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13.Dana-Farber Cancer Institute, Boston, MA

Abstract

Background: Guidelines recommend dual-energy X-ray absorptiometry (DXA) screening to 

assess fracture risk and benefit from antiresorptive therapy in men with metastatic hormone-

sensitive prostate cancer (mHSPC) on androgen deprivation therapy (ADT). However, less than 

30% of eligible patients undergo DXA screening. Biomechanical computed tomography (BCT) 

is a radiomic technique that measures bone mineral density (BMD) and bone strength from CT 

scans.

Objective: To evaluate 1) correlations between BCT- and DXA-assessed BMD, and 2) 

associations between BCT-assessed metrics and subsequent fracture.

Design, Setting, and Participants: Multi-center retrospective cohort study among patients 

with mHSPC between 2013 and 2020 who received CT abdomen/pelvis or PET/CT within 48 

weeks before ADT initiation and during follow-up (48-96 weeks after ADT initiation).

Outcomes and Statistical Analysis: We used univariate logistic regression to assess 

associations between BCT measurements and the primary outcomes of subsequent pathologic 

and non-pathologic fractures.

Results and Limitations: Among 91 eligible patients, median [IQR] age was 67 years (62-75), 

44 (48.4%) were White, and 41 (45.1%) were Black. During median follow-up of 82 weeks, 

17 men (18.6%) developed a pathologic and 15 (16.5%) a non-pathologic fracture. BCT- and 

DXA-assessed femoral-neck BMD T-score were strongly correlated (R2=0.93). On baseline CTs, 

lower BCT-assessed BMD (Odds Ratio [OR] 1.80, 95% CI [1.10, 3.25], p=0.03) was associated 

with increased risk of pathologic fracture. Lower femoral strength (OR 1.63, 95% CI [0.99, 2.71], 

p=0.06) was marginally associated with increased risk of pathologic fracture. Neither BMD (OR 

1.52, 95% CI [0.95, 2.63] p=0.11) nor strength (OR 1.14, 95% CI [0.75, 1.80] p=0.57) were 

associated with non-pathologic fracture. BCT identified 9 (9.9%) men eligible for antiresorptive 

therapy, of whom 4 (44%) were not treated. Limitations include low fracture numbers resulting in 

lower power to detect fracture associations.

Conclusions: Among men diagnosed with mHSPC, BCT assessments were strongly correlated 

with DXA, predicted subsequent pathologic fracture, and identified additional men indicated for 

antiresorptive therapy.

Patient Summary: We assess whether biomechanical computer tomography from routine CT 

scans can identify fracture risk among patients recently diagnosed with metastatic prostate cancer. 

We find that BCT and DXA-derived bone mineral density are strongly correlated and that BCT 

accurately identifies risk for future fracture. BCT may enable broader fracture risk assessment and 

facilitate timely interventions to reduce fracture-risk in metastatic prostate cancer.

INTRODUCTION

Androgen deprivation therapy (ADT), alone or with other agents, improves survival in 

mHSPC but accelerates bone mineral density (BMD) loss in the first year and is associated 

with a 20-42% risk of significant fracture at five years.1–4 Antiresorptive therapies prevent 
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future fracture, but randomized trials have shown that routine administration to all men 

with mHSPC does not decrease risk of fracture and other skeletal-related events.5 Thus, 

guidelines recommend baseline and routine fracture risk assessment for men with mHSPC 

initiating ADT via dual-energy X-ray absorptiometry (DXA) to identify high-risk patients 

who may benefit from antiresorptive therapy. Antiresorptives are indicated in patients with 

prior fracture, osteoporosis (BMD T-score ≤−2.5), or osteopenia (BMD T-score between −1 

and −2.5) with high-risk of fracture by Fracture Risk Assessment Tool (FRAX).6

There are several limitations with DXA-based screening for mHSPC. First, although 

universal DXA screening is recommended for men initiating ADT, only 8-30% of men 

with mHSPC initiating ADT receive baseline DXA screening.6–9 Second, DXA-based BMD 

measurement evaluates cortical bone density but does not capture important characteristics, 

including overall shape and three-dimensional geometry, the relative amount of cortical and 

trabecular bone, local variations in cortical thickness, and the internal spatial distribution 

of bone density. However, ADT primarily diminishes trabecular bone architecture.10,11 This 

may explain why a majority of ADT-associated fractures occur in men who do not meet 

