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Abstract
Summary The aim of this study is to demonstrate the
deficiencies of dual-energy X-ray absorptiometry (DXA),
compared with quantitative computed tomography, to
reflect and differentiate between changes in bone mineral
density and microstructure that contribute to a well-defined
finding of altered skeletal state for both osteoporosis and
renal osteodystrophy induced by chronic renal insufficiency.
Introduction The aim of this study is to demonstrate the
deficiencies of dual-energy X-ray absorptiometry (DXA),
compared with quantitative CT, to reflect and differentiate
between changes in bone mineral density and microstruc-
ture that contribute to a well-defined finding of altered
skeletal state for both osteoporosis and renal osteodys-
trophy induced by chronic renal insufficiency.
Methods Forty-five female Sprague–Dawley rats were divid-
ed into three equal groups: control, ovariectomy, and nephrec-

tomy. Following euthanasia, femurs were excised, divided into
diaphyseal and distal metaphyseal sections, and subjected to
DXA and micro-CT imaging and mechanical testing.
Results Ovariectomy does not affect the structural and
mechanical properties of cortical bone material, but partial
nephrectomy does adversely affect these properties. Both
are verified by DXA and micro-CT imaging and mechan-
ical testing. Meanwhile, nephrectomy does not affect
trabecular bone microstructure or equivalent density, yet
ovariectomy affects the trabecular microstructure. DXA is
unable to detect changes in trabecular bone microstructure
in relation to changes in their mechanical properties.
Discussion Dual energy X-ray absorptiometry measures the
average bone mineral content in a 2D projected area and
cannot differentiate whether the changes occur in the bone
microstructure or equivalent bone tissue density. In con-
trast, micro-CT provides an accurate measurement of the
changes in both equivalent bone tissue mineral density and
microstructure for cancellous and cortical bone.
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Introduction

Fragility fractures of the hip, spine or wrist are common
causes of disability affecting 1.5 million Americans
annually [1, 2]. A 50-year-old white woman has a 15–
20% lifetime risk of sustaining a hip fracture associated
with long-term morbidity and a 20–33% mortality rate
1 year after fracture [3]. Fragility fractures are caused by
low bone mass and micro-architectural deterioration of
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bone tissue [4]. The World Health Organization (WHO) has
identified individuals at risk of fragility fractures based on
their bone mineral density (BMD). BMD is measured by
dual energy X-ray absorptiometry (DXA) at the hip, lumbar
spine, wrist or calcaneus relative to that of a normal young
adult. However, such fracture predictions based on BMD
have been shown to be neither sensitive nor specific [5–9].

Fracture occurs when the applied load exceeds the load-
bearing capacity of bone, as determined by its material and
structural properties [10]. Bone strength depends on
apparent bone density [11, 12] (ρ=bone mass/total speci-
men volume, g.cm-3), which is the product of bone tissue
density (ρtiss = bone mass/bone tissue volume, g.cm-3) and
bone volume fraction (BV/TV = bone tissue volume/total
specimen volume, mm3/mm3). ρtiss reflects the organic matrix
and the mineral composition of bone tissue, which contributes
to its intrinsic material properties. BMD (g.cm-2), on the other
hand, is an areal projection of bone mineral density and not a
true measure of bone density. BMD fails to distinguish
changes in bone tissue composition from changes in bone
tissue volume, an important distinction when diagnosing and
treating diseases associated with low bone mass.

While osteoporosis (~ normal ρtiss, ↓↓ BV/TV) [13] is
assumed to be the cause of most fragility fractures, 25-OH-
vitamin D deficiency, a diagnosis not distinguished by
DXA-assessed BMD, is observed in 50% of postmeno-
pausal women in the population who fracture their hip (not
including those residing in retirement homes) and in whom
there is no other cause of low bone mass [14, 15]. Vitamin
D deficiency can result in osteomalacia (↓↓ρtiss, ↓BV/TV),
which has been diagnosed histologically (hypo-mineralized
osteoid) in 13–33% of patients with hip fractures [16–20].

