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Abstract
Background Bisphosphonate (BP) can treat osteoporosis and prevent osteoporotic fractures in clinical. However, 
the effect of BP on microstructure and mechanical properties of cortical and trabecular bone has been taken little 
attention, separately.

Methods In this study, BP was used to intervene in ovariectomized female SD rats. The femoral micro-CT images 
were used to measure the structural parameters and reconstruct the 3D models in volume of interest. The structural 
parameters of cortical and trabecular bone were measured, and the mechanical properties were predicted using 
micro-finite element analysis.

Results There was almost no significant difference in the morphological structure parameters and mechanical 
properties of cortical bone between normal, ovariectomized (sham-OVX) and BP intervention groups. However, BP 
could significantly improve bone volume fraction (BV/TV) and trabecular separation (Tb.SP) in inter-femoral condyles 
(IT) (sham-OVX vs. BP, p < 0.001), and had no significant effect on BV/TV in medial and lateral femoral condyles 
(MT, LT). Similarly, BPs could significantly affect the effective modulus in IT (sham-OVX vs. BP, p < 0.001), and had no 
significant difference in MT and LT. In addition, the structural parameters and effective modulus showed a good linear 
correlation.

Conclusion In a short time, the effects of BP intervention and osteoporosis on cortical bone were not obvious. The 
effects of BP on trabecular bone in non-main weight-bearing area (IT) were valuable, while for osteoporosis, the main 
weight-bearing area (MT, LT) may improve the structural quality and mechanical strength of trabecular bone through 
exercise compensation.
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Introduction
Osteoporosis (OP) is a major age-related bone disease, 
its main characteristic is the decrease of bone tissue den-
sity and the abnormal change of bone microstructure, 
which leads to the decrease of bone strength and the 
easy occurrence of fracture [1]. Osteoporosis leads to the 
destruction of trabecular structure and thinning of tra-
becular bone, in patients with osteoporosis, the bone tra-
beculae become irregular and the gaps increase, resulting 
in a loose and fragile bone structure [2]. Decreased bone 
density and changes in bone microstructure caused by 
osteoporosis can significantly reduce bone strength and 
stress resistance. Osteoporosis increases the risk of frac-
ture by affecting bone microstructure and bone strength, 
and the prevention and treatment of osteoporosis is very 
important [3].

Bisphosphonate (BP), a drug commonly used to treat 
osteoporosis, reduce bone loss primarily by inhibiting the 
activity of bone-absorbing cells (osteoclasts) [4], thereby, 
increasing bone density and reducing the risk of frac-
tures. It is widely used to treat conditions such as osteo-
porosis, bone metastases and hypercalcemia [5]. Studies 
have confirmed that BP can significantly reduce the inci-
dence of fractures, especially vertebral fractures and hip 
fractures, which are the most common complications in 
patients with osteoporosis. It can also improve patients’ 
quality of life, reduce bone pain and improve exercise 
capacity [6].

With the continuous development of imaging tech-
nology, high-resolution micro-computed tomography 
(micro-CT/µ-CT) with a resolution of up to microns now 
plays an important role in the application and develop-
ment of imaging technology, especially in the research 
field of small animal specimens and large animal ex vivo 
specimens. Micro-CT has become the “gold standard” 
for evaluating bone morphology and bone microstruc-
ture [7]. Micro-CT has high spatial resolution, relatively 
low cost, easy to use. It can obtain detailed three-dimen-
sional spatial structure information inside the tissue [8]. 
Using powerful image processing software, researchers 
can observe the sectional images from any angle, which 
is very suitable for quantitative analysis of bone micro-
structure changes caused by bone metabolic diseases [9].

As for the biomechanical evaluation of osteoporosis 
after treatment, finite element analysis can be used to 
evaluate the changes of bone density and bone strength 
after treatment of osteoporosis [10], especially in combi-
nation with high-resolution CT images, which can effi-
ciently predict the strength changes of trabecular bone 
[11]. However, in previous studies, few studies have paid 
attention to the degree of influence of osteoporosis on 
trabecular and cortical bone separately, and the degree of 
improvement of bisphosphonates on trabecular and cor-
tical bone.

