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Background   The question of whether fracture healing 
and mechanical properties of the callus are influenced 
by osteoporosis (OP) is still not settled. We therefore 
studied this issue in vitamin D-depleted ovariectomized 
(OVX) rats, an OP model previously shown to induce 
weakening of the femoral neck, and thus thought to be 
closer to the human condition than the classic OVX rat 
model. 

Methods   72 female Wistar rats were randomized 
into two groups: ovariectomy and vitamin D-deficient 
diet (Ovx-D group) or sham operation and normal rat 
chow (Sham group). After 12 weeks, a closed tibial 
midshaft fracture was performed on the right side and 
fixed with an intramedullary nail. Bone loss and callus 
formation were monitored with DXA; serum levels of 
estradiol and vitamin D3 were measured and histomor-
phometric analyses were performed. Mechanical prop-
erties of callus, tibia, femoral shaft, and femoral neck 
were examined in 3-point cantilever bending 6 weeks 
after fracture. 

Results   The Ovx-D group showed reduced BMD in 
the spine and femoral neck, and reduced trabecular bone 
volume in the femoral head. There were no differences 
in BMD and mechanical properties of callus between the 
groups. Except for reduced stiffness of the right femoral 
neck in the Ovx-D group (p = 0.02), no differences in the 
mechanical strength of long bones were detected. 

Interpretation   Our results suggest that the systemic 
effects of estrogen and vitamin D deficiency are not cru-
cial for fracture healing or mechanical properties of the 
callus.

■

The WHO has defined osteoporosis (OP) as a pro-
gressive systemic skeletal disease characterized 
by low bone mass and microarchitectural distur-
bance in bone tissue, with a consequent increase in 
bone fragility and susceptibility to fracture (Kanis 
1994). The OP-related fracture incidence seems to 
rise, making OP a major health problem worldwide 
(Egermann et al. 2005). Increasing average life 
expectancy and the number of elderly in the west-
ern population have further aggravated the conse-
quences for individuals and society. In addition, 
several lifestyle and health-related factors such as 
nutrition, physical activity, cigarette smoking and 
heavy alcohol consumption have been linked to 
the increased incidence of OP (The North Ameri-
can Menopause Society 2006). Among these, 
much attention has been paid to vitamin D. Inad-
equate 25-hydroxy-vitamin D (25(OH)D) levels 
are common in the elderly, and particularly so in 
patients with fragility fracture—especially among 
those with hip fracture (Moniz et al. 2005, Nurmi 
et al. 2005, Dixon et al. 2006). 

Whether or not fracture healing and the mechan-
ical properties of callus are influenced by OP is 
still unclear. Although impaired fracture healing in 
the aged is not generally assumed, the frequently 
observed failure of implant fixation in the presence 
of OP indicates reduced healing capacity (Barrios 
et al. 1993). 

The number of studies on human fracture healing 
in OP is limited. On the other hand, several studies 
have investigated fracture healing in the ovariec-
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tomized (OVX) rat model (Egermann et al. 2005). 
The rat fracture model has been useful for eluci-
dation of the process of fracture repair (McKibbin 
1978, Einhorn 1998), and the OVX rat model has 
gained acceptance as being relevant for studying 
postmenopausal trabecular bone loss (Kalu 1991, 
Kimmel 1996). The validity of the OVX rat model 
for the human condition has been questioned, how-
ever, partly due to differences between how human 
and rodent OVX-related cortical bone loss proceeds 
(Egermann et al. 2005). In addition, the classic 
OVX model does not take into account the above-
mentioned lifestyle and health-related predisposing 
factors, such as diet. Thus, a model combining OVX 
and a vitamin D-deficient diet may be closer to what 
is observed in elderly women with hip fractures. In 
addition, reduced strength in the femoral neck—as 
seen in elderly patients—has been reported previ-
ously in this model (Kaastad et al. 2001). 

We investigated the combined effects of OVX 
and vitamin D deficiency on the mechanical prop-
erties of a healing tibial midshaft fracture after 6 
weeks. Estrogen is reported to be an important reg-
ulator of cartilage homeostasis, growth and matu-
ration (Lee and Witchel 1997), and the finding of 
mRNA for estrogen receptors expressed in callus 
during fracture healing in rats would suggest that 
estrogen has a role in the healing process (Boden et 
al. 1989). On the other hand, vitamin D deficiency 
is known to induce secondary hyperparathyroid-
ism, increased bone turnover, and bone mineral 
loss (Fraser 1995, Ooms et al. 1995, Mosekilde 
2005). Furthermore, vitamin D and some of its 
metabolites may have roles in bone metabolism 
and fracture healing (Omeroglu et al. 1997). In 
addition, vitamin D deficiency has been shown to 
block formation of mature bone during fracture 
healing, although the deposition of osteoid remains 
unchanged (Lindgren et al. 1981).