Therefore, DXA is unable to differentiate between
metabolic bone diseases such as osteoporosis (OP) and renal
osteodystrophy manifested as osteomalacia (OM), both of
which cause osteopenia (altered skeletal state), but affect
bone micro-structure and tissue mineralization differently at
cortical and cancellous bone sites. In patients, osteopenia is
diagnosed when BMD is >1 standard deviation (SD) below
the mean for a young normal adult of the same sex, and
osteoporosis is diagnosed when BMD is ≥2.5 SD below the
mean for a young normal adult of the same sex [21].

Dual energy X-ray absorptiometry measurements are
based on the aerial projection of a 3D construct, where
trabecular and cortical bone components are integrated. In
contrast, quantitative computed tomography, a 3D imaging
modality, can provide information about specific changes in
bone microstructure and tissue density for both cortical and
cancellous bone. The ovariectomized (OVX) rat model has
been widely used to study the effects of menopause on
bone mass, trabecular microstructure, and fracture risk [22–
30], and the partially nephrectomized (NFR) rat model has
been used to study the effects of renal osteodystrophy

manifested as osteomalacia on bone metabolism [31–37].
While the diagnostic guidelines of osteoporosis in an
animal model have yet to be established, the term has been
used interchangeably to refer to an altered skeletal state due to
ovariectomy [38]. Therefore, we will use the established
ovariectomy model as a surrogate for an osteoporosis animal
model in conjunction with the nephrectomy-induced renal
osteodystrophy model to demonstrate the deficiencies of
DXA compared with quantitative computed tomography, and
to reflect and differentiate between changes in bone mineral
density and microstructure that contribute to a well-defined
finding of altered skeletal state for both osteoporosis and
renal osteodystrophy manifesting as osteomalacia. To that
end, we hypothesize that DXA is unable to assess changes in
bone tissue density and microstructure caused by metabolic
bone diseases induced by ovariectomy and nephrectomy.

Materials and methods

Animal models

Thirty female Sprague–Dawley (SD, mass: 250–275 g, age:
∼15 weeks) mature rats were obtained from Charles River
Laboratories (Charles River, Charlestown, MA, USA) and
were divided into three equally sized groups: the animals in
the control group (CON) were not subject to any surgical or
dietary interventions; the OVX group underwent ovariectomy
(a week prior to the start of the study) to induce a state of low
bone mass and micro-architectural deterioration [22–30] and
the NFR group underwent five-sixth nephrectomy (a week
prior to the start of the study) in addition to being placed on a
modified diet containing 0.6% Ca and 1.2% P (from T0 until
the end of the study) to induce renal osteodystrophy [31–37]
(normal rodent diet contains 1.35% Ca and 1.04% P) and
severe secondary hyperparathyroidism. Both surgical proce-
dures were conducted at the animal supplier facility 1 week
prior to the arrival of the animals at the laboratory (Fig. 1).
The study protocol was approved by the Beth Israel
Deaconess Medical Center’s Institutional Animal Care and
Use Committee (IACUC). Animals were weighed each week
to assess changes in body mass over the study period.

Specimen geometry

A mid-diaphyseal (cortical bone only) and a distal
metaphyseal (trabecular + cortical bone) segment was cut
from each femur perpendicular to the anatomical axis
between two parallel diamond wafering blades on a low-
speed saw (Isomet, Buehler Corporation, Lake Bluff, IL,
USA) under copious irrigation. The cortical midshaft
segments (H: 5.99 mm ± 0.28 mm, ∅: 3.64 mm ±
0.24 mm) were cut to maintain a 2:1 height to diameter
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ratio [39], while the distal metaphyseal segments, with the
thin cortex shaved off (H: 6.22 mm ± 0.73 mm, ∅:
4.84 mm ± 0.41 mm), were cut immediately above the
growth plate, identified from anterior–posterior contact
radiographs, to include the distal metaphyseal trabecular
structure (Fig. 2). The metaphyseal cortex was shaved off
under an established protocol at the laboratory using
diamond wafering blades and visual magnification. The
presence of cortical shell was ruled out via radiography
during the process and subsequent micro-CT imaging. The
cortical and trabecular segments underwent cleaning via
sonic agitation (Fisher Scientific International, Hampton,
NH, USA) while suspended in an equal mixture of water
and ethyl alcohol for 20 min, followed by centrifugal
removal of excess water and marrow at 9G for 15 min. The
average mass and physical dimensions of each segment
were measured (average of 3 measurements per case) using
precision balance and calipers.

