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Background: Osteoporosis (OP), a systemic skeletal disease common in aged population, is an important
public health problem worldwide. Animal models are important tools for understanding OP. In ovariectomy
(OVX) or orchiectomy (ORX) OP models, lumbar vertebrae are often used for evaluating of the OP
progression. However, unlike the bipeds, the lumbar vertebrae are not weight loading bones in quadruped
animal, but the head-bearing cervical vertebrae take much higher stress. So, we compared the murine
cervical vertebrae with lumbar vertebrae for OP assessment.

Methods: OVX and ORX mouse models were established on C57BL/6] mice. Serum estradiol,
testosterone and bone related biomarkers were verified. Bone quantity and quality were determined
using micro computed tomography (micro-CT) analysis. Hard tissue sections were prepared, stained for
histomorphological analyzing, and micro-indentation measured for bone mechanical property evaluation.
Results: In OVX and ORX mice, serum estradiol or testosterone levels reduced, bone resorption level and
related biomarkers elevated, indicated the successful generation of the OP models. In the early stage, the
trabecular bone mineral density (BMD) of cervical vertebrae was already reduced 16.1% (OVX) and 21.7%
(ORX) one-month post-gonadectomy, respectively; while this decline in the fifth lumbar vertebra were only
5% and 7.4%, respectively. Six months post-gonadectomy, the reduction of BMD in cervical vertebrae and
the fifth lumbar vertebra were 31.2% & 36.1% and 28.5% & 30.7% respectively. In biomechanical aspects,
cervical spines showed worse Vickers hardness (HV) and elastic modulus than lumbar spine in six-month
OVX and ORX mice.

Conclusions: We provide a new OP early-stage evaluation mouse model based on the cervical spine.
Through the radiographic, biological and biomechanical assessments, the mouse cervical spine is more
suitable for bone remodeling evaluation in OP models than the conventional lumbar vertebrae, especially for

early-stage OP study.
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Introduction

Osteoporosis (OP) is a well-known skeletal disease
distinguished by the loss of bone mass and unusual
alteration of bone micro-architectural structures, causing
increased bone fragility and consequent bone fractures
(1,2). This metabolic bone disorder is commonly occurred
in both women and men. High rate bone mass reduction
happens in elderly (3) and special population like
astronauts (4). In current ageing decades, OP has become a
major health problem due to its high morbidity, mortality,
and significant health care cost. OP affects more than
200 million people globally (5). It was estimated that
OP caused 1.3 million fractures (including about
500,000 vertebral, 250,000 hip, and 240,000 wrist fractures)
and with annual expenditure over $10 billion in United
States in 2015 (6). In China, approximately 2.33 million
osteoporotic fractures were occurred in 2010, costing
$9.45 billion. And, the number in China will reach
5.99 million fractures in 2050 (7). Clinically, the major
types of human OP are post-menopausal, disuse, and
glucocorticoid induced ones (8). Among them, the sex
hormone deficiency (post-menopause or male androgen
deficiency) related OP is the most common form.

OP causes systemic trabecular bone loss in vertebrae,
hips, and wrists, predisposing these bone fractures (9). The
incidences of fracture vary in different countries, but with
an average rate up to 50% for women over 50 years old (2).
Sex hormone deficiency related OP is also prevalent but
often been underestimated in male aging population, and
OP is one of the main causes of morbidity and mortality
in this population (10,11). The Dubbo Osteoporosis
study reveals that the 5-year post-fracture mortality and
secondary fracture rate in men are higher than in their
women counterpart (12).

