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A B S T R A C T

Androgen deprivation therapy (ADT) for localised and metastatic prostate cancer (PCa) is known to improve 
survival in patients but has been associated with negative long-term impacts on the skeleton, including decreased 
bone mineral density (BMD) and increased fracture risk. Generally, dual-enery X-ray absorptiometry (DXA) 
measurements of areal BMD (aBMD) of vertebrae are used clinically to assess bone health. However, a prediction 
of vertebral bone strength requires information that aBMD cannot provide, such as geometry and volumetric 
BMD (vBMD). This study aims to investigate the effect of ADT on the densitometric (aBMD, trabecular vBMD, 
integral vBMD) and mechanical integrity (failure load and failure strength) of vertebrae, using a combination of 
DXA, quantitative computed tomography (QCT) and finite element (FE) modelling. For the FE analyses, 3D 
models were reconstructed from QCT images of 26 ADT treated patients, and their matched controls, collected as 
part of the ANTELOPE clinical trial. The ADT treated group experienced significantly decreased trabecular and 
integral vBMD (trabecular vBMD: −18 %, p < 0.001, integral vBMD: −11 %, p < 0.001) compared to control 
patients that showed no significant temporal changes (trabecular vBMD p = 0.037, integral vBMD p = 0.56). A 
similar trend was seen in the ADT treated group for the failure load and failure strength, where a decrease of 14 
% was observed (p < 0.001). When comparing the proficiency in predicting the mechanical properties from 
densitometric properties, the integral vBMD performed best in the pooled data (r = 0.86–0.87, p < 0.001) closely 
followed by trabecular vBMD (r = 0.73–0.75, p < 0.001) with aBMD having a much weaker predictive ability (r 
= 0.19–0.21, p < 0.01). In conclusion, ADT significantly reduced both the densitometric properties and the 
mechanical strength of vertebrae. A stronger relationship between both trabecular vBMD and integral vBMD with 
the mechanical properties than the aBMD was observed, suggesting that such clinical measurements could 
improve predictions of fracture risk in prostate cancer patients treated with ADT.

1. Introduction

Prostate cancer (PCa) is the most common non-skin cancer among 
men [1] and the median age at PCa diagnosis is around 66 years [2]. The 
effects of the disease itself, its treatment and the age of many PCa pa-
tients cumulatively give rise to substantial skeletal morbidity [3,4]. 
Androgen deprivation therapy (ADT), which reduces the growth and 
development of androgen-dependent PCa cells, by reducing testosterone 
levels, is a standard of care for many men diagnosed with PCa. 
Numerous studies have demonstrated the benefits of ADT in improving 

survival in patients, with both localised and metastatic PCa [5,6]. 
However, since bone health is also dependent upon androgens, ADT is 
associated with negative impacts on the skeleton, including a decrease in 
bone mineral density (BMD) [7] and an increase in fracture risk [8–10].

Studies have shown that ADT disrupts the bone remodelling cycle. 
Testosterone and oestradiol levels, important factors in the maintenance 
of adult bone, are reduced following ADT [11,12]. Greenspan et al. 
described how a reduction in testosterone was significantly correlated 
with a reduction in areal BMD (aBMD) after 6–12 months of ADT [13]. 
Other studies have shown a significant decrease in total hip, femoral 
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neck, and lumbar spine areal BMD (aBMD) by 1.5–4.0 % annually 
following commencement of ADT, which exceeds both normal annual 
bone loss for healthy ageing males and that of postmenopausal women 
(2.5 %) [14,15]. Despite this, prospective studies reporting bone loss 
with ADT in men with nonmetastatic PCa have often not evaluated the 
association of fractures with ADT. However, the correlation of fractures 
with ADT in PCa patients was evaluated by three large retrospective 
studies that reported these patients having a 21–37 % higher risk of 
fracture compared to PCa patients who were not treated with ADT 
[8,16,17]. Smith and colleagues also reported that vertebral fractures 
were 18 % more likely to occur following ADT, as well as an overall 
fracture risk increase of 13 % [16].