Imaging and image analysis

Bone mineral density (BMD) and bone mineral content
(BMC) at the femoral diaphysis (cortical bone) and the
distal femoral metaphysis (cancellous bone) were measured
using DXA (Lunar PIXImus2; General Electric, Waukesha,
WI, USA) on a weekly basis over a 7-week period. Two
landmark-based analysis boxes, one to cover the cortical
bone area and one to cover the distal femoral metaphysis,
were used to assess BMD from DXA throughout the study.
Additionally, femur lengths were measured using DXA

images at the initial and final time points to assess animal
growth over the course of the study. At the end of week 7,
the animals were euthanized and both femurs were
extracted. Sequential transaxial images through the entire
femur were obtained using micro-computed tomography
(micro-CT; Scanco Medical, Bassersdorf, Switzerland) at
an isotropic voxel size of 20 μm, integration time of
250 ms, and beam energy and current of 70 keV and
0.114 mA respectively. Micro-CT imaging was performed
on excised, cut (cortical), and cut and shaved off (trabec-
ular) samples. A three-dimensional Gaussian filter (σ=0.8)
with a limited, finite filter support [1] was used to suppress
the noise in the volumes. The images were binarized to
separate bone from background using an adaptive thresh-
olding procedure. After thresholding, cortical bone volume
fraction (Ct.BV/TV) and cortical thickness (Ct.Th) along
with direct trabecular morphometric indices of bone volume
fraction (BV/TV), bone surface density (BS/BV), structure
model index (SMI), trabecular number (Tb.N), trabecular
thickness (Tb.Th), trabecular thickness intra-individual
standard deviation, calculated as the second moment of
the Tb.Th histogram distribution (Tb.Th SD), trabecular
spacing (Tb.Sp), trabecular spacing intra-individual stan-
dard deviation, calculated as the second moment of the Tb.
Sp histogram distribution (Tb.Sp SD), degree of anisotropy
(DA=length of the longest divided by the shortest MIL
tensor), and connectivity density (Conn.D) were assessed
for all images [40]. Additionally, equivalent bone mineral
density (ρm(I)) was calculated using a hydroxyapatite
phantom, supplied by the manufacturer, to convert X-ray

Time (wks)

T -1 T 0 T 1 T 2 T 3 T 4 T 5 T 6 T 7

OVX/NFR

Surgeries

DXA and mass measurements

Modified NFR diet Euthanasia

Femur length measurementFemur length measurement
Fig. 1 Study timeline highlight-
ing surgical interventions and
measurements. DXA = dual
energy X-ray absorptiometry;
OVX = ovariectomized group;
NFR = partially nephrectomized
group

Fig. 2 An illustration of cortical
and trabecular specimen
preparation
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attenuation coefficient (μ) to an equivalent density. This
equivalent bone tissue mineral density (ρequiv, g.cm

-3) was
calculated by summing Σ[ρm(I)·dv] over all voxels
contained within the bone profiles visualized on each
transaxial micro-CT image and dividing that sum by the
total bone tissue volume, BV = Σ dvbone. This method of
bone mineralization measurement is prone to partial volume
artifacts. However, this is a comparative study of samples
with relatively similar size. So, the effects of partial volume
artifacts can be considered uniform across the study;
therefore, unlikely to affect the outcome of the study. The
precision of dual energy absorptiometry to assess rat
femoral BMD and BMC is less than 1.5% based on the
existing system and the established protocol at our
laboratory. Likewise, the precision of micro-computed
tomographic assessment of 3D microstructural indices of
excised rat bone samples is less than 0.5%.