"To study and understand the pathogenesis and biological
mechanisms of OP, a number of animal models have been
developed (8,13,14). Among the models, mouse model is
the most common used due to the feasibility of genetic
modification, maturity, accessibility, and relatively low
cost. The ovariectomy (OVX) and orchiectomy (ORX)
surgeries are most commonly used for generating sex-
hormone deficiency murine models to imitate the human
type I osteoporotic phenotype (8,13,15). Distal femur,
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lumbar vertebrae, and proximal tibia are the major sites
for evaluating the stage of OP in the mouse models (16).
However, the quadrupedal rodent model is not a very
suitable mimic from clinical perspective (14,17). There are
big difference in anatomical and mechanical structures of
the skeletal between bipeds (e.g., humans) and quadrupeds
(rodents) due to their different natural body posture (18).
The lumbar vertebrae of quadrupedalism rodents are
sustained much less mechanical stress than which of
bipedalism human; instead, the cervical vertebrae, which
is responsible for supporting the head [which constitutes
about 14% and 8% for the mouse (Figure S1) and rabbit
body, respectively (19)], bears a greater mechanical burden.
Therefore, we suggest that loading bear cervical vertebrae
may be more suitable site for monitoring OP with femur to
improve the efficiency and accuracy in mice model, rather
than lumbar spine.

In this study, we have compared serum markers,
microstructure, and biomechanical properties of cervical,
lumbar vertebrae and femurs in OP and normal mice. The
results show that the mouse cervical vertebrae present much
earlier osteoporotic signs than lumbar vertebrae. In studies
of musculoskeletal diseases like OP, the cervical spine can
be a better detection site than the commonly used lumbar
spine at early OP stage, and can be an alternative to save
femoral tissues for those important biological evaluations.
We present the following article in accordance with the
ARRIVE reporting checklist (available at https://qims.
amegroups.com/article/view/10.21037/qims-22-717/rc).

Methods
OP animal models

Wild type and healthy female and male C57BL/6] mice
(7 weeks old, n=20) were purchased from Guangdong
Medical Laboratory Animal Center (Guangdong, China).
Animal were housed in SPF condition with a room
controlled for temperature (20-26 °C), humidity (40-70%),
maximum caging density was five, and with lights on from
8:00 AM to 8:00 PM. Female mice were subdivided into
the following two groups with simple randomization by
flipped a coin (n=5 per group): (I) sham operated (FM-

sham) control, in which the ovaries were exposed but not
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removed; (II) OVX surgery. Male mice were also subdivided
into the following two groups by simple randomization
(n=5 per group): (I) M-sham control, in which the testicles
were exposed but not removed; (II) ORX surgery at
8 weeks of age. For animal sample size calculation, we set
the significance level at 5% and power of study at 80%.
Then, we have obtained the standard deviations of bone
volume decrease percentage from previous reports was
11%, and we suggest the effect size of bone volume decrease
percentage in our animal model would be 20%. According
to the formula of previous study, the animal number in each
group should be 5 (20).

The surgery was performed with proper anaesthesia
by using ketamine with mice average weight were 22.1+
0.9 g [100 mg/kg body weight, intraperitoneally (i.p.)]. After
the onset of anaesthesia, placed mice under infrared lamp
on the operating table in laboratory to prevent heat loss.
For female mice, a 0.5 cm single incision in the lower back
was made. After located and exposed the ovary, a single
ligature was performed around the oviduct 0.5 cm from
ovary, and remove ovary by gently severing the oviduct for
OVX mice, while replaced ovaries back into the abdominal
cavity for FM-sham mice. For male mice, a 0.5 cm single
incision on the ventral side of the scrotum. After exposed
testicle, a single ligature was performed around the blood
vessels and remove testis by gently severing blood vessels
for ORX mice, replaced testicle back into the abdominal
cavity for M-sham mice. Repeat the procedure for the
other ovary or testis for OVX or ORX and suture the skin
incision. Keep under close observation for approximately
4 h until mice fully recover from anaesthesia and then mice
sent back to home cage. All the procedures were under
the supervision and approved by the Ethics Committee
for Animal Research, Shenzhen Institutes of Advanced
Technology, Chinese Academy of Sciences (No. SIAT-
TACUU-201225-YYS-TB-A1640), in compliance with
institutional guidelines for the care and use of animals. After
the completion of the surgery process, all mice showed a
fast-physical recovery without problems and were allowed
ad libitum access to water and diets for 6 months.

