After the animals were 
sacrifi ced, the aorta and femoral artery were analyzed for 
vessel reactivity, and the lumbar vertebrae were analyzed 
for marrow content.

 Results: In control rats, bone mineral density (BMD),  E  max , and 
 E  slope  remained constant. In ovariectomy rats, a comparable 
reduction in BMD and the perfusion parameters at two 
weeks post-ovariectomy (BMD, 9.3%;  E  max , 11.6%;  E  slope , 
9%) was seen 2 weeks after ovariectomy, and further re-
ductions were seen 4 weeks (BMD, 17.5%;  E  max , 15.6%; 
 E  slope , 33%) and 8 weeks (BMD, 18.8%;  E  max , 14.2%;  E  slope , 
33%) after ovariectomy. Endothelial dysfunction was ob-
served in both the aorta and femoral artery of the ovariec-
tomy group but not of the control group. Increased mar-
row fat area was seen in the ovariectomy group (52.9% vs 
21.6%;  P   ,  .01) owing to an increase in fat cell number. 
Decreased erythropoetic marrow area (32.5% vs 48.6%; 
 P   ,  .05) was also observed in the ovariectomy group.

 Conclusion: Reduced bone perfusion occurs in synchrony with reduced 
BMD. The most likely causes of reduced bone perfusion 
are a reduction in the amount of erythropoetic marrow 
and endothelial dysfunction after ovariectomy.
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were  anesthetized, and a 24-gauge hep-
arinized catheter was inserted into the 
tail vein. A surface coil with a diameter 
of 4.7 cm (Micro 4.7; Philips Medical 
Systems) was placed under the rat lum-
bar spine region as the radiofrequency 
receiver, and the body volume coil was 
used as the radiofrequency transmitter. 
Following a coronal scout  acquisition, 
a midsagittal T1-weighted image of the 
lumbar spine was obtained. A dynamic 
single-section short T1-weighted gradient-
echo MR series (repetition time msec/
echo time msec, 4/1.4; fl ip angle, 15°; 
section thickness, 5 mm; matrix, 128  3  51; 
in-plane resolution, 0.625  3  0.625 mm; 
number of signals acquired, 1; temporal 
resolution,  � 0.6 sec per acquisition) was 
obtained in the sagittal plane. After 
60 baseline  images were acquired, a 
gadolinium-based contrast agent (gad-
oterate meglumine, Dotarem;   Guerbet 
Group, Roissy, France) was injected into 
the tail vein (0.3 mmol/kg [ie, 0.15 mL 
for a 250-g rat]) followed by a 0.5-mL 
 bolus of normal  saline  (injection time, 
 , 1 second). Tail vein catheter placement, 
contrast agent injection, and normal 
 saline fl ush were performed by the 
same operator   (Y.X.J.W., with over 
7 years experience in small-animal sur-
gery and handling). Dynamic MR im-
aging took  approximately 8 minutes to 
acquire 800 images. 

investigate the temporal relationship 
between bone perfusion and BMD, as 
well as the relationship with vascular 
reactivity and marrow content. Bilat-
eral ovariectomy in the adult female rat 
is a commonly used model for studying 
the effects of bone loss ( 14–16 ). 

 Materials and Methods 

 The experimental protocol was approved 
by the local Animal Experiment Ethics 
Committee. Twenty-two 6-month-old 
female Sprague-Dawley rats were used 
in our study. The animals were housed 
2–3 animals per stainless steel cage at 
22°C with a 12-hour light-dark cycle 
and received a standard rat chow diet 
and water ad libitum. For MR imaging 
and surgery, rats were anesthetized by 
 using a combination of xylazine   (10 mg 
per  kilogram of body weight; Rompun, 
Bayer HealthCare, Leverkusen, Germany) 
and ketamine (90 mg/kg; Ketalar,  Pfi zer, 
Hong Kong). The number of  animals 
used was selected by considering a power 
analysis of a pilot study ( 17 ) and possible 
technical failure or animal death during 
the course of the study. 