Mechanical testing

At the conclusion of the study, all cortical and cancellous
segments underwent compressive mechanical testing (Syn-
ergy 200; MTS, Prairie View, MN, USA). Specimens were
preconditioned, using a triangular waveform, to 0.33%
strain for seven cycles at a strain rate of 0.005 s-1, followed
by uniaxial compression to failure at a rate of 0.01 s-1.
Stiffness (K, kN.mm-1) and yield load (Lyield, kN),
representing extrinsic structural properties, were reported
for the study. Stiffness was assessed by measuring the slope
of the elastic region of the load displacement curve for the
cortical and cancellous segments, and yield load was
assessed as the point where the load–displacement curve
ceased to be linear. Specimens were thawed out to room
temperature and hydrated prior to mechanical testing and
were stored in saline-soaked gauze at −20°C for the
duration of the study.

Statistical analysis

Continuous data were assessed for normality using the
Kolmogorov–Smirnov test. A power analysis indicated that
10 animals per group provided ±20% precision to measure
the correlation between bone tissue and structural properties
and measurements of bone strength with a 95% confidence
interval around a moderate Pearson coefficient of 0.60
(nQuery Advisor, version 6.0; Statistical Solutions, Saugus,
MA, USA). One-way analysis of variance (ANOVA) was
conducted with animal model (CON, OVX, and NFR) as
the independent variable, and BMD, BMC, mass, trabecular
and cortical bone microstructural indices, ρequiv measured
by micro-CT, and extrinsic mechanical properties as
dependent variables. A repeated measure ANOVA test
was conducted with animal model as the independent

variable and BMC, BMD, body mass, and femur length
over time as dependent variables. The SPSS statistical
package (version 15.0; Chicago, IL, USA) was used for
data analysis. All reported p values are two-tailed, with
p<0.05 considered statistically significant.

Results

The normalized body mass (the mass at time 0) increased
by 10.7%, 22.2%, and 28.7% for the rats in the CON,
OVX, and NFR disease groups respectively from week 1 to
week 7. Repeated measures ANOVA revealed that the
normalized mass in the OVX and NFR groups was different
from that of the CON group, yet no difference was observed
between the two (OVX and NFR vs CON, p<0.001; OVX
vs NFR, p=0.31; Fig. 3a). Average femur lengths between
the CON, OVX, and NFR groups exhibited a nonsignificant
increasing trend (3.3%, 1.9%, and 3.3%) over time from
week 1 to 7 (p>0.05 for all cases). This trend was due to
animal growth over the study period.

At week 7, the mid-diaphyseal (cortical) BMC of the
CON group was not different from that of the OVX group
(p>0.99), yet it was 14.8% more than that of the NFR
group (p<0.001). Similarly, the mid-diaphyseal BMD of
the CON group was not different from that of the OVX (p=
0.10), yet was 16.0% more than that of the NFR (p<0.001).
The metaphyseal (trabecular) BMC of the CON group was
7.6% and 16.5% more than those of the OVX (p=0.04) and
NFR groups respectively (p<0.001). Also, the metaphyseal
BMD of the CON group was 12.5% and 25.0% greater than
those of the OVX (p<0.001) and NFR (p<0.001) groups.
Over the course of the study, diaphyseal BMC and BMD
measurements across all groups demonstrated an upward
trend, with a downward slope for the NFR group from
week 6 onward (Fig. 3b). Conversely, metaphyseal BMC
and BMD maintained an increasing trend in the CON group
throughout the study, while the OVX and NFR groups
exhibited a downward slope up to weeks 3 and 4, followed
by an increasing slope from then onward (Fig. 3c, Table 1).

Micro-CT assessment showed that mid-diaphyseal equiv-
alent bone tissue density of the CON group was not different
from that of the OVX group (p=0.07), yet it was 19.0%
greater than the NFR group (p=0.001). Cortical BV/TV of
the CON group was not different from that of the OVX
group (p=0.23); however, it was 16.4% greater than that of
the NFR group (p=0.01). Additionally, the cortical thick-
nesses of the CON and the OVX group were not different
(p=0.59); however, the cortical thickness of the NFR group
was half that of the CON group (p=0.001; Table 2).