Thus, our working hypothesis was that the com-
bined withdrawal of estrogen and vitamin D will 
disturb and/or delay the fracture healing process, 
leading to callus with impaired mechanical prop-
erties. 

Material and methods

Local guidelines were followed and the study pro-

tocol was approved by the Norwegian National 
Animal Research Authority. 

Animals

72 female Wistar rats (Taconic Europe, Ejby, Den-
mark), 10 weeks of age, with a mean weight of 235 
(197–272) g were randomized into two groups. The 
animals in one group, termed Ovx-D, were ovariec-
tomized and fed a vitamin D3-deficient diet (RM1; 
Special Diets Services, Witham, Essex, England 
(no vitamin D3, 0.55% Ca, and 0.50% P)) and the 
other group was sham-operated and fed normal rat 
chow (vitamin D3 at 1,500 IU/kg, 0.55% Ca, and 
0.50% P). To avoid the excessive weight gain seen 
in OVX rats, pairwise feeding was started after 
the OVX/sham surgery. The food was weighed for 
both groups and the amount eaten by the Sham ani-
mals was used as a standard for all.

All animals had free access to tap water and were 
housed in an open system with 1 or 2 in wire-top 
plastic cages (2,000 cm2). The temperature was 21 
± 1˚C, relative humidity was 55 ± 10%, and there 
were day/night cycles of 12 h with 20 exchanges of 
air every hour.

During surgery and prior to killing, the rats were 
anesthetized with a combination of Hypnorm (flua-
nisone 5 mg/ml and fentanyl citrate 0.1575 mg/mL) 
and Dormicum (midazolam 2.5 mg/mL). The dose 
was 0.2–0.35 mL per 100 g body weight subcuta-
neously. The animals were given analgesics for 1 
day postoperatively (Temgesic; Schering-Plough, 
Kenilworth, NJ) at a dose of 0.05 mg per kg body 
weight subcutaneously.

In the Ovx-D group, bilateral ovariectomy was 
performed as previously described (Waynforth 
1980), while the Sham group received only the 
skin incision followed by laparotomy. 

After 12 weeks, a closed transverse fracture was 
made in the right tibial midshaft of all animals 
(Nordsletten et al. 1994b). During anesthesia, the 
heel of the right limb was placed on a platform with 
the distal part of the limb in-between 3 points in the 
jaws of a specially designed forceps (Ekeland et 
al. 1981). The jaws were rapidly closed to deliver 
a force that resulted in a standardized fracture of 
the right tibia. The fracture was then fixed with an 
intramedullary nail (Optiva 2 Smiths Medical 18 G 
1.3 × 32 mm; Smiths Medical International Ltd., 
Kent, UK) as previously described (Nordsletten et 
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al. 1994b). Animals for histomorphometric analy-
sis were killed 3 weeks (7 Ovx-D and 7 Sham) or 6 
weeks (6 Ovx-D and 5 Sham) after fracture. Under 
deep anesthesia, the tissues of the animals were 
fixed by vascular perfusion through the heart with 
phosphate-buffered (0.1 M) 2% paraformaldehyde. 
Tibia and femur were excised bilaterally and dis-
sected free of soft tissues, and the intramedullary 
nail was carefully extracted from a proximal port 
of the tibia without damaging the fracture site.

6 weeks after surgery, 11 animals from each 
group were killed with an overdose of phenobar-
bital. Tibia and femur were then dissected free and 
the intramedullary nail was removed as described 
above. Prior to mechanical testing, the bones were 
kept moisturized in separate glass containers with 
0.9% sodium chloride at 4˚C.  

Before death, blood was collected from all Ovx-
D animals and 5 randomly chosen Sham animals 
by cardiac puncture, and then frozen for later 
determination of serum levels of vitamin D and 
estradiol. The 22 remaining animals were killed, 
and the bone tissue prepared and stored for later 
use in planned supplementary ultrastructural stud-
ies of fracture healing in osteoporotic rats. 

Serum levels of 25-hydroxyvitamin D and 
estradiol

The serum levels of 25(OH)D were determined 
after acetonitrile extraction using a competitive 
radioimmunoassay (RIA) kit from DiaSorin (Still-
water, MN). The intra-assay variation was 6%. The 
serum levels of estradiol were determined after 
diethyl ether extraction using a competitive fluo-
roimmunoassay (DELFIA) kit from PerkinElmer, 
Turku, Finland. The intraassay variation was 3% 
for serum levels in the range of 0.43– 0.12 nmol/L 
and 5% for serum levels < 0.12 nmol/L. All mea-
surements were performed by the Hormone Labo-
ratory at Aker University Hospital, Oslo, Norway. 