In this study, the biomechanical effect of osteoporosis 
and BP on trabecular and cortical bone separately were 
evaluated using micro-CT images to calculate the micro-
structural parameters and micro-CT based finite element 
method (µ-FEM) to predict the mechanical strength of 
cortical and trabecular bones in different groups, finally, 
the correlation relationship of measured structural 
parameters and mechanical strength was discussed.

Methods and materials
Osteoporotic animal models and bisphosphonate 
intervention
The animal research protocol was approved by the eth-
ics committee of Zhongshan Hospital of Traditional 
Chinese Medicine Affiliated to Guangzhou University 
of Traditional Chinese Medicine (NO. AEWC-2023008) 
with use license available (SYXK 2020 − 0109). A total 
of 30, 2-month-old female Sprague − Dawley (SD) rats 
were obtained from Guangdong Medical Animal Labo-
ratory Center (use license: SCXK 2022-0002) for medi-
cal research and randomly separated into normal group 
(Control, n = 10), ovariectomized group (sham-OVX, 
n = 10), and bisphosphonate group (BP, n = 10). All rats 
were raised in a standard specific-pathogen-free (SPF) 
environment and allowed free access to food. After two 
weeks of adaptive feeding, the ovaries of the sham-OVX 
group and the BP group were removed after inhalation 
anesthesia using isoflurane (3% induction, then 2% main-
tenance, with oxygen) at the rate of 1.2 L/min, while the 
control group underwent skin incision without ovary 
removal. The ovariectomized rats were given bisphos-
phonate ((Jule Pharmaceutical Co, Chengdu, China. 
0.2 g/tablet, the suspension prepared with distilled water 
to 20 g/L before use) after the osteoporotic models suc-
ceed (Fig.  1). After 12 weeks, all rats were euthanized 
using cervical dislocation, and the right femurs were dis-
sected and collected. Soft tissues connected to the right 
femur and tibia were removed, the femurs were fixed 
with 4% paraformaldehyde and stored at room tempera-
ture (25 °C) for micro-CT scanning, the fresh tibias were 
compressed in a three-point bending test [12].

Micro-CT images of samples
The excised right femurs were scanned using a high-reso-
lution micro-CT scanner (SkyScan1276, Bruker, USA) at 
a resolution of 10 μm, with a voltage of 80 kV, a current of 
100 µA. Images were then reconstructed using bundled 
software CTAn to analyze the micro-structural param-
eters for trabecular and cortical bone [13]. The cortical 
bone with a thickness of 4.58 mm at the middle femoral 
shaft (MC) and 2.60 mm at the distal femoral shaft (DC), 
the trabecular bone with diameter of 1.28  mm, height 
of 1.50  mm at the inter-femoral condyles (IT), medial 
and lateral femoral condyles (MT, LT), were extracted 
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separately as VOI. In this study, the structural param-
eters for cortical bone with cortical thickness (Ct.Th, 
mm), cortical area (Ct.Ar, mm2), total area (Tt.Ar, mm2), 
the ratio of cortical area and total area (Ct.Ar/Tt.Ar), for 
trabecular bone with bone volume fraction (BV/TV), 
trabecular thickness (Tb.Th, mm), trabecular number 
(Tb.N, 1/mm), trabecular separation (Tb.Sp, mm), were 
measured [14].

Reconstruction of bone modeling in VOI
The original micro-CT images converted to Digital Imag-
ing and Communications in Medicine (DICOM) for-
mat with another bundled software, DICOM images 
were imported into a medical image processing soft-
ware program (Mimics 22, Materialise, Belgium), the 
3D models of trabecular and cortical bone in VOI were 
reconstructed in different groups (Fig.  2). The “stl” files 
of VOI were transformed to the “step” files for finite ele-
ment analysis. The porosity of trabecular bone in VOI 
was calculated using Eq. 1 (Table 1).

 
Φ (%) = (1 − BV

/
TV) × 100  (1)

where Φ, BV/TV are the porosity, bone volume/total 
volume, respectively.