Dual energy X-ray absorptiometry (DXA) is the ‘gold standard’ 

clinical method for measuring areal BMD (aBMD, in g/cm2) and deter-
mining fracture risk, as part of a standard comprehensive fracture risk 
assessment. However, fracture risk is also associated with bone strength, 
which in turn is dependent on bone quantity and quality. As a 2D pro-
jected measurement, DXA cannot provide information on the 3D shape 
and the large regional variation in vertebral geometries, and the dis-
tribution of BMD, throughout the bone volume. Moreover, DXA mea-
surements of aBMD in the vertebral body are affected by either the 
presence of the posterior elements (anterior-posterior DXA) or by the 
ribs or pelvis (lateral DXA). Therefore, to fully capture bone strength, a 
three-dimensional (3D) quantitative evaluation of the bone biome-
chanics is necessary. Quantitative computed tomography (QCT) has 
been used to quantify volumetric BMD (vBMD, in g/cm3) at various sites 
such as the spine, hip and femur [18], as a measure that more accurately 
captures the 3D distribution of mineral in bone tissue. QCT has several 
advantages over DXA as it can perform sub-regional analysis whilst 
incorporating the 3D geometry of bone [18].

This more holistic approach has recently been employed in a longi-
tudinal, observational clinical trial of PCa patients commencing ADT 
(the ANTELOPE trial) [19]. In this study, 31 men with non-metastatic 
PCa, scheduled to commence ADT, were recruited from urology/ 
oncology clinics at the Royal Hallamshire Hospital, Sheffield, along with 
recruitment of 30 healthy male volunteers matched by age (± 5 years), 
height (± 5 cm) and body mass index (BMI) (± 5 kg/m2) to the patients 
in the ADT treatment group. This patient and volunteer number was 
chosen to reflect the need for powering the ANTELOPE primary 
endpoint, which was a change in 12-month vBMD at the distal radius. A 
range of assessments including aBMD at hip and lumbar spine by DXA 
scan, vBMD and other microarchitectural parameters at the non- 
dominant radius by high-resolution peripheral quantitative computed 
tomography (HR-pQCT), bone turnover markers and other measure-
ments of muscle function and strength and body composition were 
carried out at baseline and again at 12 months. Overall, the ADT treated 
group experienced a significant decrease in lumbar spine aBMD (p <
0.001), radius trabecular vBMD (p < 0.001) and cortical vBMD (p <
0.001), and ultimate failure load at the radius (p = 0.03). Full details of 
trial design and inclusion/exclusion criteria have been published [19].

Nevertheless, little is known about the effect of ADT on the vertebral 
strength. QCT images can be used to create 3D biomechanical models, 
using finite element (FE) analysis of the vertebra to estimate the bone 
strength [52]. Subject specific FE models have been used extensively to 
study the biomechanical response of bones to loading [20,21]. This 
technique is being used increasingly in bones affected by diseases such 
as osteoporosis [22] and different types of cancer including breast, 
colorectal and renal cell carcinoma [23]. It has also been used to study 
the effect of treatments and has been proven to predict vertebral 
strength more accurately than DXA in individuals without skeletal dis-
eases [24,25] and with osteoporosis [26].

Despite studies investigating the effect of ADT on the peripheral 
strength of the distal radius using HR-pQCT [27], and femoral strength 
and fracture risk have been estimated using biomechanical computed 
tomography (BCT) [28], the vertebral strength is yet to be assessed using 
FE models based on QCT images of the vertebra. Therefore, the overall 

aim of this study (pre-planned in the ANTELOPE design), was to 
uniquely include a comparison of the effect of ADT on the aBMD, 
measured in the ANTELOPE design, with QCT based vBMD and FE 
estimated mechanical strength of vertebrae.

2. Materials and methods

2.1. Study design and participants

The overall study design of the ANTELOPE trial and demographics of 
the participants have been described elsewhere in Handforth et al. 
(2024) [19]. Ethical approval was obtained from the South Yorkshire 
Research Ethics Committee in October 2016 (IRAS ID 206171). Out of 
the 31 patients in Group A (ADT treated) of the ANTELOPE trial, 29 
patients completed all study assessments and 26 had a matched control 
making up the cohort within this study. All patients were received 
intravenous ADT and there was no presence of vertebral fracture in any 
of the patients T12 vertebra assessed in this study.