 Computed Tomographic Assessment of 
Vertebral BMD 
 Rat lumbar vertebral BMD was mea-
sured by using a clinical multidetector 
computed tomographic (CT) scanner 
(LightSpeed VCT 64; GE Healthcare, 
Milwaukee, Wis) with a continuous axial  
0.625-mm section thickness. A more de-
tailed description of the method we used 
to obtain small-animal BMD from a 
clinical CT scanner has been reported by 
Wang et al ( 18 ). Lumbar vertebral BMD 
for each rat was defi ned as the mean 
BMD of vertebrae L2 through L5. To 
eliminate any potential effect of retained 
gadolinium-based contrast agent on bone 
densitometry, CT was performed prior 
to MR perfusion studies in all cases. 

 MR Assessment of Vertebral Bone 
Perfusion 
 MR imaging was performed by using 
a 1.5-T clinical MR imaging system 
 (Intera NT; Philips Medical Systems, 
Best, the Netherlands) with a maximum 
 gradient strength of 30 mT/m. Rats 

            Bone structure and quality are 
dependent on bone blood fl ow, 
cellular metabolism, and struc-

tural matrix. Bone perfusion is reduced 
in osteoporotic bone, but the cause 
of this reduced perfusion is not clear 
( 1–4 ). Reduced medullary canal vascu-
larity, including capillary rarefaction, is 
a feature of senile osteoporosis ( 5 ). At 
a cellular level, hypoxia decreases bone 
mineralization and stimulates osteoclast 
activity ( 6 ). Some researchers ( 1,6–9 ) 
believe that decreases in osseous vas-
cularity contribute to the increased 
fracture risk in older individuals. The 
temporal relationship between reduced 
bone mineral density (BMD) and re-
duced perfusion is, however, unknown. 

 Magnetic resonance (MR) imaging–
derived parameters of vertebral mar-
row blood perfusion have been found 
to be signifi cantly decreased in osteo-
porotic subjects ( 2,3,10 ). It has been 
proposed that the decreased bone 
perfusion in osteoporosis may be due 
to decreased bone turnover or in-
creased marrow fat content that impedes 
venous return ( 2,11 ). Endothelial dys-
function is another potential cause 
of impaired bone perfusion in osteo-
porosis ( 12,13 ). 

 We undertook this longitudinal 
animal-based study to investigate the 
cause of reduced bone perfusion in os-
teoporosis. In particular, we wanted to 

 Advances in Knowledge 

 In an animal model, reduction in  n

bone perfusion occurs in syn-
chrony with a reduction in bone 
mineral density (BMD). 
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 Vascular Reactivity Assessment 
 For vascular reactivity assessment, 
the aorta and right femoral artery of 
each rat were dissected and trans-
ferred to ice-cold oxygenated Krebs 
solution for storage. Arteries were 
dissected free of surrounding connec-
tive tissues. Two 3-mm-wide ring seg-
ments were cut from each aorta and 
femoral artery. The endothelium was 
removed from one ring by gently rub-
bing the luminal surface with stainless 
steel wire. The endothelium was left 
intact on the other ring. Each aortic 
ring was mounted between two stain-
less steel wire hooks submerged in an 
organ bath. Each femoral arterial ring 
was mounted in a myograph chamber 
held between two tungsten wires (di-
ameter, 40  m m) in a multimyograph 
system. Each arterial ring was kept in 
Krebs solution (pH, 7.2–7.4) at 37°C 
with 95% O 2  and 5% CO 2 . Resting 
tensions (as determined by length–
maximum tension relationship measure-
ments) of 2.5 g and 0.5 g were applied 
to the aorta and femoral artery, respec-
tively, and 1 hour was  allowed for both 
rings to assume a stable resting tension. 
To  investigate  endothelium-dependent 
 relaxation, which is mediated by NO 
from the endothelium ( 19 ), rings with 
intact endothelium were fi rst contracted 
by using 1  m mol/L phenylephrine to 
establish a stable constricted tone, and 
then acetylcholine was added cumula-
tively (0.003–10  m mol/L) to the bathing 
solution to induce relaxation ( Fig 2  ). 
Relaxation was expressed as percentage 
reduction in arterial contraction ( 19 ). 
To investigate endothelium- independent 
relaxation or vascular smooth muscle sen-
sitivity to NO, phenylephrine- constricted 
rings without endothelium were relaxed 
by using sodium  nitroprusside (0.001–
10  m mol/L), an NO donor. Phenylephrine-
induced contraction was  assessed in 
both the ovariectomy and control groups, 
as was the degree to which it was 
abolished by  L -NAME (100  m mol/L). 
 L -NAME inhibits the synthesis of NO 
from   L -arginine ( Fig 2 ) ( 20,21 ). Physio-
logic  measurements were performed  by 
an experimental physiologist (W.T.W., 
with 5 years  experience in vessel reac-
tivity research). 