Serum biochemical marker measurements

First month after the surgery, about 400 mL of blood
were collected from the retro-orbital sinus of mice (n=5
per group, total animal number =20) under isoflurane
anesthesia. All animals showed a fast recovery, except
one M-sham and ORX mice which died immediately.
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Serum was obtained from the blood by centrifugation at
1,000 rpm for 30 min at 4 °C and immediately stored at
-80 °C. Serum measured using ELISAs were processed
according to the manufacturer’s guidelines and measured
against an inter-assay standard curve. We have tested the
serum estradiol and testosterone levels to characterize the
animal model. Then, the measurement of biochemical
markers of bone turnover in serum including propeptide
of type I procollagen (PINP, CSB-E12775m, CUSABIO,
China), osteocalcin (OCN, CSB-E06917m, CUSABIO,
China) and type I collagen C-telopeptide (CTX, CSB-
E12782m, CUSABIO, China) to evaluate the process of OP

with group information were blinded to assessors.

Micro-CT scanning

First or sixth months after the surgery, micro-CT scanning
was performed to evaluate the bone parameter at cervical
vertebrae, lumbar vertebrae and distal femurs. Due to the
unique anatomic features of atlas (C1) and axis (C2) and
the proximity of atlas-axis complex to C3 (21), C4-C7 of
cervical vertebrae were selected for subsequent analysis. The
first month of micro-CT scanning (n=5 per group, total
mice number =20) were performed iz vivo from the head to
the feet of the mice under anesthesia with isoflurane. The
six-month scanning (n=5 in FM-sham and OVX groups,
n=4 in M-sham and ORX groups, total animal number =18)
were performed after mice were euthanized with CO, and
dissected free of soft tissue. A high-resolution micro-CT
(Skyscan 1176, Bruker, Belgium) with a spatial resolution
of 9 pm was used to scan the bone at a source voltage of
60 kV, a source current of 416 pA, with 2 average frames at
every 0.5° angle step. Image reconstruction was performed
using NRecon software, while smoothing was set to 1, ring
artifact reduction was set to 5% and 40% beam hardening
correction was applied with sample name were blinded to
operators. Reconstructed data were further analyzed by CT-
Analyzer through controlling the minimum grey threshold
value was 80 HU (Hounsfield unit) and the maximum
was 255 HU. Morphometric analysis was conducted to
determine three-dimensional (3D) bone structures in vivo.
Bone mineral density (BMD), bone volume/tissue volume
ratios (BV/TV), trabecular thickness (Tb.Th), trabecular
number (Tb.N), trabecular pattern factor (Th.Pf) and
structure model index (SMI) were analyzed using CTAn
software (SkyScan, Kontich, Belgium). 3D reconstructed
micro-CT images of bone were generated using CTvol
software with group information were blinded to analyzers.
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Figure 1 Serum bone turnover biomarkers in OVX, ORX and control groups one-month post-gonadectomy. (A) Estradiol level in the
female sham and OVX group; (B) testosterone level in the male sham and ORX group; (C) PINP level; (D) OCN level; (E) CTX level.
*P<0.05, ***P<0.001 when compare to sham group. *P<0.001 when compare to M-sham group. Five mice per group were analyzed. All data
were presented as the mean = standard deviation. FM, female; OVX, ovariectomy; M, male; ORX, orchiectomy; PINP, propeptide of type I

procollagen; OCN, osteocalcin; CTX, C-terminal telopeptide.