2.2. DXA and aBMD measurements

All study participants underwent a posterior-anterior DXA (Discov-
ery A, Hologic, USA) of the lumbar spine, at baseline and 12 months, at 
the NIHR Clinical Research Facility, Northern General Hospital, Shef-
field. Lumbar spine (L1-L4) aBMD (g/cm2) was also measured.

2.3. QCT and vBMD measurements

The first cohort from 2017 was scanned using the GE LightSpeed VCT 
(GE Healthcare, Milwaukee, WI) in the radiology department at the 
Northern General Hospital, Sheffield, whilst the follow-up scans in 2018 
along with all second cohort scans were scanned using the Toshiba 
Aquilion ONE (Toshiba Medical Systems, Tokyo, Japan) at the same 
hospital. Quality assurance was performed once per month using a 
Mindways phantom (Mindways Software, Inc., Austin, TX, USA) on both 
scanners. All scans were performed in the anteroposterior position, 
using the same noise index. The QCT protocol included a single scan 
from the superior edge of the T12 vertebra to the T12/L1 margin. For the 
GE scanner, the tube voltage was 120 kV and the mean tube current was 
set at 360 mA and were reconstructed with a voxel size of 0.937 × 0.937 
× 0.625 mm. For the Toshiba scanner, the tube voltage was also 120 kV, 
the mean tube current was set at 250 mA and a voxel size of 0.976 ×
0.976 × 0.5 mm.

Each QCT scan, for both the GE LightSpeed VCT and the Toshiba 
Aquilion ONE, contained a solid inline calibration phantom (Image 
Analysis, Inc., Columbia, KY, USA), with rods of 0, 75, and 150 mg/cm3 

equivalent BMD. The densitometric calibration was computed for each 
individual scan using a standard approach, which assumes a linear 
relationship between the average Hounsfield units (HU) and the known 
mean values of equivalent BMD of each rod. To do so, one region of 
interest (ROI) was defined manually within each insertion of the 
phantom (ImageJ 1.54i, [29,30]. The ROIs were defined as square re-
gions centred within each calibration rod with length equal to half the 
edge length of the rod (12.5 mm). Mean HU values over the same 10 
slices were used to perform the linear regression analysis with the 
known values of equivalent BMD for all three rods for calibration. The 
individually and independently calibrated QCT scans removes any dif-
ferences in scanning protocol, the type of scanner, and the effect of these 
on the current study.

For the assessment of trabecular vBMD, from each QCT an ellipse 
shaped ROI was identified (ImageJ) in the anterior most region of the 
vertebral body, in the trabecular portion only. The ellipse was identified 
by creating a circular region of interest in the vertebral body, ensuring 
the cortical portion was included. The height and the width of the cir-
cular region were then reduced by 60 % and 20 %, respectively. After 
that, the ellipse was moved to ensure it was in the top half of the 
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vertebral body and 10 % away (in terms of width) from all edges. This 
ROI was extended to include the 10 central slices of the vertebral body. 
HU values within the ROI for all slices were converted into vBMD using 
the densitometric calibration identified as described above. For the in-
tegral vBMD, the FE software Ansys Workbench (2021R1) was used to 
select a ROI for all the elements in each vertebral body, excluding the 
posterior elements and processes, incorporating both the cortical and 
trabecular regions. The integral vBMD (g/cm3) was then calculated as 
the sum of the individual element's bone mineral content (element BMD 
multiplied by element volume) divided by the total volume of the 
vertebral body ROI.

2.4. FE models and mechanical properties

During the FE analysis, one patient from the ADT group was removed 
along with the matched control due to difficulty separating the intended 
T12 vertebra from the vertebra above (T11) in the segmentation stage.