Finite element modeling of VOI
To evaluate the mechanical properties of the trabecular 
bone, cortical bone of VOI, compression tests in silico 
were performed [15], axial displacement Uz= 0.5  mm 

was applied on the top rigid plate with an increment size 
of 0.01, and the bottom rigid plate was fixed in all direc-
tions. The stress-strain curves were used to obtain the 
effective elastic modulus using Eq. 2.

 

Eeffective =
σ

ε
=

FR
/

A
∆ h

/
h

 (2)

where FR , A, ∆ h, h are the reaction force, area, changed 
length, and the length of porous structure, respectively.

Finite element models were built in ABAQUS 
(ABAQUS 2020, Dassault Systems, Providence, RI). The 
initial elastic modulus of cortical bone was regarded 
as 13 GPa [16], the trabecular bone was assigned using 
Eq. 3, and the Poisson’s ratio of 0.3 was used [17].

 E = 14, 899(BV/TV )1.94  (3)

where E , BV/TV  are the Young’s modulus, bone vol-
ume/total volume, respectively.

The mesh sensitivity analysis and validation for finite 
element model had been performed in our previous stud-
ies [18, 19]. In the study, the mesh size was 0.1 mm for 
cortical bone and 0.01  mm for trabecular bone, C3D10 
10-node quadratic tetrahedron elements were adopted, 
respectively. Totally, 150 finite element models including 
cortical and trabecular bone samples in different groups 
were analyzed (Fig. 3).

Fig. 1 Bilateral ovaries of female rats were removed and bisphosphonates were used to intervene osteoporosis rats
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Statistical analysis
Statistical analysis was conducted using SPSS Software 
(SPSS 17.0, IBM, USA). A one-way analysis of vari-
ance and post hoc analysis was conducted to compare 
the groups, and errors were corrected using Tukey’s 
method. The data was presented as mean and standard 
deviation. P < 0.05 was considered statistically significant. 
Linear regression was performed to describe the correla-
tion between the structural parameters and mechanical 
strength.

Results
Bending performance of tibias
The bending modulus was lower in sham-OVX and 
BP groups than the normal (sham-OVX vs. Control: 
p < 0.001, BP vs. Control: p < 0.001, sham-OVX vs. BP: 
p = 0.762). The deflection was no significant difference in 
sham-OVX and BP groups (sham-OVX vs. BP: p = 0.306). 
The bending strength was lower in sham-OVX group 
than the BP and Control groups (sham-OVX vs. Con-
trol: p = 0.02, sham-OVX vs. BP: p = 0.041, BP vs. Con-
trol: p = 0.913). The maximum bending forces were lower 

in sham-OVX group than the BP and Control groups 
(sham-OVX vs. Control: p = 0.01, sham-OVX vs. BP: 
p = 0.122, BP vs. Control: p = 0.701) (Fig. 4).

Microstructural parameters measurement of VOI
The Ct.Th, Ct.Ar/Tt.Ar were higher for the MC than DC, 
the Ct.Ar, Tt.Ar, were higher for the DC than the MC 
in three groups. The parameters of Ct.Ar, Ct.Th, Tt.Ar, 
Ct.Ar/Tt.Ar were almost no significant difference for the 
MC and DC in three groups (Fig. 5). In IT, the BV/TV (%) 
was higher in BP group than the sham-OVX (p < 0.001), 
and no significant difference compared to the normal 
group (p = 0.921), the Tb.Th was no significant difference 
between the groups, the Tb. N was lower in sham-OVX 
and BP groups (sham-OVX vs. Control: p < 0.001, BP 
vs. Control: p < 0.001, sham-OVX vs. BP: p = 0.002), the 
Tb.Sp was higher for sham-OVX group (sham-OVX vs. 
Control: p < 0.001, BP vs. sham-OVX: p < 0.001, Control 
vs. BP: p = 0.007). In MT, the BV/TV (%) was no signifi-
cant difference between the groups, the Tb.Th was lower 
in sham-OVX group (sham-OVX vs. Control: p < 0.001, 
BP vs. Control: p = 0.003, sham-OVX vs. BP: p = 0.008), 