BMD or FRAX thresholds for anti-resorptive therapy.12

Biomechanical Computed Tomography (BCT) is an image-based analysis technique that 

can be applied to CT scans obtained through routine management of mHSPC patients to 

assess BMD and bone strength, without need for DXA.13 BCT analyzes previously obtained 

imaging and can be applied to CT scans that were performed at any point in the past. BCT 

has already been approved by the Food and Drug Administration (FDA) for providing BMD 

measurements substantially equivalent to DXA, as well as bone strength measurements that 

independently identify those at risk of fracture.25 However, it has not been validated in 

patients with metastatic prostate cancer, where the presence of metastasis may theoretically 

alter measurements.14–20

BCT has three potential advantages for mHSPC populations. First, BCT offers a convenient 

fracture risk assessment by utilizing staging and surveillance CT scans gathered in 

routine care without need for additional DXA testing. Second, BCT facilitates longitudinal 

measurements of BMD and strength through a patient’s disease course, which can identify 

patients who newly benefit from anti-resorptive therapy during ongoing ADT exposure or 

during follow up after treatment cessation. Third, BCT provides a measurement of bone 

strength, an independent predictor of hip fracture, in addition to BMD.19 Utilizing a diverse 

multicenter cohort of men with newly diagnosed mHSPC beginning ADT, our overall 

objective was to externally validate BCT in the mHSPC population.

METHODS

Study Design

This retrospective cohort study followed the STROBE (Strengthening the Reporting of 

Observational Studies in Epidemiology) reporting guidelines. Our primary objectives were 

to: (1) Assess the robustness of BCT by correlating BCT-assessed BMD from routine CT 

imaging with concurrent DXA-assessed BMD, and (2) Evaluate the association between 

BCT-assessed BMD and strength and subsequent fractures. Secondary objectives were to: 
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(1) Identify the number of additional patients who meet criteria for anti-resorptive therapy 

identified by BCT and (2) Compare longitudinal changes in BMD and bone strength 

between individuals receiving ADT with or without an androgen receptor signaling inhibitor 

(ARSi) or chemotherapy.

Ethics approval was identified for use of de-identified images by the University of 

Pennsylvania and the Corporal Michael J. Crescenz Department of Veterans Affairs 

institutional review boards (IRBs), which also waived the need for informed consent owing 

to the use of de-identified data.

Cohort

Ninety-nine patients were identified from internal registries of patients receiving primary 

oncologic care and CT imaging at the University of Pennsylvania, a large academic medical 

center, or the Corporal Michael J. Crescenz VA Medical Center (VA), a tertiary VA referral 

center. Eligibility criteria were determined via chart review and included (1) age ≥21 years; 

(2) biopsy-proven prostate cancer; (3) biopsy or radiographic confirmation of recurrent or 

de novo metastatic hormone sensitive PC between 2013 and 2020; (4) no ADT exposure in 

the year prior to metastatic diagnosis; and (5) eligible CT scans. We used 1:1:1 purposive 

sampling to achieve relatively equal distributions in therapies (ADT, ADT+chemotherapy, 

and ADT+ARSi).

Subjects were scanned with CT at two time-points: 1) Baseline CT: within 48 weeks prior 

to ADT initiation and 2) follow-up CT: between 48 and 96 weeks after ADT initiation. To 

enable accurate comparisons over time, only baseline and follow-up CTs that used the same 

contrast protocol and scan manufacturer were included. Eligible CT protocols included CT 

abdomen/pelvis (with or without contrast), CT Urogram, and PET/CT scans. The scans were 

acquired across four different CT scanner manufacturers (GE = 29, Philips = 22, Siemens = 

128, Toshiba = 19), with kVp ranging from 100–130, and reconstructed with a standard (or 

equivalent) kernel, with slice thickness ranging from 0.625–5 mm.

Overview of BCT Analysis

BCT13 or “biomechanical computed tomography,” is an image-based analysis technique that 

processes a patient’s previously obtained CT scan to measure a BMD T-score (equivalent 

to that from DXA) and a non-invasive assessment of the breaking strength of the patient’s 

femur.14,15,17,19 The FDA-cleared implementation of BCT in the USA is by the VirtuOst® 

software (O.N. Diagnostics, Berkeley, CA), and is a regulated class-II medical device. The 

analysis uses highly automated image processing algorithms, and is guided by trained BCT 

technologists. For this study, one technologist performed the analyses while blinded to DXA 

measurements and clinical outcomes (i.e., pathologic fracture, non-pathologic fracture, and 

non-fracture skeletal related events).