3D models of each vertebra were reconstructed from the QCT images 
using 3D-Slicer (3D-slicer 4.1120210226, [https://www.slicer.org/] 
[31]). Ansys SpaceClaim (Ansys® 2021R1, ANSYS, Inc) was then used to 
prepare the models to ensure accurate meshing by removing anomalous 
sharp edges and floating elements. The models were then imported into 
Ansys Mechanical (Ansys® 2021R1, ANSYS, Inc) and meshed using 
quadratic (10 nodes) tetrahedral elements with maximal edge length of 
1 mm [23], following a mesh convergence analysis.

Bone was modelled as a heterogenous, isotropic, and elastic-plastic 
material [23]. Bonemat (BONEMAT® 3.2, 2013) was used to assign 
the heterogeneous, linear material properties for each vertebra model 
based on the patient-specific densitometry calibration described above 
and phenomenological relationships [Eqs. (1) and (2)] [32,33] (Fig. 1A). 
ρQCT = ρapp ×0.6 [g/cm3] (1) 

E = 4730ρapp
1.56 [MPa] (2) 

The plastic behaviour of bone was modelled in Ansys Workbench 
using an isotropic Von Mises yield criterion, based on a density-strength 
relationship [Eq. (3)] [34], and a 95 % reduction in the post-yield elastic 
modulus [Eq. (4)] [33,35]. 
σy1 = 21.7ρapp

1.52 [MPa] (3) 

Epy = 0.05× E [MPa] (4) 
Each vertebra model was aligned to ensure the loading was applied 

perpendicular to the endplates of the vertebral body by creating best-fit 

planes on the superior and inferior endplates and aligning the vertebra 
to the average of these two planes in Ansys SpaceClaim. The superior 
and inferior surfaces of the endplates were also identified and labelled 
manually using anatomical landmarks on the vertebral body, to create a 
surface (in SpaceClaim) for ease of applying the boundary conditions 
(Fig. 2). The models were loaded in uniaxial compression on the superior 
endplate with a displacement of 1.9 % of the minimum vertebral height 
(h), calculated as the minimum distance between the superior and 
inferior surfaces of the vertebral body. An apparent deformation of 1.9 
% has been experimentally proven to produce ultimate stress in verte-
bral bodies [25,36]. The elements on the inferior endplate were fixed in 
all directions.

Load-displacement curves (Fig. 1B), which were created from the 
reaction force (sum of the reaction forces on the inferior endplate) and 
the imposed displacement, were used to calculate the structural prop-
erties. Specifically, stiffness was defined as the slope of the linear portion 
of the curve and the failure load as the maximum force of the nonlinear 
portion (load at 1.9 % of apparent deformation) (Fig. 1B&C). Material 
properties were computed by normalising the structural properties with 
the sample dimensions. In particular, normalised stiffness was defined 
by dividing the stiffness by the ratio CSA/h, where cross sectional area 
(CSA) was calculated as the average CSA of the vertebral body and 
vertebral height (h) was calculated as the minimum distance between 
the inferior and superior endplates, and the failure strength as the failure 
load divided by CSA.

2.5. Statistical analysis

A Wilcoxon paired test was used to compare the densitometric and 
FE predicted mechanical properties between baseline and 12 months for 
both groups (significance was considered at p < 0.05, *p < 0.05, **p <
0.01, ***p < 0.0001). A Wilcoxon unpaired test (Mann-Whitney U test) 
was used to test whether the percentage differences between baseline 
and 12 months within the treated group was significantly different from 
the control group. A Wilcoxon paired one tail test was used to evaluate if 
there was a significantly positive or negative trend in the densitometric, 
and FE predicted mechanical properties between baseline and 12 
months.