Fig. 2 The construction of 3D models of cortical and trabecular bone in VOI in different groups
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the Tb.N was lower in sham-OVX group (sham-OVX vs. 
Control: p < 0.001, BP vs. Control: p = 0.238, sham-OVX 
vs. BP: p = 0.002), the Tb.Sp was higher for sham-OVX 
group (sham-OVX vs. Control: p < 0.001, BP vs. sham-
OVX: p = 0.022, Control vs. BP: p = 0.046). In LT, the BV/
TV (%) was no significant difference in BP and Control 
groups (p = 0.828), the Tb.Th was lower in sham-OVX 
group (sham-OVX vs. Control: p < 0.001, BP vs. Con-
trol: p = 0.004, sham-OVX vs. BP: p = 0.045), the Tb.N 
was no significant difference in BP and Control groups 
(p = 0.950), the Tb.Sp was higher in sham-OVX group 
(sham-OVX vs. Control: p < 0.001, BP vs. sham-OVX: 
p = 0.024, Control vs. BP: p = 0.016) (Fig. 6).

Effective elastic modulus prediction of VOI models
The stress distribution of MC and DC was shown in 
Fig.  7A. The predicted effective elastic modulus was 
higher than the theoretical values, they were no signifi-
cant difference between the groups (Fig. 7B). The stress 
distribution of IT, MT, and LT was shown in Fig.  7  C. 

The predicted effective elastic modulus was lower than 
the theoretical value. In IT, the predicted modulus of 
sham-OVX group was lower than the other two groups 
(sham-OVX PV vs. Control PV: p < 0.001, sham-OVX 
PV vs. BPPV: p < 0.001, BPPV vs. Control PV: p = 0.417). 
In MT, the predicted modulus was no significant differ-
ence between groups. In LT, the predicted modulus of 
sham-OVX group was lower than the other two groups 
(sham-OVX PV vs. Control PV: p = 0.019, sham-OVX 
PV vs. BPPV: p = 0.146, BPPV vs. Control PV: p = 0.996) 
(Fig. 7D).

The correlation between microstructural parameters and 
elastic modulus of VOI
Linear regression was used to predict the relationship 
between the measured parameters and the effective elas-
tic modulus, positive correlation and good fitness (R2, 
from 0.86 to 0.98) were obtained between the measured 
parameters (Ct.Th, Ct.Ar, Tt.Ar) and the effective elastic 
modulus of MC and DC in three groups (Fig.  8). In IT, 

Table 1 The porosity calculation of trabecular bone in different groups
Samples IT MT LT

BV
(mm3)

BV/TV 1-BV/TV BV
(mm3)

BV/TV 1-BV/TV BV
(mm3)