To measure a BMD T-score using BCT, the femur in the CT image is first virtually removed 

from the surrounding tissue. Then, the 3D femur is calibrated into units of volumetric BMD 

using the patient’s internal tissues as calibrating references, oriented into a standard DXA-

like orientation, and the standard DXA regions of interest are placed on the 2D projection 

Lin et al. Page 4

Eur Urol Oncol. Author manuscript; available in PMC 2024 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



to measure areal BMD. For consistency with the DXA data, T-scores were calculated from 

BMD using young reference values from White men, and can be used also with FRAX.

In addition to bone density, BCT measures bone strength. This is done via a virtual 

stress test that utilizes the engineering technique called finite element analysis, and the 

process accounts for biomechanically important characteristics not captured in a BMD 

measurement.13 For this analysis, like the BMD component of BCT, the femur is virtually 

removed from the surrounding tissue and calibrated into units of volumetric bone mineral 

density. Then, the femur is registered into a sideways-fall orientation and converted into a 

finite element model by resampling the image voxels into 1 mm-sized cube-shaped finite 

elements (Figure 1). For each finite element, elastic and failure material properties for the 

bone are assigned based on the average volumetric BMD value of each element. To estimate 

the breaking strength (“bone strength”, in units of newtons, N), the femurs are virtually 

loaded to failure, defined from the resulting nonlinear force-deformation curves as the force 

at 4.0% overall deformation.

For analyses of concordance of femoral neck BMD with DXA measurements, we analyzed 

DXA and CT measurements from the same side. For analyses measuring association with 

fracture risk, the left femur was preferentially analyzed for BCT analysis (as is standard with 

DXA). If there was a deformity, metastasis, or artifact preventing analysis of the left femur, 

the right femur was preferentially analyzed.

Overview of DXA Analysis

Results from concurrent DXA imaging (closest to CT date) were extracted from medical 

records. The two medical centers each utilized a different DXA scanner manufacturer: GE 

Lunar at the University of Pennsylvania, and Hologic at the VA. These original DXA data 

were not reanalyzed for the purposes of this study. However, since some DXA T-scores were 

calculated with young reference values from White women, the T-scores were recalculated 

using manufacturer-specific young reference values for White men, for consistency across 

the cohort.

Statistical Analyses

All outcomes and covariates were assessed via chart review by a trained clinical research 

coordinator (CH). All covariates and outcomes were double-coded between the research 

coordinator and Principal Investigator (RBP) and the codebook was refined until complete 

agreement was achieved; all coding was performed prior to BCT analysis.

Correlations Between BCT and DXA Femoral Neck BMD T-Score—Because we 

anticipated that BMD would change over time due to ADT, we only analyzed correlations 

with concurrent DXAs performed within 90 days before or after a baseline or follow-

up CT scan. In a sensitivity analysis, we analyzed correlations using DXAs performed 

regardless of the time difference between CT and DXA. All T-scores were standardized. 

We followed the International Society for Clinical Densitometry guidelines to standardize 

BMD measurements,21 with the exception of using the male reference for sex-specific 

strength measurements. Because correlation does not necessarily imply agreement, we also 
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conducted a linear regression with DXA-assessed BMD T-score as the dependent variable 

and BCT-assessed BMD T-score as the independent variable.

Association Between BCT-assessed BMD and Strength and Subsequent 
Fractures—We used univariate logistic regression to assess associations between BCT 

measurements and subsequent fracture. Pathologic and non-pathologic fracture designation 

were determined from either 1) coded assessments in chart problem lists, or 2) radiology 

reports from CT or X-rays and defined as occurring within 3 years following mHSPC 

diagnosis. Pathologic fractures were determined when radiology reports explicitly described 

the fracture as such. All other fractures were considered “non-pathologic”. We compared 

means for baseline BCT T-score and strength for patients that experienced vs. did not 

experience pathologic or non-pathologic fracture. Individuals with fractures that occurred 

prior to the CT were excluded in relevant analyses. We controlled for baseline antiresorptive 

therapy use.