 where  I  max  is the maximum signal inten-
sity of the fi rst rapidly rising part of the 
time–signal intensity curve and  I  base  is 
the mean signal intensity of the fi rst 50 
images.  E  slope  was defi ned as the rate of 
enhancement between 10% and 90% of 
the maximum signal intensity difference 
between  I  max  and  I  base . It was calculated 
as follows ( 2 ): 

  

max base
slope

base 90% 10%

0.8 ( )
100

( )
I IE

I t t
 

, 

 where  t  10%  and  t  90%  are the times when 
signal intensity reaches 10% and 90%, 
respecitvely, of the signal intensity dif-
ference between  I  base  and  I  max . Data from 
four lumbar vertebrae (L2 through L5)   
were obtained, and the mean of these 
four vertebrae was used as the result 
for each animal. 

 Ovariectomy and Sham Surgery 
 After baseline CT densitometry and MR 
examination, 11 rats underwent bilat-
eral ovariectomy with a subcostal inci-
sion. Ovaries and surrounding fat tissue 
were removed. Successful ovariectomy 
was confi rmed at necropsy through 
 absence of ovarian tissue and atrophy 
of uterine horns. The remaining 11 rats 
underwent sham surgery consisting of 
exposure of the ovaries but no excision. 
All surgeries were performed by a single 
radiologist (Y.X.J.W.,   with over 7 years 
experience in small-animal surgery). 

 Longitudinal CT and MR Assessments of 
Vertebral BMD and Perfusion 
 Repeat CT bone densitometry and MR 
measurement of lumbar vertebral perfu-
sion were performed 2, 4, and 8 weeks 
after ovariectomy or sham surgery. After 
week 8 CT and MR imaging, the animals 
were sacrifi ced by using a cervical dis-
location. The abdominal aorta and right 
femoral artery were harvested fresh to 
assess vascular reactivity, and the lum-
bar vertebrae were harvested for as-
sessment of vertebral marrow content. 
CT and MR measurements and in vivo 
animal procedures were performed by 
two radiologists (Y.X.J.W. and H.Z., 
with 7 and 3 years experience in animal 
research, respectively). 

 Dynamic MR images were processed 
on a workstation (ViewForum; Philips 
Medical Systems). Regions of interest 
were drawn over the cancellous part of 
the lumbar vertebrae from L2 to L5, 
excluding the vertebral cortex ( Fig 1  ). 
Signal intensity enhancement over time 
was recorded and plotted as a time–
signal intensity curve. From this time–
signal intensity curve, two MR perfu-
sion indexes were analyzed: maximum 
enhancement ( E  max ) and enhancement 
slope ( E  slope ). Both relate to the fi rst 
rapidly rising part of the curve.  E  max  was 
defi ned as the maximum percentage in-
crease in signal intensity from baseline 
and was calculated as follows ( 2 ): 
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 Figure 1 

  
  Figure 1:  Midsagittal T1-weighted MR image 
(4/1.4; fl ip angle, 15°) of a rat lumbar spine show 
outlined medullary canals of lumbar vertebrae, ex-
cluding cortex. Rat lumbar spine has six rather than 
fi ve vertebral bodies. Red = L2, green = L3, blue = 
L4, purple = L5.   
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One-way analysis of variance for repeated 
measures was used for longitudinal mea-
sure of the same group animals, when 
signifi cant. Mann-Whitney  U  test was 
used for nonpaired comparisons, and 
Wilcoxon signed rank test was used for 
paired comparisons. All statistical tests 
were two-sided. A  P  value less than .05 
was considered to  indicate a signifi cant 
difference. 