Dual-energy X-ray absorptiometry (DXA)

The bone mineral density (BMD) (g/cm2) was 
assessed in vivo by DXA using Lunar PIXImus 
(Lunar, Madison, WI) with hardware and software 
specially designed for bone densitometry in small 
animals. To evaluate bone loss prior to induction 
of fracture, BMD was measured in the right tibial 
midshaft of all animals. 2, 3 and 6 weeks after frac-

ture, the following sites were scanned: the fracture 
area, tibial and femoral midshaft, femoral neck, and 
lower lumbal vertebra. The region of interest (ROI) 
was chosen as a longitudinal rectangle covering the 
outer cortices (tibial midshaft 11 × 25 pixels and 
femoral neck 11 × 11 pixels). For the callus area, 
a longitudinal rectangle was placed with the trans-
verse fracture line right-angled in center, and the 
ROI was adjusted to cover the whole callus area. 
For the lower lumbar vertebra, a transverse rect-
angle was chosen (11 × 17 pixels). BMD of the 
intramedullary nail was measured after extraction, 
and subtracted from the in vivo values of the right 
tibial shaft and callus. The precision for the DXA 
measurements was estimated by duplicate mea-
surements at the same time point, with intraassay 
variation of 3%. 

Mechanical analysis

Mechanical testing of the fracture callus, the femo-
ral midshaft, and the femoral neck was carried out 
on both the Ovx-D and the Sham group. According 
to recent data (Namkung-Matthai et al. 2001), the 
clinically relevant difference in means was consid-
ered to be 20% or more. Although 5 animals per 
group was calculated to be sufficient to evaluate 
a 20% difference in means by an independent-
samples t-test (2-tailed) with a power of 80%, α = 
0.05 and σ = 0.10 (Dupont and Plummer 1998), 11 
animals were included in each group in order to 
make up for possible losses during the many dif-
ferent steps of the experiment. 

The femoral midshaft was fractured 16 mm 
from the femoral condyles with 3-point cantile-
ver bending as previously described (Engesaeter 
et al. 1978). The proximal femur was fixed in a 
clamp and the cam of the rotating wheel was used 
to engage the femoral condyles. A fulcrum posi-
tioned anteriorly 16 mm from the condyles was 
the third point of application of force. For testing 
of the femoral neck, the cam of the rotating wheel 
was placed against the femoral head with its cen-
tral edge at the base of the femoral neck, and the 
wheel was rotated until the femoral neck fractured 
in combined bending and shear. 

After demarcating the fracture line with a pen, 
the proximal tibia was fixed in the clamp, the cam 
of the rotating wheel was used to engage the distal 
end anteriorly, and the fulcrum was positioned pos-
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teriorly facing the demarcated fracture line in the 
callus area. After mechanical testing, the operators 
evaluated the bone fragments in each case to ensure 
that loading until failure actually occurred in the 
callus area. The midshaft of the tibia broke approx-
imately 26 mm from the proximal tibia condyles, 
a measurement that was used later as a standard 
for positioning of the fulcrum during testing of the 
contralateral controls. The intact limb from both 
groups was used as an internal control. Nonunited 
fractures, defined as 2 separate bone fragments or a 
callus gap bridged only by soft tissue after extract-
ing the intramedullary nail, were excluded from 
mechanical testing. All tests were performed at a 
loading rate of 12 radians/second (Nordsletten et 
al. 1994a). The load was measured with a load cell 
(250 N) connected to a computer via an amplifier. 
The load-deformation curves were recorded online 
in TestStar II (MTS Systems Corp., Eden Prairie, 
MN). Ultimate moment, ultimate energy absorp-
tion, stiffness and deflection were read directly 
or calculated from the computer recordings as 
described previously (Nordsletten et al. 1993), and 
group comparisons between the Ovx-D and Sham 
animals were carried out. Reproducibility of the 
test was 0.02% of maximum load (250 N).

Histomorphometry

Following dissection and removal of the intramed-
ullary nail, the specimens were further fixed in 2% 
phosphate-buffered paraformaldehyde for 3 days, 
and then decalcified in 7% EDTA supplemented 
with 0.5% paraformaldehyde for approximately 40 
days. After decalcification, transverse slices were 
taken from tibia at 2 different sites: 0.5-mm-thick 
samples for histomorphometric analysis were cut 
from the proximal midshaft, whereas 1.0-mm-
thick slices were cut from the center of the callus. 
The callus specimens were prepared and stored for 
later ultrastructural analysis. 