Micro-indentation testing

The individual stained and dried specimen of each
sample (n=3 per group, total animal number =12, see
Appendix 1) with predefined region of interest (ROI) was
subjected to micro-indentation using a Microhardness
Tester (Future-Tech Corp., Tokyo, Japan) according to
the procedure outlined by the International Organization
for Standardization (ISO6507). Three ROIs in each
slice were selected for micro-indentation testing. The
Vickers diamond pyramidal indenter was compressed
at 25 g compression load onto the ROI for a dwell time
10 s. An indentation mark formed on the ROI during the
compression of the indenter, and the diagonal length of the
indentation mark was then measured immediately under
reflected light microscopy for the calculation of Vickers
hardness (HV) and elastic modulus. The diagonal length of
the indentation mark was measured immediately after the
indentation to avoid the fast recovery of the indentation
mark on the tissue matrix, especially for the soft tissues. For
this reason, in order to obtain an average HV value, one
sample should be made of three indentations. The average
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HYV of all nine ROIs in each group were calculated for
statistical analysis with group information were blinded to
analyzers.

Statistical analysis

No samples were excluded and all data were presented as
the mean = standard deviation. All results were analyzed
by one-way analysis of variance (ANOVA) followed with
Tukey’s multiple comparison test. The P values less than
0.05 were considered significant statistically.

Results

One-month post-gonadectomy, we didn’t encounter any
adverse events. In OVX mice, the serum estradiol was
about 4-fold decreased; while in ORX mice, the serum
testosterone was dropped nearly five times (Figure 1A4,1B).
Osteogenic markers PINP and OCN were not significantly
affected in the models (Figure 1C,1D) (22), but the
osteoclastic biomarker CTX (23) was significantly increased
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Figure 2 Cervical vertebra (C4-C7), lumbar vertebra (L5) and DF micro-CT scanning one-month post-gonadectomy. (A) BMD; (B)
BV/TV; (C) Th.N; (D) Tb.Th; (E) Tb.Pf; (F) SMI. *P<0.05, **P<0.01, ***P<0.001 when compare to FM-sham group. *P<0.05, *P<0.01,

"P<0.001 when compare to M-sham group. “P<0.05 when compare to OVX mice group. Five mice per group were analyzed. All data were

presented as the mean = standard deviation. BMD, bone mineral density; FM, female; OVX, ovariectomy; M, male; ORX, orchiectomy; DF,

distal femur; BV/TV, bone volume/tissue volume; Th.N, trabecular number; Tb.Th, trabecular thickness; Tb.Pf, trabecular pattern factor;

SMLI, structure model index; CT, computed tomography.

in OVX or ORX mice (Figure 1E). MicroCT analysis of
the animals also demonstrated the success of the OP model
establishment (Figure 2).

One month after sex hormone deprived, the loss of bone
mass was significantly higher in OVX and ORX groups
than sham groups on cervicale and femur but not on fifth
lumbar (Figure 2). The BMD of 4, 5, 6™ and 7" cervical
vertebrae BMD in OVX mice were significantly decreased
(16.8%, 17.9%, 17.4% and 12.1%, respectively); ORX mice
decreased significantly too, with an average 21.7% drop to
the male sham mice. As the main load-bearing bone, femurs
showed same trend as the cervicale, with the BMD dropped
14.3% and 27.3% in OVX and ORX mice, respectively.
However, at this stage, the commonly used OP monitoring
fifth lumbar vertebra presented obvious insensitivity to the
sex-hormone deficiency, with only 5% (P=0.54) and 7.4%

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

(P=0.62) non-significant decline in OVX and ORX groups,
respectively (Figure 24, Table I).

As the BMD, other parameters including BV/TV, Tb.N
and Tb.Th showed similar trends in cervical and lumbar
vertebrae, and femurs (Figure 2B-2D). Moreover, we select
the OP evaluating parameters Tb.Pf to show the trabecular
connectivity and SMI to show the trabecular structure. The
Tb.Pf was significantly increased in male cervical vertebrae,
female cervical vertebrae (C4 and C5) and distal femur in
the OVX or ORX mice, but not in the fifth lumbar spine
(Figure 2E). Also, for SMI, cervical vertebrae showed the
increase trend and the distal femur had significant increase,
while the lumbar spine didn’t change much (Figure 2F).
Above results confirm that, in both female and male OP
mice, the cervical vertebrae but not lumbar vertebra present
OP characteristic at very early stage.
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Table 1 Net decrease of OVX and ORX group mice compare to