BV/TV 1-BV/TV

Control 1 0.62 0.33 0.67 1.54 0.80 0.20 1.46 0.76 0.24
Control 2 0.70 0.37 0.63 1.52 0.79 0.21 1.25 0.65 0.35
Control 3 0.69 0.36 0.64 1.36 0.71 0.29 1.35 0.70 0.30
Control 4 0.97 0.50 0.50 1.49 0.78 0.22 1.45 0.76 0.24
Control 5 0.65 0.34 0.66 1.11 0.58 0.42 1.37 0.71 0.29
Control 6 0.80 0.41 0.59 1.40 0.73 0.27 1.25 0.65 0.35
Control 7 0.85 0.44 0.56 1.24 0.64 0.36 1.65 0.86 0.14
Control 8 0.87 0.45 0.55 1.47 0.76 0.24 1.37 0.71 0.29
Control 9 0.71 0.37 0.63 1.25 0.65 0.35 1.35 0.71 0.29
Control 10 0.90 0.47 0.53 1.34 0.70 0.30 1.12 0.59 0.41
OVXsham 1 0.42 0.22 0.78 1.40 0.73 0.27 1.36 0.71 0.29
OVXsham 2 0.40 0.21 0.79 1.32 0.69 0.31 1.02 0.53 0.47
OVXsham 3 0.62 0.33 0.67 1.24 0.64 0.36 0.95 0.50 0.50
OVXsham 4 0.30 0.16 0.84 1.56 0.82 0.18 1.02 0.53 0.47
OVXsham 5 0.45 0.23 0.77 1.12 0.59 0.41 1.13 0.59 0.41
OVXsham 6 0.46 0.24 0.76 1.25 0.65 0.35 1.25 0.65 0.35
OVXsham 7 0.44 0.23 0.77 0.85 0.44 0.56 1.33 0.69 0.31
OVXsham 8 0.48 0.25 0.75 1.12 0.59 0.41 1.15 0.60 0.40
OVXsham 9 0.52 0.27 0.73 1.23 0.64 0.36 1.25 0.65 0.35
OVXsham10 0.47 0.24 0.76 0.95 0.50 0.50 1.12 0.59 0.41
BP 1 0.89 0.46 0.54 1.33 0.69 0.31 1.02 0.53 0.47
BP 2 0.64 0.34 0.66 1.25 0.65 0.35 1.37 0.71 0.29
BP 3 0.63 0.33 0.67 1.32 0.69 0.31 1.54 0.80 0.20
BP 4 0.70 0.37 0.63 1.25 0.65 0.35 1.02 0.53 0.47
BP 5 0.77 0.40 0.60 1.46 0.76 0.24 1.46 0.76 0.24
BP 6 0.81 0.42 0.58 1.35 0.71 0.29 1.33 0.69 0.31
BP 7 0.80 0.41 0.59 1.23 0.64 0.36 1.29 0.67 0.33
BP 8 0.80 0.42 0.58 1.12 0.59 0.41 1.15 0.60 0.40
BP 9 0.67 0.35 0.65 1.48 0.77 0.23 1.65 0.86 0.14
BP 10 0.79 0.41 0.59 1.15 0.60 0.40 1.15 0.60 0.40
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positive correlation and good fitness (R2, from 0.82 to 
0.96) were obtained between the measured parameters 
(BV/TV, Tb.Th, Tb.N) and the effective elastic modulus 
for three groups. In MT, positive correlation and good 
fitness (R2, from 0.73 to 0.98), in LT, positive correlation 
and good fitness (R2, from 0.82 to 0.97), were obtained 
between the measured parameters (BV/TV, Tb.Th) and 
the effective elastic modulus for three groups. Nega-
tive correlation and good fitness (R2, from 0.83 to 0.96) 
were obtained between the measured parameters (Tb.Sp) 
and the effective elastic modulus for three groups in MT 
(Fig. 9).

Discussion
This study was performed based on micro-CT data of rat 
femurs, exploring the effects of BPs on the morphologi-
cal parameters and mechanical strength of cortical and 
trabecular bone in an animal model of osteoporosis. The 
results suggested that the effect of BP on cortical bone in 
osteoporotic rat femurs was not obvious, and even the 
impact of sham-OVX group on cortical bone. However, 

BP intervention can significantly promote the morpho-
logical structural parameters and mechanical strength 
of trabecular bone, especially in the non-weight-bearing 
region (IT), contributing to structural and mechanical 
reconstruction.

Cortical bone showed a decrease in bone quality and 
bone mechanical strength in the osteoporotic environ-
ment, which may exhibit a certain degree of latency. 
However, since the duration of this study was relatively 
short, the impact on cortical bone had not been observed 
within a short period of time. Similarly, the effect of BP 
intervention on osteoporotic cortical bone may also have 
a delayed effect (Figs.  5 and 7B). It is unlikely to cause 
significant changes in the thickness, area, and mechani-
cal strength of cortical bone in a short period of time. It’s 
been studied the effects of early and late BP treatment on 
cortical bone of ovariectomized rats were investigated, 
and the cortical thickness was measured at different time 
points (4, 8, 12, 16 weeks), indicating that both the sham-
OVX and the late BP groups were significantly lower 
than the early BP group at 4 weeks. However, it increased 