The femoral midshaft was harvested and thin 
transverse slices (of 0.5 mm) were cut. The femo-
ral head and neck were split by a mid-longitudi-
nal section. These specimens were further fixed 
in 2% glutaraldehyde, dehydrated in ethanol, and 
embedded in an epoxy resin according to a routine 
protocol. Semi-thin (1-µm) sections were stained 
with toluidine blue and examined in a light micro-
scope.

2 sections from each of the tibial and femoral 
midshafts were studied in all animals. Anteropos-
terior and mediolateral outer diameter, cortical 
thickness, and cortical area were measured using 
a semiautomatic image analyzer program (Analy-
SIS 3.0; Soft Imaging System, Münster, Germany). 
Images were obtained in a light microscope at a 
magnification of 1.25× using a digital camera. The 
anterioposterior and mediolateral outer diameters 
were measured with a right angle in-between, and 
the means of the diameters were calculated and 
used as the total outer diameter. The cortical thick-
ness was measured at four randomly chosen points 
(with approximately 45° in-between) and the mean 
was calculated. The cortical area was calculated 
by measuring the area of the whole cross section 
minus the area of the bone marrow. Intraassay vari-
ation was less than 10%.

2 sections from the femoral head, bilaterally in all 
animals, were used for calculation of the trabecular 
bone volume density (VvTB). A light microscope 
with a digital camera was used to obtain images at 
a magnification of 2.5×, which were subsequently 
subjected to semiautomatic image analysis (Anal-
ySIS 3.0; Soft Imaging System). A virtual square 
grid with test lines 300 µm apart was superimposed 
on images with one of the outer lines as close as 
possible to the growth plate and the other ones 
inside the cortical shell. The VvTB was calculated 
by point counting. Intraassay variation was 4%.

Statistics

All results are expressed as means and standard 
deviations (SDs). The mechanical data, which devi-
ated slightly from a true normal distribution (illus-
trated by box plots; data not shown), were evalu-
ated by an independent statistician (Department 
of Biostatistics, University of Oslo, Norway). An 
independent-samples t-test was considered to be 
suitable. Thus, the statistical differences between 
the groups for all parameters were calculated by 
the use of independent-samples t-test (two-tailed) 
in SPSS version 12.01 for Windows.

Concerning the histomorphometry, the mean of 
the measurements in each animal was calculated 
and used as a single observation to avoid statistical 
problems in managing dependent variables. A p-
value of ≤ 0.05 was considered significant. 
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Results 

3 animals (1 Ovx-D and 2 Sham) were lost during 
the experimental period due to anesthesia or tech-
nical problems in establishing osteosynthesis. 
After randomization, but prior to ovariectomy and 
introduction of diet, mean body weight was 4.7% 
lower in the Ovx-D group compared to Sham (p = 
0.02). However, despite pairwise feeding the Ovx-
D group gained more weight than the Sham group. 
Mean body weight was 8.6% and 13% higher in 
the Ovx-D group after 3 and 6 weeks, respectively 
(p < 0.001). 

Serum levels of 25-hydroxyvitamin D and 
estradiol

A 25(OH)D level of less than 25 nmol/L in serum 
was considered to be vitamin D deficiency (Lips 
2001). The Ovx-D group had 25(OH)D levels of 
≤ 18 nmol/L, and 94% had levels of 25(OH)D that 
were undetectable (i.e. ≤ 13 nmol/L). 

Postmenopausal estrogen levels were defined as 
serum estradiol at < 0.10 nmol/L (Hormone Labo-
ratory, Aker University Hospital, Oslo, Norway). 

All Ovx-D animals presented serum estradiol in 
the range of the reference values for postmeno-
pausal state (i.e. ≤ 0.08 nmol/L). 

Dual-energy X-ray absorptiometry (Tables 1 
and 2)

Throughout the monitoring period, the Ovx-D 
group presented lower BMD in vertebra and femo-
ral neck bilaterally than the Sham group (p < 0.001). 
At 6 weeks after fracture (18 weeks after OVX and 
introduction of diet), BMD was reduced by 26%, 
15% and 24% in vertebra, and right and left femo-
ral neck, respectively. Except for a slightly higher 
BMD of the right tibial shaft in the Ovx-D group 
at the time of fracture surgery (p = 0.03), no dif-
ferences were detected in the tibial shafts. Impor-
tantly, no changes in BMD of callus were detected 
during the observation period. 