In a sensitivity analysis, we assessed associations between BCT measurements and other 

skeletal related events, defined as presence of one of the following: symptomatic bone 

metastasis, pathologic or non-pathologic fracture, orthopedic surgical intervention of bone, 

bone irradiation, spinal cord compression, and death.4 Pathologic fractures were ascertained 

from radiologist reports explicitly mentioning “pathologic fracture” or a fracture at the site 

of a prior metastasis. All other fractures were considered non-pathologic.

Identifying the number of additional patients who meet criteria for 
anti-resorptive therapy identified by BCT—We defined qualification for bone 

antiresorptive therapy using two criteria: (1) “standard criteria” by BMD and/or FRAX: 

osteoporosis or osteopenia with high-risk of fracture by FRAX and (2) “enhanced criteria” 

by BMD, bone strength, and/or FRAX: osteoporosis, fragile bone strength, osteopenia with 

high-risk of fracture, or low bone strength with high-risk of fracture. Per World Health 

Organization criteria, we defined osteoporosis as BMD T-score ≤−2.5 and osteopenia as 

BMD T-score between −1 and −2.5. Using the FRAX tool with BCT BMD measurements 

and elements from chart-review, we identified patients with 10-year probability of hip 

fracture ≥3% or major osteoporosis-related fracture ≥20% as high-risk. Per prior studies 

using BCT to predict fracture risk, we defined “fragile bone strength” as ≤3,500 N and 

“low bone strength” as between 3,500 and 5,000 N; fragile bone strength is a validated 

independent criteria for antiresorptive therapy in the general population.13,16,22

Comparing longitudinal changes in BMD and bone strength between 
individuals receiving ADT with or without an androgen receptor signaling 
inhibitor (ARSi) or chemotherapy—We calculated change in BMD T-score and bone 

strength from baseline to follow-up scan. Results were stratified for the following treatment 

groups: 1) receipt of antiresorptive therapy (bisphosphonate or denosumab) vs. no receipt of 

antiresorptive therapy and 2) ADT alone vs. ADT+chemotherapy vs. ADT+ARSi. We used 

analysis of covariance (ANCOVA) to determine whether there any significant differences 

existed between treatment groups, when controlling for antiresorptive therapy.
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Statistical significance was set at P > 0.05, with all tests being 2-tailed. Data were analyzed 

using R statistical software, version 4.2.1 (R Project for Statistical Computing).

RESULTS

Of 99 patients, 91 were eligible for BCT analysis; for eight subjects, BCT analysis of the 

femur was not analyzed due to insufficient coverage of the femur by the scan (7) or image 

artifact from metal implant (1) (Supplemental Figure 1). Among 91 eligible patients, median 

(interquartile range) age was 67 years (61-75), 44 (48.4%) were White, and 41 (45.1%) 

were Black (Table 1). For first-line therapy of mHSPC, 28 (30.8%) received ADT alone, 31 

(34.1%) received ADT + ARSi, and 32 (35.2%) received ADT + chemotherapy.

Among patients with concurrent CT and DXA scans, BCT-assessed and DXA-assessed 

femoral-neck BMD T-score were strongly correlated in primary (R2=0.93, N=28, Figure 

2) analyses (i.e., scans conducted within 90 days) and sensitivity (R2=0.85, N=55, 

Supplemental Figure 2) analyses (i.e., all scans included regardless of the time between 

CT and DXA). Concordance between categorizations of normal bone density vs. osteopenia 

vs. osteoporosis was high. Because correlation does not necessarily imply agreement, we 

conducted a linear regression with DXA-assessed BMD T-score as the dependent variable 

and BCT-assessed BMD T-score as the independent variable. The beta coefficient for the 

slope was 0.992 (P<0.001) indicating strong agreement.

Among all patients, 45 (49.4%) had a DXA scan ever performed, including 28 (58.3%) 

of those with osteopenia, osteoporosis, low bone strength, or fragile bone strength and 17 

(39.5%) with normal BMD and strength (as assessed by BCT) (Figure 3A). Of the 4 (4.4%) 

patients who qualified for antiresorptive therapy by standard criteria, 3 (75%) received 

antiresorptive therapy (Figure 3B). Of the 9 (9.9%) patients who qualified antiresorptive 

therapy by enhanced criteria, 5 (55.5%) received antiresorptive therapy. Of these 9 patients 

identified as having high fracture risk by BCT, a future fracture developed in 40% of the 

patients (2 of 5) who received antiresorptive therapy and 25% (1 of 4) who never received 

antiresorptive therapy (Figures 3C, 3D).