Micro-CT assessment showed that the distal metaphyseal-
equivalent bone tissue density of the CON group was not
different from those of the OVX (p=0.16) and NFR
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(p=0.10) groups. The trabecular BV/TV of the CON group
was 55% greater than that of the OVX group (p<0.003) and
was not different from that of the NFR group (p=0.90).
Corresponding changes were also noted in the trabecular
microstructure: the Tb.N of the CON group was 52% greater
than that of the OVX group (p=0.001), yet not different from
that of the NFR group (p=0.99); the Tb.Sp of the CON
group was 150% less than that of the OVX group (p<0.001)
and was not different from that of the NFR group (p=0.44).
The intra-individual standard deviation of OVX trabecular
spacing was 277 times greater than that of the CON group
(p<0.001); however, no difference was observed between
the CON and NFR groups (p=0.07). The Tb.Th of the OVX
and NFR groups was 21% and 16% less than that of the
CON group (p<0.001 for both cases) respectively. Likewise,
the intra-individual standard deviation of the trabecular
thickness of the OVX and NFR groups was 48% and 51%
greater than that of the CON group (p<0.001 for both cases).

The specific bone surface (BS/BV) of the OVX group was
34% greater than that of the CON group (p=0.001); however,
no difference was observed between the CON and NFR
groups (p=0.27). Trabecular connectivity density (Conn.D)
of the CON group was 55% greater than that of the OVX
group (p=0.006), but 46% less than that of the NFR group
(p=0.008). The structure model index (SMI) of the OVX
group was 104% greater (more rod-like) than that of the
CON group (p=0.010), while no significant difference was
observed between the SMI values of the CON and NFR
groups (p=0.17). The SMI scale ranges from 1 to 3, where 1
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Fig. 3 a Average mass of the animals in each group over the study
period. b Average mid-diaphyseal bone mineral content (BMC) of the
animals in each group over the study period. c Average distal
metaphyseal BMC of the animals in each group over the study period.
CON = control group; OVX = ovariectomized group; NFR = partially
nephrectomized group

Table 1 Dual energy absorptiometry (DXA)-generated bone mineral
content (BMC) and bone mineral density (BMD) values for the mid-
diaphyseal and distal metaphyseal regions

Group Mid-diaphyseal Distal metaphyseal

BMC (g) BMD (g.cm-2) BMC (g) BMD (g.cm-2)

CON 0.243 (0.015) 0.243 (0.011) 0.091 (0.008) 0.232 (0.018)
OVX 0.240 (0.015) 0.232 (0.012) 0.084 (0.005) 0.203 (0.015)
NFR 0.207 (0.016) 0.204 (0.015) 0.076 (0.009) 0.174 (0.018)

CON = control group; OVX = ovariectomized group; NFR = partially
nephrectomized group

Table 2 Micro-computed tomography (micro-CT)-generated equiva-
lent density and structural indices for the mid-diaphyseal region

Group ρequiv (g.cm
-3) BV/TV (mm3/mm3) Ct.Th (mm)

CON 1.169 (0.018) 0.587 (0.028) 0.522 (0.026)
OVX 1.228 (0.013) 0.621 (0.044) 0.565 (0.036)
NFR 0.946 (0.015) 0.492 (0.083) 0.259 (0.172)

CON = control group; OVX = ovariectomized group; NFR = partially
nephrectomized group; ρequiv = equivalent bone density; BV/TV =
bone volume fraction; Ct.Th = cortical thickness
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refers to a predominantly plate-like structure, and 3 refers to
a predominantly cylindrical structure. The degree of trabec-
ular anisotropy (DA) was 51% and 75% lower in the OVX
and NFR groups respectively, in comparison to the CON
group (p<0.001 for both cases; (DA=1 isotropic and DA>1
anisotropic; Table 3).