Right-left comparison indicated bone loss in the 
fractured limb in both groups; on average, BMD 
was lower in the right femoral neck than in the left 
(Ovx-D: p < 0.001 after 2, 3, and 6 weeks; Sham: 
p = 0.05, 0.02, and 0.005 after 2, 3 and 6 weeks, 
respectively). In addition, at the end of the experi-

Table 1. Bone mineral density (BMD) in vivo measured by DXA at different sites before and 2, 3, and 6 weeks after 
induction of a tibial midshaft fracture on the right side. BMD of the intramedullary nail was measured in vitro and 
subtracted from the in vivo BMD values of right tibia. The left limb was used as an internal control. Values are mean 
(SD)

 n a Prior to n 2 weeks n 3 weeks n 6 weeks
   fracture
  (g/cm2 × 10-2)  (g/cm2 × 10-2)  (g/cm2 × 10-2)  (g/cm2 × 10-2)

Right limb
 Callus Ovx-D   36 24.2 (5.0) 36 24.9 (5.3) 24 25.2 (5.5)
  Sham   28 22.8 (4.8) 30 23.4 (7.1) 18 26.3(8.3)
 Tibia Ovx-D 36 24.9 (1.6) c 35 23.8 (5.6) 35 24.0 (4.0) 24 21.4 (4.7)
  Sham 30 23.9 (2.0) 31 24.8 (4.3) 32 24.8 (5.2) 19 23.1 (5.2)
 Femoral neck Ovx-D   34 36.7 (3.5) b 34 35.5 (3.4) b 23 34.1 (4.2) b

  Sham   26 43.0 (3.8) 28 42.5 (5.1) 18 42.2 (5.0)
Left limb
 Tibia Ovx-D   33 24.8 (1.8) 35 24.4 (1.9) 24 24.3 (1.9)
  Sham   30 24.2 (1.5) 30 24.1 (1.5) 19 24.0 (1.8)
 Femoral neck Ovx-D   36 39.9 (3.6) b 36 38.8 (3.8) b 23 40.6 (2.6) b

  Sham   31 45.1 (4.0) 32 45.3 (4.1) 19 46.5 (3.9)
Vertebra, lower lumbal 
  Ovx-D   31 28.8 (3.6) b 36 29.2 (3.7) b 22 29.3 (3.5) b 
  Sham   28 40.6 (4.8) 27 40.2 (5.2) 19 39.5 (4.5) 

a n is the number of bone specimens studied
b Lower BMD in the Ovx-D group than in the Sham group (p < 0.001) 
c Higher BMD in the Ovx-D group than in the Sham group (p = 0.03)
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ment, mean BMD of the right tibial shaft was 
reduced in the Ovx-D group (p = 0.008). Tibial 
BMD in the Sham group was unchanged at all time 
points. 

Mechanical testing 

Except for one rat that was killed due to technical 
problems during fracture surgery, osteosynthesis 
was performed successfully in all animals. After 6 
weeks, the healing rate was 55% and 64% in Ovx-D 
and Sham groups, respectively. Thus, 5 nonunions 
in Ovx-D group and 4 nonunions in Sham group 
were excluded from mechanical testing. Mechani-
cal testing of the remaining calluses (6 Ovx-D 
and 7 Sham) showed no differences in mechanical 
properties between the two groups (Table 3). 

2 left femoral necks (1 from each group) were 
excluded due to damage of the femoral head during 
dissection. Mechanical testing of the right femoral 
neck showed a 16% decrease in bending stiffness 
in the Ovx-D group compared to the Sham group 
(p = 0.02), but there was no difference in other 
parameters between the groups. 

No differences in mechanical properties of the 
femoral shaft were detected between the groups. 

Because the average body weight of the 22 ani-
mals included in the mechanical testing was sig-
nificantly higher in the Ovx-D group (p = 0.002), 

normalizing of the mechanical strength by body 
weight was performed but did not alter the statisti-
cal outcome (data not shown). 

Histomorphometry 

The Ovx-D group showed loss of trabeculae 
and trabecular connectivity in the femoral head 
(Figure 1). This was confirmed by reduced VvTB 
(p < 0.001) (Figure 2). Measurements of the corti-
cal diameter, and thickness and area of the tibial 
and femoral midshaft showed only minor differ-
ences between the groups (Table 4).

Discussion 

The fracture-healing process can be divided into 3 
stages: the inflammatory, reparative, and remodel-
ing phases (Buckwalter et al. 1996). In our model, 
the conditions 6 weeks after inducing the fractures 
corresponded to the reparative phase, when carti-
laginous callus is the major component of healing. 
Our rat model with a combined vitamin D- and 
estrogen-deficient state was constructed in order 
to mimic the clinical picture of fracture healing 
commonly observed in elderly postmenopausal 
women with ovarian failure and vitamin D insuf-
ficiency. 