Linear regressions were calculated between the percentage differ-
ence between the two time points for the FE failure load, failure strength 
and densitometric variables for the pooled and treated and control 
groups. The Pearson's correlation coefficients with corresponding p- 
values of the predictions were calculated for all linear regressions. 
Where an r ≤ 0.3 represents a weak correlation, 0.3 < r < 0.7 is 

Fig. 1. Illustration of the outputs from the FE analysis at both time points. (A) Distribution of the BMD within the vertebral body taken from Bonemat, where blue is 
low BMD and yellow/red is high BMD. (B) Load-displacement curve used to calculate the stiffness and failure load from the FE results. (C) An example of the 3rd 
principal strain distribution within a model with the associated failure load. (For interpretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.)
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moderate correlation and 0.7 < r ≤ 1 is a strong correlation, with p- 
values where significance was considered for p < 0.05 and the signifi-
cance levels were described by *p < 0.05, **p < 0.01, ***p < 0.001.

3. Results

Table 1 shows the patient demographics for the treated group and 
matched control detailing the age, height and BMI for each patient as 
well as the average and standard deviation showing no significant 

Fig. 2. Application of boundary conditions illustrated using a T12 vertebra of a 79-year-old patient. (A) The displacement applied to the superior endplate. (B) The 
fixed support applied to the inferior endplate.

Table 1 
Patient demographics data for the treated and control groups (25 subjects per group) used in this study including age, height, and BMI.

Treated Age (years) Height (cm) BMI (kg/m2) Matched Control Age (years) Height (cm) BMI (kg/m2)
A01 72 178.8 29.0 C01 74 192.3 31.4
A02 80 173.9 26.7 C15 80 175.2 26.3
A03 67 165.9 21.9 C32 64 171.7 23.5
A05 67 179.2 27.3 C25 71 182.0 24.9
A06 70 180.6 31.0 C06 68 182.8 27.1
A07 72 173.2 23.1 C26 71 173.0 20.4
A10 71 191.1 32.7 C09 63 188.1 29.6
A13 65 169.7 27.3 C16 82 169.0 29.7
A16 82 169.8 32.7 C11 79 175.0 30.7
A17 76 181.0 24.1 C20 73 178.0 24.2
A19 79 180.3 24.1 C30 75 181.0 25.5
A20 74 181.7 28.6 C03 77 180.1 30.1
A21 71 167.7 25.8 C14 74 168.2 26.8
A23 64 172.4 25.9 C08 53 184.4 26.9
A24 78 174.2 25.8 C02 76 169.0 22.3
A25 73 170.8 28.3 C04 73 173.3 26.2
A27 80 167.6 25.8 C05 78 170.4 26.9
A28 76 175.4 27.8 C12 78 179.0 32.1
A30 76 176.9 30.1 C19 75 180.8 34.9
A32 80 160.7 26.9 C21 78 159.8 22.7
A33 76 163.4 34.4 C23 77 163.2 31.8
A34 72 175.4 31.3 C31 71 171.0 27.6
A35 73 182.2 24.3 C24 73 184.5 23.9
A37 80 171.3 23.9 C17 78 169.0 24.9
A38 67 165.4 23.9 C10 70 161.0 29.3
Average (±SD) 74 ± 5 174.3 ± 6.8 27.4 ± 3.3 Average (±SD) 73 ± 6 175.9 ± 8.0 27.1 ± 3.5
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differences between the groups. ADT reduced both densitometric and 
mechanical properties in men with PCa (Table 2). On average, between 
the baseline and 12-month visits, the patients receiving ADT displayed a 
significant reduction in aBMD (aBMD: −4 %, p < 0.01), whilst the aBMD 
in the control group increased (+2.3 %, p < 0.05). Trabecular vBMD at 
12 months had a larger decrease than aBMD for the patients who 
received ADT (trabecular vBMD: −18 %, p < 0.01), whilst the control 
group showed no significant change (p = 0.056). Integral vBMD also had 
a larger decrease than aBMD for patients receiving ADT (integral vBMD: 
−11 %, p < 0.01), whilst the control group showed no significant change 
at 12 months (p = 0.75). The FE analysis predicted an even larger 
decrease in mechanical properties for the patients receiving ADT than 
both aBMD and integral vBMD but similar to trabecular vBMD (stiffness: 
−14 %, p < 0.01; failure load: −16 %, p < 0.01; normalised stiffness: 
−14 %, p < 0.01; failure strength: −16 %, p < 0.01), compared to the 
control group. The change between baseline and 12 months in the 
treated group with respect to the change in the matched control was also 
significant for all densitometric and mechanical properties (Table 2, p <
0.05).