sham group in BMD
Site Group First month Sixth month
C4 OVX 16.8%+6.2%** 29.7%+10.4%
ORX 21.2%+8.9%""" 34.8%+6.8%
C5 OovX 17.9%+6.2%*** 32.3%+11.2%
ORX 24.8%+11.8%"* 40.3%+6.1%
c6 OVX 17.4%+3.4%** 31.4%+13%
ORX 20.4%+10.5%"* 34.4%+5.2%
Cc7 OVX 12.1%+8.6%** 31.7%+8.9%
ORX 20.3%+9.4%"" 34.7%+6.9%
CA OvX 16%+6.5%** 31.3%+10.2%
ORX 21.7%+9.3%"" 36.1%+6.4%
L5 OVX 5.0%+6.9% 28.5%+15.2%
ORX 7.4%+8.3% 30.2%+16.1%
Femur OvX 14.3%+7.1%** 56.2%+2.5%"*
ORX 27.3%+5.1%"" 69.1%+2.7%""*

Data are presented as mean =+ standard deviation. ***P<0.001
when compare to OVX lumbar data. **P<0.001 when compare
to ORX lumbar data. OVX, ovariectomy; ORX, orchiectomy;
BMD, bone mineral density; CA, cervical average.

Six-month post-gonadectomy, the OP reaches the late
stage of OP with BMD reduced at least 30% (Figure 3A).
The bone quantity and quality of OP mice was continuously
deteriorated when compared to the early stage of OP
(Figure 2, Figure S2). The average BMD and BV/TV of the
cervical vertebrae were decreased 31.2% and 41.8% in OVX
mice and 36.1% and 51.5% in ORX mice, respectively.
Meanwhile, the lumbar spine also exhibited apparent
significantly OP (Figure S2), with the average BMD and
BV/TV decreased about 28.5% and 31.4% (OVX) and
30.2% and 45.7% (ORX), respectively, (Figure 3A4,3B,
Table ). The decrease trend of Tb.N and Tb.Th were
paralleled with BV/TV, degree of the fifth lumbar spine
descent is still less than the cervical spine (Figure 3C,3D).
Tb.Pf and SMI of cervical and lumbar spines was also
showed a similar raising manner (Figure 3E,3F). In addition,
we have generated the 3D reconstructed micro-CT
images for the cervical and lumbar spine in the first month
(Figure S3) and sixth month (Figure 4). The images further
confirmed that cervical and lumbar spine was both suffered
severely bone mass loss in the late stage of the OP model.
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In addition to micro-CT analysis, we have also
performed histological and mechanical analysis to support
our hypothesis (24). After hard-tissue section and staining,
it was shown a significant bone area reduction in cervical
and lumbar in the OVX and ORX groups (Figure S4).
Based on the slices of hard-tissue section, the resistance of
penetration was tested to reflect the hardness of cervical
and lumbar vertebrae. In the previous studies, cancellous
bone but not cortical bone is most affected after OVX in
mice, we then selected the ROIs exclusive on the trabecular
bone (Figure 5A) (25,26). The HV and elastic modulus
were decreased both in cervical and lumbar vertebrae
of OVX and ORX mice (Figure 5B,5C). Meanwhile, the
decline of HV in cervical vertebrae (36.3% and 33.3%)
were significantly higher than lumbar vertebrae (26.2% and
24.3%) of OVX and ORX group (Figure 5D).

Discussion

OP and its associated fractures have become a major
social health problem. Due to its “silent” characteristic,
it is unaware until the fracture occurs (27). Hence, the
monitoring of OP is very important in clinical practice and
related animal model. Since 1960s, the high incidence of OP
fracture bones like femur and lumbar vertebrae had become
the major sites for OP monitoring (28,29). Since the
poor correlation between different bones during OP (30),
in clinical the T-score calculation usually involves lumbar
spine, femur neck, or total hip for their BMD testing as the
NIH suggested (30,31).