Mid-diaphyseal (cortical) stiffness of the CON group was
not different from that of the OVX group (p= 0.23), yet it was
62% greater than that of the NFR group (p=0.02). Similarly,
the yield load of the CON group was not different from that
of the OVX group (p=0.34), but was 55% greater than that
of the NFR group (p=0.80). Distal metaphyseal stiffness of
the CON group was 41% greater than that of the OVX group
(p=0.01), but was 30% smaller than that of the NFR group
(p=0.02). Finally, the yield load of the CON group was 23%
greater than that of the OVX group (p=0.01) and 23%
smaller than that of the NFR group (p=0.01; Table 4).

Discussion

Dual energy X-ray absorptiometry imaging reported non-
significant decreasing trends in cortical BMC and its
derivative BMD in ovariectomized animals, while micro-
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Table 4 Extrinsic mechanical properties of the mid-diaphyseal and
distal metaphyseal regions

Group Mid-diaphyseal Distal metaphyseal

K (kN/mm) LULT (kN) K (kN/mm) LULT (kN)

CON 5.90 (1.36) 0.63 (0.14) 1.46 (0.33) 0.15 (0.02)
OVX 5.99 (1.47) 0.60 (0.21) 0.86 (0.35) 0.12 (0.02)
NFR 2.25 (0.83) 0.29 (0.17) 1.90 (0.46) 0.19 (0.03)

CON = control group; OVX = ovariectomized group; NFR = partially
nephrectomized group; K = stiffness; LULT = ultimate load

Fig. 4 a Percentage changes in the density and in the structural and
mechanical properties of the mid-diaphyseal ovarietcomized group
(OVX) and the partially nephrectomized group (NFR) compared with
the control group (CON). b Representative micro-CT cross-sections
from the mid-diaphysis illustrate cortical bone density and morphol-
ogy for the CON, OVX, and NFR groups. Cross-sections from the
distal metaphysis illustrate trabecular bone morphology for the CON,
OVX, and NFR groups. More significant cortical changes are
observed in the NFR specimen, yet more significant trabecular
changes are observed in the OVX specimen. c Percentage changes
in the density and microstructural and mechanical properties of distal
metaphyseal OVX and NFR compared with CON. Asterisk denotes
significance (p<0.05). BMC = bone mineral content; BMD = bone
mineral density; ρequiv = equivalent bone density; BV/TV = bone
volume fraction; Ct.Th = cortical thickness; K = stiffness; Lyield =
yield load; Tb.N = trabecular number; Tb.Th = trabecular thickness;
Tb.Sp = trabecular spacing; Conn.D = connectivity density; SMI =
structure model index; DA = degree of anisotropy; BS/BV = bone
surface density; Th SD = standard deviation of the trabecular
thickness; Sp SD = standard deviation of trabecular spacing

b

128 Osteoporos Int (2009) 20:123–132



ρequiv

CON

Pe
rc

en
t 

C
h

an
g

e 
fr

o
m

 C
O

N
 [%

]

OVX
NFR

L Yield

* * * *

*
*

*

CON OVX NFR

Trabecular

C ortical

Pe
rc

en
t 

C
h

an
g

e 
fr

o
m

 C
O

N
 [%

]
a

b

c

Osteoporos Int (2009) 20:123–132 129



CT imaging revealed small and nonsignificant increasing
trends in cortical equivalent tissue density, bone volume
fraction, and cortical thickness. In the meantime, compres-
sive mechanical testing of OVX samples showed a
nonsignificant increasing trend in stiffness and a decreasing
one in yield load. Therefore, it is reasonable to assume that
ovariectomy results in no changes in the material, structur-
al, and mechanical properties of femoral cortical bone after
7 weeks, as shown by DXA and micro-CT imaging
(Fig. 4a). The increasing trend observed in micro-CT-
generated tissue density, bone volume fraction, and cortical
thickness could be interpreted as a small compensatory
effect in countering the adverse changes in trabecular bone
structure and mechanics due to ovariectomy.