 Results 

 One rat died during ovariectomy, and 
four rats died during the course of the 
study owing to anesthesia or infection. 
The total number of rats available for 
analysis at various time points is shown 
in the  Table  . 

 Vertebral BMD 
 BMD measurement are shown in   Figure 3  . 
BMDs remained consistent in the con-
trol rats, with no signifi cant difference 
seen over the four time points ( P   .   .05). 
In the ovariectomy rats, BMD decreased 
signifi cantly from baseline at weeks 2 
(9.3%,  P  = .043), 4 (17.5%,  P   ,  .001), 
and 8 (18.8%,  P   ,  .001). The differ-
ence between weeks 4 and 8 was not 
signifi cant ( P  = .536). 

 Vertebral Bone Perfusion 
 At   baseline, there was no difference in 
 E  max  ( P  = .71) or  E  slope  ( P  = .8) between 
control and ovariectomy rats. In control  

histologic slice by using image process-
ing software (Image-Pro Plus, version 
5.1; Media Cybernetics, Bethesda, Md). 
The mean of all fi elds measured from 
each animal was used for statistical 
analysis. Histologic analysis was per-
formed by a pathologist (Y.L.S., with 
5 years experience). 

 Statistical Analysis 
 CT, MR imaging, and histologic data 
were expressed as means  6  standard 
deviations, while vascular reactivity 
data were expressed as means  6  stan-
dard errors of the means. All statistical 
analyses were performed with software 
(SPSS, version 14.0; SPSS, Chicago, Ill). 

 Histologic Assessment of Vertebral 
Marrow Cavity 
 For histologic examination, the excised 
lumbar spine was fi xed in 10% buffered 
formalin for 3 days and then decalci-
fi ed with 10% formic acid for 4 weeks. 
Decalcifi ed samples were embedded 
in paraffi n and cut into 6-mm-thick 
axial slices. Slices were stained with 
hematoxylin-eosin. Four vertebral slices 
from each of the four vertebrae (L2 
through L5) were randomly selected 
for evaluation (magnifi cation,  3 200), 
yielding a total of 16 slices analyzed 
from each rat. Percentage area of mar-
row fat, trabecular bone, and erythro-
poetic marrow was measured in each 

 Figure 2 

  
  Figure 2:   (a)  Flow diagram shows principle behind vessel reactivity studies. NO is synthesized by endothelium and results 
in arterial relaxation. Acetylcholine acts as a substrate   or stimulates this endothelial release. Sodium nitroprusside provides a 
direct source of NO. Nitro- L -arginine methyl ester  ( L -NAME)  inhibits release of NO.  (b)  Flow diagram of vessel reactivity studies 
in rings (top) with and (bottom) without endothelium. Phenylephine acts on vascular smooth muscle to induce contraction. If 
endothelium is functioning normally, acetylcholine will induce relaxation. If endothelium is not functioning properly, sodium 
nitroprusside can, by providing a direct source of NO, induce relaxation.   

  

 Rats Available for Analysis 

Evaluation Baseline Week 2 * Week 4 Week 8

BMD measurement
 Control group 11 6 11 10
 Ovariectomy group 11 5 8 7
Bone perfusion measurement
 Control group 11 6 10 10
 Ovariectomy group 11 5 8 7
Myographic and histologic assessment†

 Control group … … … 10
 Ovariectomy group … … … 7

Note.—Data are numbers   of rats examined at each time. Five of 22 rats died owing to surgery, anesthesia, or infection.

* Availability of MR time limited the number of rats examined during week 2. 
† Vascular reactivity studies obtained for six rats in each group.
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( Fig 6 a ). Endothelium-independent re-
laxation by sodium nitroprusside, an NO 
donor, was comparable between the two 
groups ( Fig 6b ). Phenylephrine-induced 
contraction was greater in the ovariecto-
my group than in the control group ( Fig 
6c ); this discrepancy was abolished in the 
presence of  L -NAME, an NO synthase 
inhibitor ( Fig 6d , Table E1 [online]  ). 

 Histologic Assessment of Vertebral 
Marrow Cavity 
 In the control group, marrow fat cell area 
was 21.6%  6  4.2%, bone  trabecular 

 ovariectomy group was 14.2% less than 
that in the control group ( P  = .02), and 
 E  slope  was 32.9% less than that in the 
control group ( P  = .01) ( Fig 4  ). No sig-
nifi cant differences were present for 
either  E  max  or  E  slope  between weeks 4 
and 8 in the ovariectomy group. 