Table 2. Right-left comparison of bone mineral density (BMD) in vivo 2, 3 and 6 weeks 
after induction of a tibial midshaft fracture on the right (R) side. BMD of the intramed-
ullary nail was measured in vitro and subtracted from the in vivo BMD values of right 
tibia. The left limb (L) was used as an internal control. Values are mean (SD)

 Side n a 2 weeks n 3 weeks n 6 weeks
   (g/cm2 × 10-2)  (g/cm2 × 10-2)  (g/cm2 × 10--2)

Ovx-D 
 Tibia R 35 23.8 (5.6)  35 24.0 (4.0) 24 21.4 (4.7)
  L 33 24.8 (1.8) 35 24.4 (1.9) 24 24.3 (1.9) c

 Femoral R 34 36.7 (3.5) 34 35.5 (3.4) 23  34.1 (4.2)
 neck L 36 39.9 (3.6) b 36 38.8 (3.8) b 23 40.6 (2.6) b

Sham
 Tibia R 31 24.8 (4.3) 32 24.8 (5.2) 19 23.1 (5.2)
  L 30 24.2 (1.5) 30 24.1 (1.5) 19 24.0 (1.8)
 Femoral R  26 43.0 (3.8) 28 42.5 (5.1) 18 42.1 (5.0)
 neck L 31 45.1 (4.0) e 32 45.3 (4.1) d 19 46.5 (3.9) c

a n is the number of bone specimens studied
b Higher BMD in the left limb than in the right limb (p < 0.001) 
c Higher BMD in the left limb than in the right limb (p = 0.005)
d Higher BMD in the left limb than in the right limb (p = 0.02)
e Higher BMD in the left limb than in the right limb (p = 0.05)
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Osteoporosis was successfully induced in tra-
becular bone; serum analyses confirmed artificial 
menopause and severe vitamin D deficiency, and 
significantly reduced BMD in proximal femur 
and spine, as well as reduced VvTB in the femo-
ral head, confirmed loss of trabecular bone. Since 
no significant bone loss was detected in the mid-
shaft of long bones in the Ovx-D group relative to 
the Sham group, this model is no different from 
what was previously observed in the conventional 

OVX model concerning cortical bone loss (Eger-
mann et al. 2005). At the end of the experiment—
after 6 weeks—there was an unexpectedly high 
rate of incomplete healing in both groups (but 
not significantly different). However, mechani-
cal testing of the fractures that healed revealed no 
significant alterations in callus strength between 
the groups. In support of this, there was no dif-
ference in the mean BMD of callus between the 
groups. 

Figure 1. Light microscopic pictures of sections of femoral head with a magnification of 2.5×. 
Panel A, from an Ovx-D rat, shows substantial loss of trabecular bone and trabecular connectiv-
ity compared to panel B, which was taken from a Sham rat. 

Table 3. Comparison of biomechanical properties of callus and long bones in Ovx-D and Sham groups examined in 
a 3-point cantilever bending test. A standardized fracture was performed in the tibial midshaft on the right side of all 
animals, and fixed with an intramedullary nail. The nail was removed prior to mechanical testing. The left limb was 
used as an internal control. Values are mean (SD)

 Bending moment Energy absorption Bending stiffness Deflection
 (Nm) (J × 10-2) (Nm/degree × 10-2) (degrees)
Bone site Group n a Fractured  Control Fractured  Control Fractured  Control Fractured  Control
   limb  limb  limb  limb

Tibia Ovx-D   6/11 15.1 42.5 34.8 99.7 58.3 77.2 10.7 22.5 
   (4.5) b (3.8) (10) b (8.9) (27) b  (14) (3.2) b (3.7)
 Sham   7/11 15.7  40.2 34.6 94.2 39.3 67.2 14.3 22.9
   (8.0) b (3.7) (19) b (8.9) (15) b (7.2) (4.7) b (2.2)
Femur Ovx-D 11/11 61.0 62.3 143 146 114  116 20.4 20.3
   (4.8) (4.3) (11) (10) (11) (9.6) (2.6) (1.2)
 Sham 11/11 61.3  62.8 144 147 123 120 18.3  19.5
   (9.5) (11) (22) (26) (19) (22) (2.1) (2.8)
Femoral  Ovx-D 11/10 31.1 48.8 72.9 115  52.4 81.8 22.2 22.1
neck   (5.9) (15) (14) (36) (4.9) c (27) (3.4)  (5.6)
 Sham 11/10 35.9 47.4 84.4 112 62.7 72.7 20.1 23.4
    (7.2) (8.1) (17) (19) (13) (16) (2.2) (4.4)