During a median follow-up of 82 weeks, 17 (18.7%) had a pathologic fracture and 15 

(16.5%) had a non-pathologic fracture (Figure 3C, 3D). Among individuals with fracture, 

the average time from ADT initiation to pathologic or non-pathologic fracture was 14.2 

months and 15.5 months, respectively. Lower baseline BMD (Odds Ratio [OR] 1.80 [95% 

CI 1.10, 3.25], p=0.03) was significantly associated with increased subsequent pathologic 

fracture when controlling for antiresorptive therapy (Table 2). Lower femoral strength (OR 

1.63, [95% CI 0.99, 2.71], p=0.06) was associated with pathologic fracture with similar 

magnitude but did not reach statistical significance. Neither lower BMD (OR 1.52, [95% 

CI 0.95, 2.63], p=0.11) nor lower femoral strength (OR 1.14, [95% CI 0.75, 1.80], p=0.57) 

were significantly associated with subsequent non-pathologic fracture. They were also not 

associated with non-fracture skeletal related events (Supplemental Tables 1–2).

Patients who received ADT without antiresorptive therapy experienced declines in BMD 

from baseline to follow-up (mean baseline 0.78 g/cm2, mean follow-up 0.75 g/cm2, 
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percentage change −4.2%) and femoral strength (mean baseline 5.18 kN, mean follow-

up 4.84 kN, percentage change −6.6%) (Supplemental Table 3). After controlling for 

receipt of antiresorptive therapy, first-line mHSPC treatment with ADT+chemotherapy or 

ADT+ARSi were not associated with longitudinal changes in BMD (chemotherapy p=0.25, 

ARSi p=0.85) or bone strength (chemotherapy p=0.49; ARSi p=0.93), relative to ADT 

alone (Supplemental Table 4). For instance, among patients without antiresorptive therapy, 

relative changes in BMD were similar for those who had ADT alone (−7.1%), ADT+chemo 

(−0.2%), and ADT+ARSi (−10.7%). Patients who received ADT plus ARSi had lower PSA 

and were more likely to have a T-score <−2.5 at baseline (Supplemental Table 5)

DISCUSSION

Fracture risk assessment is essential for patients with mHSPC as antiresorptive treatment 

can reduce the risk of fragility fracture in this population. However real-world utilization 

of DXA for fracture risk screening has been low, in part due to reliance on DXA as 

a separate scan that must be ordered, completed, and acted upon in a population of 

older adults that may be frail, dependent on caregivers, or have multiple comorbidities 

to manage. In this study, we show that BCT-assessed BMD T-score calculated using 

scans performed in routine clinical management of this population was strongly correlated 

with DXA-measured femoral-neck BMD T-score (R2=0.92). Baseline BCT-assessed BMD 

T-score was associated with subsequent pathologic fracture. The association between BCT-

assessed femoral strength and subsequent pathologic fracture was similar in magnitude 

but did not reach statistical significance. Neither BMD nor bone strength were associated 

with non-pathologic fracture. Among men identified as high-risk by BCT and indicated for 

antiresorptive therapy, 45% did not receive it. There are three points worth emphasis.

First, this is the first validation of BCT in patients with mHSPC, and BCT-assessed 

BMD was concordant with DXA-measured femoral neck BMD T-score. Although this has 

previously been demonstrated in general non-cancer populations, it had not been validated 

in patients with prostate cancer, where the presence of bone metastases and routine use of 

IV contrast could theoretically affect a BCT-assessed BMD measure. Despite this, we found 

strong agreement between BCT-assessed BMD T-score and DXA-assessed femoral neck 

BMD T-score among men with mHSPC. Due to the ease of obtaining BCT-assessed BMD 

and convenience to patients who have already had a CT scan for staging or surveillance, the 

comparability of BCT-assessed BMD to DXA in this study should motivate future research 

to investigate whether BCT can be used in lieu of DXA for routine fracture risk assessment.

Second, BCT-based BMD and strength were associated with subsequent pathologic fracture. 