 Vascular Reactivity 
 Acetylcholine-mediated endothelium-
dependent relaxation in phenylephrine-
constricted aortic and femoral arterial 
rings was impaired in ovariectomy group 
as compared with the control group 

rats, both  E  max  and  E  slope  remained sta-
ble during the course of the study 
( P   .  .05) ( Fig 4  ). At week 2,  E  max  in 
the ovariectomy group was 11.6% less 
than that in the control group, and  E  slope  
was 9% less than that in the control 
group. These differences did not reach 
statistical signifi cance ( P  = .31 and .54, 
respectively) ( Fig 4 ). At week 4,  E  max  
in the ovariectomy group was 15.6% 
less than that in the control group 
( P  = .027), and  E  slope  was 33.6% less 
than that in the control group ( P  = .03) 
( Figs 4 and 5 ). At week 8,  E  max  in the 

 Figure 3 

  
  Figure 3:  Bar graph shows rat lumbar vertebral BMD at various times in con-
trol (teal) and ovariectomy (red) groups. In control rats, BMD remained constant. 
In ovariectomy rats, BMD started to decrease by week 2 and further decreased 
by weeks 4 and 8. Bars = standard deviations   .   

 Figure 5 

  
  Figure 5:  An example of time–signal intensity enhancement curves at 
baseline  (Pre)  and week 4  (Post)  in L3 of an ovariectomy rat. Compared with 
baseline curve, week 4 curve shows reduced  E  

max
  and a less steep  E  

slope
 .   

 Figure 4 

  
  Figure 4:  Bar graphs show MR imaging perfusion indexes  (a)   E  

max
  and  (b)   E  

slope
  at various times in control (green) and ovariectomy (orange) groups. Data are mean 

measurements obtained from four lumbar vertebrae in each rat from a single-section acquisition. For control rats,  E  
max

  and  E  
slope

  remained constant. In ovariectomy 
rats,  E  

max
  and  E  

slope
  started to decrease by week 2 and further decreased by week 4. No signifi cant difference was present between weeks 4 and 8.   
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decrease in the amount of erythropo-
etic marrow. 

 The fat cell (adipocyte) number in 
the control group was 39  6  5 per fi eld 
(magnifi cation,  3 200), while it was 92  6  
6 per fi eld in the ovariectomy group. 
Therefore, the increase in fat cell area 
by a factor of 2.45 (52.9% vs 21.6%) 
in the ovariectomy group was accom-
panied by a corresponding increase in 
fat cell number by a factor of 2.35 (92 
vs 39). This indicates that the increase 
in fat in the marrow space that accom-
panies ovariectomy is mostly owing to 
an increase in fat cell number rather 
than an increase in individual fat cell 
size ( Fig 7 ). 

 Discussion 

 Findings in several cross-sectional clini-
cal studies have indicated that perfu-
sion is reduced in osteoporotic bone 
( 1–3,10 ). This reduction in perfusion 
affects only bone and not adjacent mus-
culature with the same arterial supply, 
indicating that reduced perfusion is 
most likely an intraosseous phenom-
enon rather than a symptom of more 
generalized circulatory impairment ( 3 ). 
The primary aim of our study was to 
investigate the cause of reduced bone 
perfusion in reduced BMD, particularly 
the temporal relationship between bone 
perfusion and BMD, as well as the re-
lationship with vascular reactivity and 
marrow content. 

 As expected, sex hormone defi -
ciency led to a reduction in vertebral 
BMD. At the fi rst assessment with CT 
and MR 2 weeks after ovariectomy, a 
comparable reduction in both verte-
bral BMD and perfusion parameters 
was observed. Further reduction in 
both para meters was seen 4 weeks  after 
 ovariectomy and again 8 weeks after ova-
riectomy. At week 2, reductions in BMD 
and both perfusion parameters by a fac-
tor of about 10% were observed. It is 
our belief that reduced bone perfusion 
occurs concurrently with a reduction  
in BMD. 