Fig. 3 shows a representative model from the FE analysis of a subject 
in the treated group (A19), where the mechanical properties have 
decreased by 17–20 % over 12 months. The resulting decrease in me-
chanical properties has driven an increase in compressive strain within 
the vertebral body. This is highlighted by the increase in red regions 
within the vertebral body at follow-up (Fig. 3A) as well as an increase in 
frequency of higher strains at follow-up shown in the histogram 
(Fig. 3B). The shear strain distributions in Fig. 4A show the higher shear 
strain in the 12-month vertebra compared to the baseline for the same 
patient. The shear strains observed at follow-up are around 10 % smaller 
than the compressive strains, implying compression is the main failure 
mode. Fig. 4B highlights the higher plastic strains in similar regions to 
the high compressive strains, suggesting there is a higher risk of fracture 
in these regions.

Fig. 5 details the aBMD, vBMD, integral vBMD and failure strength 
for all patients in the control and treated group at baseline and 12 
months. The violin plots of the aBMD show a similar distribution in both 
the control and treated groups, with the line plots confirming the 
changes in both groups between baseline and 12 months, where the blue 
(control) lines had a tendency towards positive gradient (aBMD: p <
0.001), whereas the red (treated) lines trended towards a negative 
gradient (aBMD: p < 0.001). Whilst the trabecular vBMD, integral vBMD 
and failure strength had no trend in the control group, the negative trend 
in the treated group was significant (trabecular vBMD: p < 0.001, in-
tegral vBMD: p < 0.001, failure strength: p < 0.001). The vBMD, integral 
vBMD and failure strength all had a smaller range in the control group 

and the treated group.
The correlation between the densitometric parameters (aBMD, 

vBMD and integral vBMD) and the normalised mechanical properties 
was evaluated for the pooled data as well as the respective treated and 
control groups at both time points (Fig. 6). Trabecular vBMD and inte-
gral vBMD were both found to be a better predictor of bone strength than 
aBMD. A weak but significant correlation was found between the per-
centage change in aBMD and the percentage change in failure load and 
failure strength for the pooled data (r = 0.28–0.44, p < 0.01). Whereas 
the correlations between the pooled data for percentage change in 
trabecular vBMD or integral vBMD and the percentage change in failure 
load and failure strength were strong (r = 0.78–0.92, p < 0.001 for 
trabecular vBMD; r = 0.88–0.96, p < 0.001 for integral vBMD) (Fig. 6).

4. Discussion

This study is the first to evaluate the effect of ADT on the biome-
chanical properties of the vertebra in PCa patients. It demonstrates a 
more dramatic decrease in vertebral mechanical integrity than those 
predicted using standard DXA measurements of aBMD. By reconstruct-
ing QCT scans, FE models predicted a significant decrease in all densi-
tometric and mechanical properties following 12 months of ADT. It was 
found that trabecular vBMD and integral vBMD measured via QCT 
correlated well with FE analyses outputs, indicating a significantly 
better prediction of mechanical properties at T12 than aBMD measured 
by DXA at L1-L4.

Previous studies have shown a decrease in aBMD of 1.5–4 % annually 
following commencement of ADT [14,15] and the ANTELOPE study also 
demonstrated a significant decrease in aBMD following ADT after 12 
months, at 4 % [19]. Due to the high number of trabeculae within the 
vertebra, the highly vascular nature of trabecular bone, and the intra-
venous method used to administer ADT, the vertebra is at a higher risk of 
a reduction in BMD. In this study, similar but amplified trends were 
observed in the treated group for trabecular vBMD and integral vBMD, 
reducing by 17 % and 11 % respectively over 12 months. QCT scans have 
been adopted in previous studies to assess the trabecular vBMD and 
found similar trends after 1 year of ADT [37,38]. Similar amplified 
trends to this study were observed by Smith et al. [38] who reported a 
reduction of 3.3 % in lumbar aBMD and a reduction of 8.5 % in vBMD 
after 48 weeks of ADT. Sato et al. [37] reported also significant reduc-
tion in lumbar spine vBMD of 17.9 % following 12 months of ADT.