The magnitude of associations between BCT assessments and non-pathologic fracture 

were similar but did not achieve statistical significance. This may be related to the lower 

prevalence of non-pathologic fracture in our cohort, underpowering this analysis. Hence, 

the lack of observed statistical association should not be interpreted as meaning that no 

difference exists; larger studies should assess associations between BCT measures and 

non-pathologic fracture. These results are the first to validate BCT-assessed measures as 

predictive of clinical outcomes in mHSPC patients. This is important considering prior 

studies that have shown that administering bone anti-resorptive therapy to all patients with 
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mHSPC does not reduce future fracture.5 It is possible that better tools to predict fractures 

may allow us to risk stratify patients and identify sub-populations at particularly high risk of 

fracture that will benefit from targeted use of anti-resorptive therapy.

Third, both BCT-assessed BMD and strength declined over time in patients receiving ADT. 

This aligns with literature demonstrating early DXA-assessed declines in bone mineral 

density while on treatment with ADT. Although not the focus of this analysis, we also 

found that declines in BMD were similar among patients who received ADT alone (or with 

chemotherapy) versus those who received ADT along with androgen receptor signaling 

inhibitors. While we caveat that our analysis may have been underpowered to detect 

differences, we note they also align with those in a secondary analysis of the randomized 

controlled trial PEACE-1, in which patients who received ADT along with abiraterone 

and docetaxel had similar declines in BMD compared to those who received ADT and 

docetaxel alone during the 2-year follow-up period.23 This is an important area of research, 

as ADT + ARSI is now the dominant first-line systemic regimen in mHSPC, and overall 

exposure to ADT and ARSi is increasing as the combination becomes indicated in earlier 

treatment settings.24 Declines in BMD as well as bone strength were attenuated or even 

reversed in patients who were taking anti-resorptive agents, which has been suggested in 

prior DXA-based literature.

BCT—which has already been approved by the FDA—shows promise in addressing 

inadequate bone health screening among patients with mHSPC, who face high risk of 

fracture..25 Although uptake has not been high in the general population, where it is 

not necessarily more convenient than DXA, our study validates its use in patients with 

mHSPC, where CT scans are routinely obtained (as either conventional CTs or PET/CTs). 

Moreover, BCT can also be embedded into picture archiving and communication systems 

(PACS), which facilitates its use in routine clinical care. In our cohort, 50% of patients with 

BCT-measured osteoporosis (which we show is strongly correlated with DXA-measured 

BMD) were not receiving bone antiresorptive agents. This suggests that BCT measurements 

obtained through routine care can also be used to identify patients that may benefit from 

antiresorptive agents, and potentially even enable equitable assessment of BMD and address 

disparities in DXA screening by patient race and age that have previously been described.7

There are several limitations to this study. First, our populations came from two institutions, 

one of which was a major academic medical center, and the other of which was a VA that 

is its academic affiliate. Future work should include patients from multiple centers, where 

practice patterns may vary more widely. A key strength of this study was racial diversity – 

45.4% of the patients in our cohort were Black. Second, as a retrospective review, it is also 

possible that other confounding factors, such as access to DXA screening, played a role in 

the decision to obtain DXA and treatment. Nevertheless, these confounders would not affect 

our main analyses, which were to correlate BCT-assessed BMD with DXA-assessed BMD 

and to evaluate whether BCT-assessed BMD and strength were associated with subsequent 

fracture. Third, the number of eligible scans was low owing to the need for longitudinal CT 

scans within a specific time period with matching protocols, and thus our analyses may have 

been underpowered for detection of certain outcomes, particularly non-pathologic fracture. 

Fourth, while PET/CTs were included in this cohort, because of the retrospective nature 
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of this study, next generation PET/CTs (e.g., PSMA PET/CT) may be underrepresented in 

this cohort compared to current practice. However, BCT can be used on the CT portion 

of all PET/CTs (which is common in all PET/CTs, including PSMA PET/CTs), and thus 

is applicable to those scans. BCT cannot be used in MRIs, including whole-body MRI). 

Finally, the use of BCT to improve diagnostic screening for osteoporosis longitudinally has 

the limitation of requiring serial cross-sectional imaging to be performed as routine clinical 

care. In patients without suspected disease progression, clinicians will need to perform CT 

scans routinely. In practice, to screen for bone density or strength, any routine CT could be 

used for BCT, and if no CT is available, a DEXA scan could be ordered.