 We also investigated the relationship 
between bone perfusion and vascular 
reactivity because clinical studies have 
shown how endothelial dysfunction is 

and erythropoetic marrow area was 
32.5%  6  4.8% ( P   ,  .05) ( Fig 7  ).  In other 
words, the increase in fat cell area in 
the ovariectomy rats was  accompanied 
not just by a reduction in the amount 
of trabecular bone but also by a 

area was 29.8%  6  3.9%, and eryth-
ropoetic marrow area was 48.6%  6  
4.5%. In the ovariectomy group, mar-
row fat cell area was 52.9%  6  4.6% 
( P   ,  .01 vs control group), bone trabe-
cular area was 14.6%  6  3.7% ( P   ,  .01), 

 Figure 6 

  
  Figure 6:  Graph  s of vascular reactivity data in aortic rings for ovariectomy  (OVX)  and control groups. 
 (a)  Acetylcholine  (ACh) -mediated endothelium-dependent relaxation in phenylephrine  (Phe) -constricted 
aortic rings was signifi cantly impaired in ovariectomy versus control group ( ∗  =  P   ,  .05).  (b)  Endothelium-
 independent vasodilatation by sodium nitroprusside  (SNP)  was comparable between groups.  (c)  Phenylephrine-
induced contraction was signifi cantly greater in ovariectomy versus control group ( ∗  =  P   ,  .05).  (d)  This 
effect was abolished when  L -NAME was added. Only results for aortic ring are shown because similar results 
were observed in femoral rings. Bars = standard errors of means,  log M  = logarithmic transformation of 
moles per liter,  % Phe tone  = percentage of tension with phenylephrine contraction.   

 Figure 7 

  
  Figure 7:  Representative histopathologic slices of lumbar vertebral body medullary canal in  (a)  control and 
 (b)  ovariectomy rats. Ovariectomy rat had more fat cells in intertrabecular space and a reduced amount of 
erythropoetic marrow compared with control rat. (Hematoxylin-eosin stain; original magnifi cation,  3 200.)   
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trabecular bone and erythropoetic mar-
row. Results of a preliminary positron 
emission tomographic study ( 32 ) have 
indicated that the metabolic activity of 
erythropoetic marrow is up to six times 
greater than that of fatty marrow. Overall, 
it seems somewhat likely that this eryth-
ropoetic marrow may be accounting for 
the reduced bone perfusion seen accom-
panying reduced BMD. 

 We investigated longitudinal changes  
in bone perfusion, vascular reactivity, 
and marrow content in  relationship 
to BMD. Our study cohort was small, 
and our fi ndings need to be validated 
in larger  preclinical and clinical stud-
ies. More in-depth MR-based perfusion 
models ( 33,34 ) would help to provide 
information on specifi c elements of 
perfusion (eg, arterial input and per-
meability), while means of determining 
endothelial function on MR images need 
to be explored ( 35 ). Clinical MR-based 
studies ( 3,11 ) have focused more on 
quantifi cation of fatty rather than eryth-
ropoetic marrow  owing to diffi culty in 
accurately quantifying erythropoetic 
marrow. Means of noninvasively quanti-
fying this metabolically active  element of 
marrow tissue requires further study. 

   Practical applications:   Bone loss 
after ovariectomy is associated not just 
with a reduction in bone perfusion and 
an increase in marrow fat, but also, 
more importantly, with a decrease in the 
amount of functioning marrow. Because 
bone loss does not occur in isolation, 
a more encompassing paradigm, with 
consideration given to perfusion, red 
and fatty marrow, and BMD, may best 
serve future osteoporotic research. 

 In conclusion, the results of our 
animal study show that reduced bone 
perfusion occurs in synchrony with 
reduced BMD and is most likely the 
result of a reduction in the amount of 
erythropoetic marrow and impaired 
endothelial function after ovariectomy. 
This decrease in erythropoetic marrow 
accompanies an increase in marrow fat, 
which occurs as a result of an increase 
in fat cell number rather than size. 
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the sole cause of reduced bone perfu-
sion in the presence of reduced BMD 
since the effects of endothelial dysfunc-
tion are more likely to be systemic with 
the aorta and femoral artery seen to be 
equally affected in our study. 