a n is the number of animals studied
b Biomechanical parameters of callus 6 weeks after fracture.
c Significantly lower bending stiffness in the Ovx-D group than in the Sham group (p = 0.02)
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Several methodological aspects may have influ-
enced our results. Weakening of the femoral neck 
in the range of 20–60% compared to normal lit-
termates has previously been reported in this OP 
model (Kaastad et al. 2001), but except for reduced 
bending stiffness of the femoral neck, no signifi-
cant alterations in the mechanical strength of long 
bones were detected in the Ovx-D group compared 
to the Sham group. According to our results and the 
sample size, an undetectable but clinically relevant 

difference in mechanical strength of the femoral 
neck is unlikely. Thus, for some unknown reason 
we were not able to reproduce the results reported 
by Kaastad et al. (2001).

Body weight in the Ovx-D group was higher 
than in the Sham group at the time of fracture, 
indicating that the calluses were loaded differ-
ently from the beginning and through the 6 subse-
quent weeks of fracture repair. Increased mechan-
ical load has been reported to promote fracture 
healing and callus formation in mice (Gardner et 
al. 2006), and since body weight is proportional 
to the load applied to the callus in vivo, normal-
ization of callus strength by body weight was an 
important correction, but did not alter the statisti-
cal outcome. Although OVX-related weight gain 
in rats is mainly caused by excess adipose tissue 
rather than increased/maintained bone mass (Gray 
and Wade 1981, Wade and Heller 1993, Sato et 
al. 1994), OVX has been reported to stimulate 
periosteal appositional growth at the long bone 
diaphysis (Turner et al. 1987, Miller et al. 1991) 
while at the same time increasing bone resorp-
tion at endosteal surfaces, leading to expansion of 
the medullar cavity (Turner et al. 1987, Jee et al. 
1990, Peng et al. 1994, Pan et al. 1995, Aerssens 
et al. 1996). Since the bone resorbed at the endos-
teal surface close to the bone marrow is replaced 
at the periosteal adjacent surface, enlargement 
of the medullar cavity and cortical thinning may 

Figure 2. Trabecular bone volume density (VvTB) in the 
femoral head was significantly lower in the Ovx-group than 
in the Sham group, both 3 and 6 weeks after tibial shaft 
surgery. After 3 weeks, n = 14 in both right and left leg; 
after 6 weeks, n = 11/12 and 8/9 with respect to Ovx and 
Sham. * p < 0.001
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Table 4. Histomorphometry on tibial and femoral diaphyses 3 and 6 weeks after induction of tibial midshaft fracture. 
Values are mean (SD) × 10-1

 Outer diameter (mm) Cortical thickness (mm) Cortical area (mm2)
 Group n a Right n Left n Right n Left n Right n Left

Tibial shaft 
 3 weeks Ovx-D 5 24.5 (3.2) 6 25.5 (1.6) 5 5.3 (1.3) 6 5.1 (0.3) 5 35.9 (9.5) 6 38.7 (4.7)
  Sham 7 26.0 (2.1) 7 24.0 (2.9) 7 5.5 (0.5) 7 4.9 (1.0) 7 39.6 (4.5) 7 33.5 (7.7)
 6 weeks Ovx-D 6 23.1 (1.0) 6 22.8 (0.9) 6 5.2 (0.4) 6 4.8 (0.5) 5 3.1 (1.8) 6 30.9 (2.8)
  Sham 5 23.4 (5.6) 5 22.4 (0.9) 5 5.0 (1.1) 5 4.9 (0.5) 5 31.7 (14.0) 4 28.6 (4.6) 
Femoral shaft 
 3 weeks Ovx-D 6 29.9 (1.1) 7 30.5 (1.7) 7 5.5 (0.5) c 7 5.6 (0.4) b 6 42.6 (3.5) d 7 46.4 (3.6) 
  Sham 7 29.9 (1.5) 6 30.5 (1.0) 7 6.2 (0.5) 7 6.2 (0.4) 7 48.0 (4.2) 6 48.2 (3.8)
 6 weeks Ovx-D 6 29.5 (1.5) 6 29.3 (1.9) 6 5.9 (0.2) 6 6.0 (0.2) 6 43.6 (2.4) 6 46.2 (5.0)
  Sham 5 29.4 (1.5) 5 28.9 (1.4) 5 5.9 (0.5) 5 5.7 (0.3) 5 45.6 (4.3) 4 41.7 (2.7)

a n is the number of animals studied
b Significant differences (p = 0.01) with respect to Ovx-D
c Significant differences (p = 0.02) with respect to Ovx-D
d Significant differences (p = 0.03) with respect to Ovx-D
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be the only sign of cortical bone loss in the long 
bone diaphyses (Danielsen et al. 1993, Jee and 
Yao 2001). However, the absence of geometri-
cally measurable changes in long bone diaphyses 
in our study, supported by the fact that there were 
no differences in BMD, indicate that the exces-
sive body weight in the Ovx-D group was prob-
ably not the cause of the maintained mechanical 
strength of long bones. 