Dual energy X-ray absorptiometry imaging reported a
significant reduction (~15%) in cortical BMC and BMD
values in partially nephrectomized animals, while micro-CT
imaging reported a significant reduction in cortical equiva-
lent bone tissue density (~19%), bone volume fraction
(~16%), and cortical thickness (~50%). In the mean time,
compressive mechanical testing of partially nephrectomized
specimens reported at least a 55% reduction in cortical
stiffness and yield load. While cortical tissue density and
volume fraction were adversely affected by partial nephrec-
tomy; it was the significant decrease in cortical thickness that
corresponded to the loss of compressive mechanical proper-
ties at the scale observed, a process not detected by DXA
imaging. Decreases in cortical thickness are primarily due to
resorption along the endosteal surface of the diaphysis
(Fig. 4b) as also reported by other researchers [33].

Dual energy X-ray absorptiometry imaging reported
significant reductions in distal metaphyseal BMC and
BMD in ovariectomized and partially nephrectomized
animals. However, mechanical testing results indicated a
significant loss of stiffness and yield load in ovariectomized
bones, and gain of stiffness and yield load in the case of the
partially nephrectomized bones (Fig. 4c). The inconsistency
of the DXA results with respect to the mechanical data
attest to the interplay of material and structural properties of
bone with concomitant changes in bone biomechanics
responding to different pathologic processes, and the
inability of DXA to distinguish these cases in animal
models. Results from micro-CT imaging provide further
insight into this phenomenon. Connectivity density is
shown to be the only structural predictor of trabecular
stiffness and yield load, as it predicts the respective
decrease and increase in trabecular mechanical properties of
ovariectomized and partially nephrectomized animals. How-
ever, equivalent tissue density is shown to be unaffected by
either process significantly over the course of the study. It is
very likely that some changes in trabecular tissue level occur
in the OVX and NFR animals, but these changes seem to have
little influence on macro-scale mechanical properties, thereby

emphasizing the superiority of structure over material in
assessing the mechanical properties of bone.

In ovariectomized animals, loss of bone tissue volume in
the form of thinning and disappearance of rod-like
trabeculae and fenestration of plate-like elements with
subsequent conversion to rod-like elements resulted in
drops in bone volume fraction and in trabecular number
and thickness, with concurrent increases in trabecular
spacing and specific bone surface. This was further verified
by increases in the SMI values, suggesting a more rod-like
structure for the existing network. In partially nephrectom-
ized animals, no changes were observed in the bone volume
fraction, trabecular number, trabecular spacing, specific
bone surface, and structure model index. But, trabecular
thickness was adversely affected by partial nephrectomy.
Therefore, partial nephrectomy has little effect on trabecular
microstructure over an 8-week period.

The SMI, as derived by Hildebrand and Ruegsegger, is a
three-dimensional method used to quantify the architectural
type of cancellous bone based on the frequently used
classifications of “rod-like” and “plate-like” structures. An
ideal plate-like element has an SMI value of 0, whereas an
ideal rod-like element has an SMI value of 3 [41].
Connectivity, on the other hand, is defined as a measure
of the degree to which a structure is multiply connected,
and hence, for a network, reports the maximal number of
branches that can be broken before the structure is
separated into two parts [42]. The increase in OVX SMI
values in comparison to those in CON animals is resultant
from the conversion of plate-like elements to rod-like
elements. Fenestration of the plate-like elements is partially
responsible for this conversion. However, no such conver-
sion is observed in the NFR bones, as evidenced by the lack
of change in their SMI values. On the other hand, the loss
of trabecular network, as shown by decreases in bone
volume fraction and trabecular number values, is reflected
in the decreased connectivity density values of the animals
in the OVX group. However, the trabecular thickness of the
bones in the NFR group is smaller than those in the CON
group, resulting in increased trabecular spacing. A portion
of this trabecular resorption can result in the fenestration of
some plate-like elements, which in the absence of a loss of
rod-like trabeculae (as observed in OVX bones), can
generate an artificial increase in the connectivity density
values. This is further observed by an increase in the
connectivity density values of the NFR bones.