In quadruped experimental animals, however, the
anatomical dimensions and mechanical properties were
different from biped animals. Unlike human beings, the
main force on the spine of animals is non compressive force
(32,33). Measurements on sheep revealed that compressive
forces of lumbar vertebrae were between 58 and 130 N,
while which were 400-600 N in comparable body weight
human beings (32). In another side, the head-carrying
cervical spine was exposed to much higher stress (33). So,
compare to usually used lumbar vertebrae BMD evaluation
in experimental quadruped, we suggest that load-bearing
cervical vertebrae could be a better site for monitoring OP
with femur to improve the efficiency and accuracy. The data
in present study manifest that microCT measurement of
cervical vertebrae is a simple imaging method, with better
OP evaluating value than lumbar spine, especially for the
early-stage evaluation of OP.

In clinic of OP, women have received attention widely,
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Figure 3 Cervical vertebra (C4—C7), lumbar vertebra (L5) and DF micro-CT scanning six-month post-gonadectomy. (A) BMD; (B) BV/TV;
(C) Tb.N; (D) Tb.Th; (E) Tb.Pf; (F) SMI. *P<0.05, **P<0.01, **P<0.001 when compare to FM-sham group. "P<0.05, *P<0.01, **P<0.001

when compare to M-sham group. “P<0.05 when compare to OVX mice group. Five mice in FM-sham and OVX groups. Four mice in M-sham

and ORX groups were analyzed. All data were presented as the mean = standard deviation. BMD, bone mineral density; FM, female; OVX,

ovariectomy; M, male; ORX, orchiectomy; DF, distal femur; BV/TV, bone volume/tissue volume; Tb.N, trabecular number; Tb.Th,

trabecular thickness; Tb.Pf, trabecular pattern factor; SMI, structure model index; CT, computed tomography.

while although androgen deficiency related OP is prevalent
in male ageing population, it’s often been underestimated
(10,11,34). We included both female and male mice OVX
and ORX models, try to get a portfolio of OP information
of femur, cervical and lumbar vertebrae in both genders.
In present study, the development of OP in the two animal
models is generally similar, indicating that gender has less
influence on it than we expected. Intriguingly, we found
the ORX mice had surpassed OVX mice in the progress
of OP in some aspects, such as such as Tb.N and Tb.Pf
(Figure S3). Androgens, similar to estrogen, also have
significant regulatory effects on the skeletal system (35). In
clinic, OP has received more attention in women for the
menopause. Meanwhile, androgen deficiency related OP
is also prevalent but often been underestimated in male

ageing population. Also, in the early stage of the model, the
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residual level of estrogen is higher than that of androgen,
this may influence the OP progression. Six months later,
the disappearance of gender differences in Th.Pf can also
support the above suggestion.

Unsurprisingly, the OP of the mouse femurs occurred
earlier and progressed most rapidly as described in the
NIH guideline for human beings (31). However, which was
not the same case for lumbar vertebrae, another suggested
site in the guideline, showed a significant lag compare
to both femur and cervical vertebrae in the first month.
In both OVX and ORX mice, the trabecular parameters
such as BMD, BV/TV, Tb.N and Tb.Th indicated that
OP occurred in cervical spine, femur but not in lumbar
spine at the first month. Half year later, all the 3 bone sites
presented OP status. It’s known that the progression of sex
hormone deprived OP is a non-linear process, involved

Quant Imaging Med Surg 2023;13(4):2466-2477 | https://dx.doi.org/10.21037/qims-22-717


https://cdn.amegroups.cn/static/public/QIMS-22-717-supplementary.pdf

Quantitative Imaging in Medicine and Surgery, Vol 13, No 4 April 2023 2473

FM-sham

Figure 4 The exemplary 3D image from the micro-CT analysis of the different cervical vertebra and fifth lumbar from different group at

6th month. The female sham mice group, OVX mice group, male sham mice group and ORX mice group were shown from left to right in

each column of the figure. FM, female; OVX, ovariectomy; M, male; ORX, orchiectomy; CT, computed tomography.

rapid and gradual bone loss periods (36). The weight-
loading bones in mice like femur and cervical spine could
get into the rapid period much faster than the non-loading
bone like lumbar spine. The sensitivity of cervical vertebra
to OP supplies an early time window for OP monitoring,
which is especially useful when the femur been occupied
under surgeries or other treatments. In addition, we found
that there’s no statistic difference between the CA and the
individual ones for the BMD (7able 1), which may suggest
that we can scan and analyze C4-7 as a whole thing for OP
evaluation.