Both groups presented a low healing rate of the 
fractures at the end of the experiment. Thus, the 
nonunions are not likely to be caused by estrogen/
vitamin D depletion but rather by common factors, 
i.e. the model or the fracture/osteosynthesis proce-
dure. Internal fixation of the fracture with an intra-
medullary nail may have been too rigid; too little 
motion between the fracture fragments can lead to 
insufficient callus formation (Carter et al. 1998, 
Thompson et al. 2002). Furthermore, recent data 
indicate that immobilization can reduce or delay 
fracture healing in mice (Uusitalo et al. 2005). This 
is supported in the present study, at least in part, 
by left-right comparison showing reduced BMD of 
the right fractured limb in both groups. 

Despite several exclusions from the callus 
groups in mechanical testing, sample size was still 
sufficient to allow detection of a 20% difference 
in means according to existing literature (Dupont 
and Plummer 1998). However, widespread vari-
ance (i.e. large SDs) complicates the interpretation 
of the results. The callus presents the most pro-
nounced variance, with SDs in range of 25–50% 
of means for both groups. The 3-point cantilever 
bending test has been reported to be a good test 
for examination of the properties of tibial fractures 
(Bak et al. 1990, Bak and Andreassen 1991, Bak 
and Jensen 1992). Thus, the explanation is more 
likely to be related to variance in the fractures and/
or the healing process than to complex biomechan-
ics of the tibia. Slight variance in weight/size of 
the animals—and thus differences in length of the 
limbs—may have resulted in fractures at different 
sites along the tibial shaft. Furthermore, positioning 
of the fulcrum during mechanical testing is critical 
for the outcome; when optimally positioned, the 
fulcrum faces the center of the callus and loading 
until failure occurs in this area. Thus, inaccuracy 
in positioning of the fulcrum with respect to the 
callus area may have been a source of bias. 

Even so, the widespread variance observed 
throughout the mechanical test results suggests a 
more generalized cause. Bending tests are strongly 
dependent on the operator’s testing skills and the 
orientation of specimens (Black et al. 1984), but all 
bending tests were performed by the same opera-
tors—who were trained in the procedure to mini-
mize this type of bias. 

Although several studies support the previously 
held dogma that OVX impairs fracture healing at 
different stages of the repair process (Hill et al. 
1995, Walsh et al. 1997, Namkung-Matthai et al. 
2001), more recent data have indicated mainly 
unaffected mechanical properties of the callus 
(Kubo et al. 1999, Cao et al. 2002). Interestingly, 
we have shown that the additive effect of vitamin 
D depletion does not dramatically alter the results 
reported with OVX rats (Kubo et al. 1999, Cao et 
al. 2002). The BMD of callus, which is a widely 
used parameter of fracture healing, has previously 
been reported to be reduced in OVX rats (Walsh et 
al. 1997, Kubo et al. 1999). However, more recent 
evidence suggests that OVX-related increased 
bone turnover actually favors callus remodeling, 
and that callus size is increased in OVX rats after 6 
weeks of fracture repair (Cao et al. 2002). In addi-
tion, after 16 weeks of healing OVX seemed to 
be advantageous in promoting the fracture repair 
by presenting non-visible fracture lines and fully 
remodeled callus into lamellar bone (Cao et al. 
2002). 

In summary, our results indicate that the mechan-
ical properties of callus are mainly preserved even 
after the combined withdrawal of estrogen and 
vitamin D, suggesting that the whole callus appears 
to be able to compensate for the potentially nega-
tive effects of OVX and vitamin D deficiency on 
fracture healing. Thus, the maintenance of biome-
chanical integrity of callus in this OP model indi-
cates a great capacity for biological adaptation and 
compensatory mechanisms in fracture repair. 

On the other hand, this OP model may not be 
optimal for investigation of fracture healing due 
to low healing rate and considerable variance in 
the results of 3-point bending. Further studies are 
required to fully elucidate the clinical impact of 
estrogen and vitamin D on the healing of fractures, 
preferably at the molecular level. 
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