The significant increase in the standard deviation of the
intra-individual trabecular spacing of OVX reflects an
increase in the heterogeneity of the microstructure and
non-uniform removal of the trabeculae, resulting in reduced
mechanical properties. This heterogeneity is not observed
in the NFR bones, further confirmed by the absence of
adverse effects on mechanical properties. The increase in
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the standard deviations of intra-individual trabecular thick-
ness of OVX and NFR do not appear to have any effects on
their respective mechanical properties, nor do the decreased
degrees of anisotropy in the two models.

Control animals demonstrated a slight trend of weight
gain up to week 5, with an onward plateau thereafter; and
the ovariectomized and partially nephrectomized groups
maintained parallel and steady patterns of weight gain over
the course of the study. The increased body mass in the
OVX and NFR groups was due to ovariectomy and
leucophlegmatia secondary to renal failure respectively.

A study by Jokihaara et al. using DXA imaging of whole
left femurs reported a decrease in the total BMD of
nephrectomized animals, whereas BMD values reached
normal values (controls) in nephrectomized animals that
were on an increased Ca diet (3%) [33]. They also reported
decreased femoral midshaft BMD in nephrectomized
animals and no changes in cross-sectional area and cortical
thickness via quantitative computed tomographic imaging
[33]. The discrepancy between cortical thickness values
reported by Jokihaara et al. and this study may be explained
by the increased resolution of micro-CT imaging. Micro-
focus CT imaging of nephrectomized rat trabecular bones
reported slightly decreased BV/TV, BMD, Tb.N, Tb.Th,
and connectivity density values in nephrectomized animals
[35]. The discrepancy in the microstructure results between
the two studies could be explained by two different imaging
modalities used to obtain the microstructural indices. Laib
et al. reported decreased BV/TV, Tb.N, Tb.th, and
connectivity density in ovariectomized rats (110 days
post-surgery). They also reported increases in SMI and
Tb.Sp using a similar micro-CT imaging system [43].

Osteopenia [44–46] has been used interchangeably with
osteoporosis [38] in animal studies, in reference to an
ovariectomy-/orchiectomy-induced altered skeletal state. As
there are no histologic- or guideline-based definitions
associated with these terminologies for animal studies, their
usage in the literature is uninformative and misleading.

Ovariectomy-induced changes in the skeletal state are
caused primarily by changes in trabecular microstructure,
reflecting its greater surface area and remodeling potential
in comparison to cortical bone, further verified by no
changes observed in equivalent bone tissue density of OVX
trabecular bones. This is in contrast to renal osteodystrophy,
where equivalent tissue density and structural level changes
are observed in the cortical bones, but very little change
observed in trabecular bone. It is quite possible that
nephrectomy might alter the trabeculae in ways undetect-
able by µCT imaging. Therefore, further analysis using
histomorphometry and/or synchrotron radiation could re-
veal such possible changes at a sub-micro level. DXA
measures the average bone mineral content in a 2D
projected area and cannot differentiate whether the changes

occur in the bone microstructure or equivalent bone tissue
density. In the meantime, DXA provides advantages such as
low cost, low radiation dosage, and the ability to perform
serial measurement in a relatively fast and simple manner.
In contrast, micro-CT provides an accurate measurement of
the changes in both equivalent bone tissue mineral density
and microstructure in cancellous and cortical bone. This
study was performed on animals using equipment designed
for research use. It is plausible that these results could be
duplicated in humans with equipment designed for clinical
use. DXA systems used for clinical applications are
designed based on the same principles as the DXA systems
used in research. However, the modes of analysis are
slightly different, partially due to the nature of the
definition of osteoporosis by the WHO or lack thereof for
research animals. On the other hand, with the recent
development and marketing of Xtreme CT systems for
clinical use by Scanco Medical AG, accurate assessment of
3D microstructural indices of bones in a clinical setting has
become a reality. This suggests that in a clinical setting,
DXA can be used as a screening tool for a nonspecific
altered skeletal state, but the specific diagnosis should be
predicated on quantitative high resolution CT measure-
ments of bone tissue density and microstructure.
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