Fig. 3 Finite element models of cortical and trabecular bone in VOI in different groups

 



Page 7 of 12Wang et al. BMC Musculoskeletal Disorders          (2024) 25:725 

again in the OVX group after 4weeks, and cortical thick-
ness was significantly higher than in the control group 
at 16 weeks. Early BP treatment inhibited the changes in 
cortical thickness. The late BP group, just like the sham-
OVX group, showed an increase in cortical thickness 
between 4 and 16 weeks [20]. Another study found that 

exercise and BP interacted to synergistically enhance 
cortical area and thickness of the mid-shaft femur com-
pared to the individual treatments alone after 14 weeks 
of treatment [21]. It can be seen that the results of differ-
ent studies on the effect of BP on the cortical thickness 
of ovariectomized rats are different. Further research 

Fig. 5 The structural parameter measurement of cortical bone in VOI in different groups

 

Fig. 4 Three-point bending test of tibias in different groups
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is needed to investigate whether it will cause changes 
in the microscopic structure of cortical bone, such as 
osteon. As we know, bone remodeling is performed by 
basic multicellular units (BMUs) that resorb and subse-
quently form discrete packets of bone tissue [22]. And we 
can measure the basic multicellular unit activity in corti-
cal bone by 3D morphological analysis in vivo for bone 
remodeling of osteoporosis and related pharmaceutical 
treatments [23]. However, from the correlation relation-
ship between cortical bone measurement parameters and 
the predicted effective elastic modulus (Fig. 8), there was 
a high positive linear correlation between Ct.Th, Ct.Ar, 
Tt.Ar, and the effective elastic modulus of cortical bone. 
Therefore, the mechanical parameters can be evaluated 
by measuring the structural parameters of cortical bone 
in the absence of conditions to predict or measure the 
effective elastic modulus of cortical bone. At the same 
time, the linear correlation stability of cortical bone was 
better than the predicted results of trabecular bone in 
different groups.

Based on this, it can be observed from the three-point 
bending test of the tibia that BP can significantly improve 
the bending strength and maximum bending force of the 
femur in osteoporotic rats. According to the report, it’s 
been studied the femoral midshaft strength and ultimate 
load by three-point bending to failure, the femoral mid-
shaft ultimate load was significantly higher in animals 
treated with BP than in the sham-OVX group. The fem-
oral midshaft strength was also significantly reduced in 

ovariectomized animals to the controls and the BP treat-
ment resulted in significantly increased strength over the 
sham-OVX group [24], which was consistent with the 
results in this study. However, there was no benefit in 
improving the bending modulus and deflection (Fig.  4). 
The reason may be that the impact of osteoporosis on 
Ct.Th, Ct.Ar was not obvious, resulting in no significant 
difference in the calculated results of effective bending 
modulus and deflection among the groups.

Compared to cortical bone, this research focused more 
on the effects of osteoporosis and BP on trabecular bone. 
Indeed, there have been numerous reports on the impact 
of osteoporosis and related pharmaceutical treatments 
on trabecular bone [25–27]. However, this study’s inter-
esting finding was that osteoporosis significantly altered 
the trabecular bone structure parameters in IT, while 
having a lesser effect on the structure MT and LT. Simi-
larly, BPs can improve BV/TV, Tb. N, and reduce Tb.Sp 
in IT. However, the impact on the structural parameters 
in MT and LT was smaller than that of the IT (Fig. 6). In 
fact, from the perspective of bone histomorphometry, BP 
did not cause significant improvement for all measured 
parameters, which largely depended on the duration and 
time points (for example: early or late after OVX) of BP 
intervention. According to the study report, the early BP 
treatment and control groups were not significantly dif-
ferent at all time points for all structural parameters. The 
BV/TV, and Tb.N were significantly different between all 
groups except for the early treatment and control groups 

Fig. 6 The structural parameter measurement of trabecular bone in VOI in different groups
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at week 16 [20]. From osteoporotic human specimens 
study, the BV/TV and Tb.Th were significantly greater in 
BP specimens, and Tb.Sp was significantly smaller after 
three years BP treatments [28].