The ADT treated group experienced a notable decrease in mechanical 
properties, with a 14–16 % decrease in failure load, stiffness, failure 
strength, and normalised stiffness, compared to a 4 % decrease observed 
in aBMD. FE analyses has been shown to amplify the changes seen in 

Table 2 
Summarised data for densitometric (aBMD, trabecular vBMD, integral vBMD) and estimated mechanical properties (stiffness, failure load, normalised stiffness, and 
failure strength). Average and standard deviation are reported for each group and time point. Percentage differences (% diff) computed between the time points and p- 
values were reported (1). P-values were also reported to test the significance of the difference between the treated group and the matched control group (2).

Control Treated p-Value2

Baseline 12 Months % diff P- 
value1

Baseline 12 Months % diff P-value1

aBMD (g/cm2) 1.09 ± 0.18 1.12 ± 0.19 +2.3 % 0.0006 1.14 ± 0.17 1.09 ± 0.17 −4.0 
%

0.0002 <0.0001

Trab vBMD (g/ 
cm3)

0.11 ± 0.036 0.11 ± 0.029 −4.9 % 0.037 0.13 ± 0.06 0.10 ± 0.05 −18 
%

0.0004 0.011

Integral vBMD 
(g/cm3)

0.21 ± 0.046 0.20 ± 0.035 +0.67 
%

0.56 0.23 ± 0.06 0.20 ± 0.05 −11 
%

0.0002 0.0002

Stiffness (kN/ 
mm)

39.0 ± 16.3 37.7 ± 11.4 +6.9 % 0.73 45.1 ± 18.6 36.6 ± 13.8 −14 
%

<0.0001 0.0004

Failure load (kN) 3.03 ± 1.27 2.94 ± 0.93 +2.4 % 0.69 3.45 ± 1.31 2.76 ± 0.91 −16 
%

<0.0001 <0.0001

Normalised 
stiffness (MPa)

568 ± 218 559 ± 136 +7.8 % 0.97 754 ± 390 618 ± 314 −14 
%

0.0003 0.0004

Failure strength 
(MPa)

1.79 ± 0.61 1.75 ± 0.40 +2.9 % 0.94 2.25 ± 1.10 1.81 ± 0.88 −16 
%

0.0002 <0.0001
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aBMD from DXA in osteoporotic patients [39,40]. This could be 
explained by accounting for the 3D distribution of BMD, which has been 
shown to be indicative of strength gains [40], and cortical thickness, 
which has also proven to be important when predicting fracture risk 
[41]. In addition, FE models are a better predictor of bone strength 
(failure load) than estimations from aBMD [39] and trabecular vBMD 
[25], and are highly correlated with experimental results [42].

Areal BMD showed a low predictive ability for mechanical properties 
(r = 0.28–0.46), whereas vBMD and integral vBMD exhibited a strong 
correlation with mechanical properties (r = 0.78–0.92 for trabecular 
vBMD and r = 0.88–0.96 for integral vBMD). The weak correlation be-
tween aBMD and mechanical properties may be due to several factors, 
including overestimating aBMD by central DXA due to anatomical fea-
tures such as irregular geometry, increased bone marrow fat, non- 
homogeneous fat distribution and the inclusion of posterior spinous 
processes [11,43,44]. Moreover, DXA cannot provide information on 3D 
shape, large regional variation in vertebral geometries and the 

distribution of BMD throughout the bone. Previous studies have also 
shown that the use of vBMD as a predictor for failure load and failure 
strength at L3 is stronger than aBMD [45]. Additionally, DXA measured 
aBMD at L3 or L2-L4 for predicting mechanical properties of the thoracic 
vertebrae have been evaluated in a previous study, reporting a weaker 
correlation for the prediction of T10 (r = 0.62) compared to L3 (r =
0.73) [46]. aBMD measured in the lumbar spine is not intended to 
predict mechanical properties, particularly at different levels of the 
spine such as T12 due to the differing mechanical and densitometric 
properties of the vertebra [46]. This was further confirmed in our study, 
which demonstrated that changes in mechanical properties at T12 are 
not reflected by the changes in spine aBMD (L1–L4).