We compared the OP indicator trabecular

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

microarchitecture parameters Tb.Pf and SMI in the animal
models. Both Tb.Pf and SMI evaluate trabecular plate
and rod patterns (37,38), in which plates considered to be
superior to rods mechanically (39-41). However, it seems
that Th.Pf is not as ‘stringent’ as SMI for OP evaluation,
for there’s only femur tissue shown significant change for
SMI while Tb.Pf presented more statistical significances
in different bones at both time points. This could be
explained algorithmically. The SMI evaluates the plate and
rod pattern based only on the convex surface, however,
the trabecular microstructure network also contains
abundant concave surfaces (39). Also, unlike the long
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Figure 5 The cervical spine groups showed a more severe bone loss in OVX and ORX mice by mechanical analysis. (A) Diagram of micro

indentation experiment; (B) Vickers hardness of cervical vertebra and fifth lumbar spine; (C) elastic modulus of cervical vertebra and fifth
lumbar spine; (D) net decrease of the HV of cervical vertebra and fifth lumbar spine. *P<0.05, **P<0.01, ***P<0.001 when compare to FM-

sham group. "P<0.01, #P<0.001 when compare to M-sham group. Three mice per group were analyzed. All data were presented as the

mean + standard deviation. HV, Vickers hardness; FM, female; OVX, ovariectomy; M, male; ORX, orchiectomy; a.u., arbitrary unit.

femoral bone, the trabecular network in the centrum of
vertebrae is a complex inhomogeneous 3D microstructure,
this difference may lead to fluctuations in SMI values (42).
In another hand, the Tb.Pf evaluates ratio of concave to
convex surfaces to reflect the relation of trabecular plates to
rods (33), so it’s more suitable for analyzing the plate to rod
pattern transformation of vertebrae trabecular bone, and
predicting the occurrence of OP.

Due to the limitation of the structure of vertebrae,
common mechanical test like three-point bending test is not
suitable, so we selected micro-indentation to evaluate the
biomechanical difference of the cancellous bone in cervical
and lumbar spine six-month post-surgery. The HV showed
the higher base-line value of cervical vertebrae than that of
the lumbar vertebrae in the unoperated animals, which was
consistent with their role as load-bearing bones (Figure 5B).
In both operated groups, there’re much bigger decrease in
cervical vertebrae than in lumbar vertebrae. HV reflects
the collagen cross-linking and free volume crystallite-
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surrounding space, when it’s higher means that the
microstructure becomes more loosening (43), indicating the
bone microstructure disruption and decalcification occurred
much more severely. The HV-based elastic modulus is
calculated by the linear estimation (44), showing a similar
trend as HV.

In this study, we have validated that the cervical
vertebrae, compare to lumbar vertebrae, are more sensitive
and susceptible, especially in the early stage of sex hormone
deprived OP. Although the above conclusions may not be
applicable to other types of OP models not involved in this
study, such as aging and drug induction, they have certain
reference value and provide clues for our future research. In
addition, the positive association between cervical vertebrae
and OP has also been observed by other clinical researchers
who have established scanning and evaluation method
by using the dental cone-beam computed tomography
systems (CBCT) (45,46). Although these methods are still
not mature, they still verified the feasibility of cervical
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spine as an assessment site of OP in clinical practice. With
maturation of dental CBCT technology, we believed
patients may monitor their OP through cervical vertebrae
during dental visits, which plays a role in early warning and
diagnosis.