This was also supported by the mechanical prediction, 
as BP significantly improved the effective elastic modu-
lus of trabecular bone in IT compared to MT and LT 
(Fig.  7D). We speculated that this result may be due to 
the lower stress experienced by the IT compared to the 
medial and lateral condyles, even more, combined with 
the osteoporotic environment, which easily leads to a 
decrease in BV/TV. On the other hand, the trabecu-
lar bone structures on both femoral condyles were in a 
weight-bearing position, and according to Wolff’s law, it 
may compensate for the stress by increasing the BV/TV. 
According to the literature, the consensus of most stud-
ies, both those based on ovariectomized and intact ani-
mal models on testing of human bone, is that long-term 
treatment and/or high does with certain BP makes the 

bone tissue more brittle and less tough. This translates 
into reduced energy to fracture and potentially a shorter 
bone fatigue life [29]. On the other hand, the changes in 
apparent stiffness and failure stress are attributable to 
changes in trabecular bone structure, which in turn are 
related to the duration of BP treatment and the optimal 
BP therapy duration await study of additional bone qual-
ity parameters [30]. The bone modulus increases with BP 
treatment duration up to 6 years, no additional modulus 
increases occurred after 6 years of treatment. Although 
strength increased, peaked at 12.4 years and remained 
constant for the next 7.6 years of BP treatment, and the 
effectiveness of BP treatment was not obvious at the early 
stage [31], which may explain why a lack of statical signif-
icance in structural and mechanical parameters between 
sham-OVX and BP treatment groups.

The limitations of this study were as follows: (1) 
Although the finite element model in this study 
had been well validated, there is no specific feasible 

Fig. 7 Mechanical property prediction for cortical and trabecular bone in different groups. The stress distribution of cortical bone (A). The effective elastic 
modulus prediction for cortical bone (B). The stress distribution of trabecular bone (C). The effective elastic modulus prediction for trabecular bone (D). 
Control TV: control theoretical value, Control PV: control predicted value, sham-OVX TV: ovariectomy theoretical value, sham-OVX PV: ovariectomy pre-
dicted value, BPTV: bisphosphonates theoretical value, BPPV: bisphosphonates predicted value
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solution for validating the cortical and trabecular bone 
in vivo or in vitro under real mechanical environ-
ments, currently [32]. Due to the differences in material 
properties of 3D printed specimens, there is a certain dif-
ference between the mechanical properties determined 
by in vitro mechanical tests and the actual bone structure 

mechanical parameters. Therefore, in the future, improv-
ing the in vivo measurement and data collection of ani-
mal models, such as combining the technology of cellular 
mechanics, will be the research direction. (2) Due to the 
small samples and short study period in this study, as well 
as individual differences, the measurement results may 

Fig. 9 The correlation relationship prediction between the structural parameters and effective elastic modulus for trabecular bone

 

Fig. 8 The correlation relationship prediction between the structural parameters and effective elastic modulus for cortical bone
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be affected, especially the instability of trabecular bone 
structure among samples within the same group, lead-
ing to certain deviations in data analysis of inter-group 
measurements. Increasing the samples and extending the 
study period may improve the reliability of the research 
results.

Conclusion
This study was the first to explore the different effects of 
BP on the microstructure and mechanical properties of 
cortical and trabecular bone in an osteoporotic model. In 
the short study term, the intervention of BP had minimal 
impact on the Ct.Th, Ct.Ar, and effective elastic modulus 
of cortical bone. Additionally, there was a good positive 
linear correlation between structural parameters and the 
effective elastic modulus. In comparison, the intervention 
of BP on trabecular bone showed differences. However, 
it significantly improved the BV/TV and effective elastic 
modulus of the trabecular bone in IT. On the other hand, 
the structure parameters and effective elastic modulus 
of trabecular bone in the both femoral condyles may be 
improved through stress compensation to counteract the 
decrease in bone quality and mechanical strength caused 
by osteoporosis. This provided a new treatment approach 
for the prevention of osteoporotic fractures in clinical 
practice.
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