The highest correlation between densitometric and predicted me-
chanical properties was observed when using integral vBMD. This can be 
explained considering that the integral vBMD is calculated across the 
whole vertebral body and provides information from trabecular and 
cortical bone compartments, both of which contribute to the vertebral 

Fig. 3. Representative result from the FE analysis showing the local increases (red) in 3rd principal strain distribution (A) in the vertebral body and a histogram of 
the 3rd principal strain in the vertebral body where time point 2 has a higher proportion of strains in the higher strain region (B). (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Representative result from the FE analysis showing the local increases (red) in maximum shear strain distribution (A) and equivalent plastic strain (B) in the 
vertebral body. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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body compressive strength [47]. The technique adopted here to calcu-
late integral vBMD is not used in the clinical setting. Lower resolution 
images are acquired clinically and trabecular vBMD is assessed using 
software available from Mindways (Mindways Software Inc., Austin, TX, 
USA). However by using integral vBMD, we have demonstrated its 
improved predictive ability for bone strength compared to aBMD 
[40,48,49]. Having shown the feasibility of using FE to predict the 
mechanical strength of vertebrae, this could underpin further work to 
explore whether improvements in fracture prediction are possible.

Our study has some limitations. Firstly, the material properties of 
bone were modelled as isotropic. Understanding of the degree of 
anisotropy can improve the predictive capability of FE models regarding 
fracture risk in human vertebrae [50]. The inclusion of anisotropy 
within a FE study has been known to improve the prediction of bone 
strength in osteoporotic vertebrae [47] and therefore could also improve 
the biomechanical assessment of PCa patients without the need for 
higher-dose scans. Nonetheless, the intrinsic anisotropy of the trabecular 
bone due to the heterogeneous density distribution was captured by 
using relatively small element size (below 1 mm) and the assignment of 

heterogeneous material properties in function of the local BMD. It is 
important to note that any mechanical asymmetry or material anisot-
ropy could affect predictions in complex load cases, but as the vertebrae 
were loaded in uniaxial compression and the compressive strain was 
higher than the tensile strain these assumptions are robust for the con-
ditions being modelled. Incorporating other loading conditions such as 
torsion and bending could improve the assessment of the effect of the 
ADT on the mechanics of the vertebral body. However, it is well known 
that compression is the most significant loading condition for most 
fracture modes and therefore is most used within the field of FE verte-
bral mechanics [25,48,51]. Another limitation is introduced through the 
small cohort size within this study. This particularly plays a role in the 
linear regression analysis towards the larger percentage change in in-
tegral and trabecular vBMD where data is sparse. This could be influ-
encing the overall trend and therefore results would need to be 
confirmed using a larger dataset.

In summary, this study is the first apply finite element modelling to 
prostate cancer-affected vertebrae, and has shown that ADT treatment 
for 12 months in a cohort of PCa patients reduces both the densitometric 

Fig. 5. vBMD and failure strength decrease more than aBMD over 12 months in the treated group. Violin plots of both cohorts and both time points and line plots 
showing the individual patients within each group for (A) aBMD, (B) trabecular vBMD, (C) integral vBMD, and (D) failure strength. *p < 0.05, **p < 0.01, ***p <
0.001. 
Abbreviations: aBMD – areal BMD, vBMD – volumetric BMD, T1 – baseline, T2–12 months.
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and mechanical properties of vertebrae. Despite a similar trend, an 
amplified reduction was seen for trabecular vBMD, integral vBMD and 
bone strength compared to aBMD. In addition, the regression analysis 
confirmed a stronger correlation of both trabecular vBMD and integral 
vBMD with the mechanical properties than the aBMD, suggesting that 
the determination of the vBMD might be of higher value when assessing 
patients bone strength at specific vertebral levels in clinical practice.
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