Conclusions

In conclusion, cervical vertebrae could be an alternative of
traditional lumbar vertebra, together with femur to improve
the efficiency and accuracy of OP evaluation, and also be
used as a substitute to the femur to provide comparable
stage bio-samples like nucleic acids and proteins for analysis
in study about early OP animal models.
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Supplementary

Appendix 1 Material and methods
Histologic staining

After the micro-CT analysis, the C5 and L5 samples were dissected and fixed in 4% paraformaldehyde (pH 7.4) for 48 h. Then
they were dehydrated in a graded series of ethanol (EtOH) to eliminate the entire water content of these samples: starting
from twice in 70% EtOH, twice in 96% EtOH, and twice in 100% ethanol in a vacuum for at least one hour in each step.
After the samples were immersed in xylene for one hour, they underwent an infiltration process by placing the samples into
a solution of MMA and dibutyl phthalate (6:1) for 24 h, consequently in fresh MMA, dibutyl phthalate (6:1) and 1% benzoyl
peroxide solution for 24 h. Embedding of the infiltrated specimens was done in fresh MMA, dibutyl phthalate (6:1), 2.5%
benzoyl peroxide solution and 1% polyethylene glycol for 24 h. Polymerization was completed within 3-5 days. However,
only three samples from each group were successfully embedded. These samples were sectioned in a mid-sagittal section
of thickness 200 pm by using a microtome (EXAKT E300CP, Leica Instruments, Germany), and grinded to a thickness of
150 pm with grinding machine (Mecatech334, Presi, France). One slices from each sample was selected for histologic
staining. Stevenel’s blue and fuchsin staining allows us to assess the presence of fibrous and bone tissue. The slices (n=3 per
group) were stained with Stevenel’s blue and fuchsin staining for microscopic identification of the regions of interest (ROIs)
under microscope for subsequent micro-indentation testing.

A B
4 201
)
— oy
= 31 O 154 ——
= >E
-t o O
<2 P 101
(=) c9Q
© o=
(S ]
= 1 o> .
o3
o 0
0 T 0 T
head weight skull weight head skull

Figure S1 The weight of the head and skull of the mice, and their proportion of the body weight. Five wild type C57BL/6] mice were used,
and their weight is about 25 g. (A) Weight of the head and skull of the mouse. (B) The percentage of head and skull to body weight.

© Quantitative Imaging in Medicine and Surgery. All rights reserved. https://dx.doi.org/10.21037/qims-22-717



>
w

0.37 20 OVX 1st month
— 0 OVX 6th month
"’E s ORX 1Ist month
5 0.2 A @9 ORX 6th month
E] Z 10 B
a g
= 01 >
B s
=] By
0.0
& 0.06
T
—
B g,
= g "
p— # ;’
Z . =
2 5 002
=
=
¢ 0.00
A & ce £ = 2 ca cs ce c7 Ls DF
150+ 5
_
4
£
= 100 s
i
= =
o @ 2
& 501
=
= 1
Lo 0
c4 cs ce cr L5 DF c4 cs c6 cr L5 DF

Figure S2 (A) Bone mineral density. (B) Bone volume vs. tissue volume. (C) Trabecular thickness. (D) Trabecular number. (E) Trabecular
pattern factor. (F) Structure model index. *P<0.05 when compare to OVX first month group. “P<0.05 when compare to ORX first month

group. Five mice per group were analyzed.
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FM-sham

Figure S3 The exemplary 3D image from the micro-CT analysis of the different cervical vertebra and fifth lumbar from different group at
first month. The female sham mice group, OVX mice group, male sham mice group and ORX mice group were shown from left to right in

each column of the figure.
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Figure S4 Stevenel’s blue and fuchsin staining of the fifth cervical vertebra and fifth lumbar from different group six-month post-
gonadectomy. The tissue stained with blue was the muscle and fibrocartilage. The tissue stained with red was the bone. The female sham

mice group, OVX mice group, male sham mice group and ORX mice group were shown from left to right in each column of the figure.
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