 Another possible cause of reduced 
bone after ovariectomy is an alteration 
in marrow content, as shown in our 
study. The medullary cavity is composed 
mainly of marrow fat, trabecular bone, 
and erythropoetic marrow, with a small 
component occupied by vascular chan-
nels  (arterioles, venules, and capillary 
sinusoids). Within the confi ned space of 
the vertebral body, an increase in one 
component can only occur at the expense 
of another component ( 11 ). Clinical MR 
spectroscopic studies have shown that 
as BMD decreases there is a reciprocal 
 increase in marrow fat content ( 2,3 ). The 
rat vertebral body is too small to allow 
proton MR spectroscopy at 1.5 T, but we 
were able to study the effect of ova-
riectomy on marrow  content  histologi-
cally. Following ovariectomy, increased 
marrow fat area of 31.3% was observed 
secondary to an increase in fat cell 
number rather than fat cell size. This 
increased fat cell number may be the 
 result of mesenchymal  stem cell dif-
ferentiation switching more toward adi-
pocytosis rather than osteoblastogen-
esis ( 24,25 ). 

 The relative increase in marrow 
fat area was coincident not just with a 
reduction in the amount of trabecular 
bone, which decreased by 15.2%, but 
also with a reduction in the amount 
of erythropoetic marrow, which de-
creased by 16.1%. This reduction is 
erythropoetic marrow may be akin to 
“senile anemia” ( 26–29 ). Both the in-
crease in marrow fat and the decrease 
in erythropoetic marrow may be re-
lated to estrogen depletion given that 
the postmenopausal state is recognized 
to be associated with increases in both 
body mass and anemia, the latter of 
which may be associated with a rela-
tively hypoplastic marrow, though this, 
to our knowledge, has not been specifi -
cally investigated ( 30,31 ). It appears, 
therefore, that the increase in fat con-
tent after ovariectomy is not simply due 
to fat occupying the space vacated by 

related osteoporosis ( 12,13 ). Ovariectomy-
induced endothelial dysfunction is known 
to occur in the aorta,  but this effect has 
not been previously demonstrated in 
the femoral arteries ( 19,22 ). NO is pro-
duced by the endothelium and is known 
as the “endothelium-derived relaxing 
factor.” Endothelial- released NO signals 
downstream vascular smooth muscle 
to relax, resulting in vasodilatation, 
 increased blood fl ow, and, as a result, 
improved contrast enhancement. 

 Endothelial dysfunction resulting  
from decreased NO bioavailability 
was observed in the aorta and femoral 
 artery in the ovariectomy group but 
not in the control group. Endothelium-
 dependent relaxation, mediated by NO, 
was impaired in ovariectomy rats, 
while endothelium-independent relaxation 
with sodium nitroprusside was similar 
in both ovariectomy and control groups. 
This indicates that endothelial release of 
NO was impaired, but the sensitivity of 
vascular smooth muscle to NO was not 
altered. Furthermore, the observed en-
hanced contraction with phenylephrine 
seen in ovariectomy rats was abolished 
by  L -NAME, an NO synthase inhibitor, 
indicating a decrease in NO availability 
owing to endothelial dysfunction. 

 Therefore, our fi ndings demon-
strate that endothelial dysfunction as 
a result of reduced NO availability oc-
curs after ovariectomy. This endothelial 
dysfunction could, through impaired va-
sodilatation or enhanced vascular tone, 
lead to reduced blood fl ow and may be 
a cause of the reduced perfusion seen 
with  reduced BMD. Our  results are 
supported by those of Prisby et al ( 9 ), 
who, by using radiolabeled microspheres, 
demonstrated a 21% reduction in meta-
physeal blood fl ow in old rats compared 
with young rats. This reduction in blood 
fl ow was associated with impaired 
 endothelium-dependent vasodilatation 
and decreased NO  bioavailability ( 9 ). 

 Decreased release of endothelium-
derived substances, such as NO or 
prostacyclin  , is of particular interest 
in osteoporosis as both NO and pros-
tacylcin have a potential downstream 
effect of promoting bone formation and 
limiting resorption ( 23 ). Endothelial 
dysfunction is not likely, however, to be 
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