Future prospective studies should assess whether early administration of bone antiresorptive 

agents to patients with elevated BCT-assessed fracture risk (by BMD or bone strength) 

augments BMD and prevents fractures. This is important. as administration of bone 

antiresorptive agents to unselected patients with mHSPC does not prevent downstream 

SREs, fractures, or death.5

Conclusions

Given low use of guideline-directed DXA screening in the real-world, BCT of routinely-

collected CT scans may offer an accurate and convenient means to screen for fracture risk 

among patients with mHSPC.
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Figure 1: BCT analysis for two men at follow-up.
Left images show the DXA-equivalent assessment and right images show cut-out views of 

from the virtual stress testing, depicting the distribution of BMD (black and white) and bone 

failure (colors) after a simulated sideways fall. For BMD, both men had the same a femoral 

neck T-score of −1.8. For strength, Patient A had a femoral strength value of 4,150 N (above 

the fragile bone strength threshold of 3,500 N) and did not have a non-pathological fracture, 

while Patient B had femoral strength value of 3,400 N (indicating fragile bone) and had a 

non-pathological fracture.
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Figure 2: Correlation between BMD T-scores assessed from BCT and DXA scans.
Correlation between BMD T-scores assessed from BCT and DXA scans taken within 90 

days of each other.

Lin et al. Page 14

Eur Urol Oncol. Author manuscript; available in PMC 2024 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3: Associations between Baseline BCT metrics and presence of DXA, bone antiresorptive 
agent use, and subsequent fracture.
Plots show correlations between baseline bone mineral density and baseline bone strength; 

dotted lines indicate clinically meaningful thresholds for bone strength (low bone strength, 

fragile bone strength) and BMD (osteopenia and osteoporosis). Plots are color coded 

to reflect patients who had A) Presence of baseline DXA testing; B) Baseline bone 

antiresorptive agent use; C) Subsequent non-pathologic fracture after baseline scan; and 

D) Subsequent pathologic fracture after baseline scan
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Table 1:

Patient Characteristics

Full Cohort University of Pennsylvania Cohort VA Cohort

N=91 N=65 N=26

Demographics

Age – median (IQR) 67 (61, 75) 66 (61, 74) 69 (63, 75)

Self-Reported Race, no. (%)

 White 44 (48.4%) 36 (55.4%) 8 (30.8%)

 Black 41 (45.1%) 23 (35.4%) 18 (69.2%)

 Asian 2 (2.2%) 2 (3.1%) 0 (0%)

 Other 3 (3.3%) 3 (4.6%) 0 (0%)

 Prefer not to answer 1 (1.1%) 1 (1.5%) 0 (0%)

Baseline Clinical Characteristics at mHSPC diagnosis, no. (%)

Site(s) of metastatic disease

 Bone 85 (93.4%) 61 (93.8%) 24 (92.3%)

 Lymph node (retroperitoneal, non-pelvic) 22 (24.2%) 15 (23.1%) 7 (26.9%)

 Visceral (liver, lung, soft tissue) 23 (25.3%) 18 (27.7%) 5 (19.2%)

 Other 3 (3.0% 1 (1.5%) 2 (7.7%)

Bone Health Related Medical Problems

Chronic kidney disease 6 (6.6%) 2 (3.1%) 4 (15.4%)

Smoking history

 Current smoker 21 (23.1%) 12 (18.5%) 9 (34.6%)

 Former smoker 36 (39.6%) 25 (38.5%) 11 (42.3%)

 Never smoker 31 (34.1%) 26 (40.0%) 5 (19.2%)

 Not reported 3 (3.3%) 2 (3.1%) 1 (3.8%)

Alcohol history

 Current alcohol use 45 (49.5%) 31 (47.7%) 14 (53.8%)

 Former alcohol use 10 (11.0%) 5 (7.7%) 5 (19.2%)

 Never alcohol use 25 (27.5%) 19 (29.2%) 6 (23.1%)

 Not reported 11 (12.1%) 10 (15.4%) 1 (3.8%)

Baseline lab values, median (interquartile range)

Prostate Specific Antigen (ng/mL) 94.39 (20.8, 582.5) 85.8 (21.5, 338.0) 119.1 (27.7, 1084.5)

Calcium (mg/dL) 9.3 (9.0, 9.7) 9.2 (8.9, 9.6) 9.4 (9.2, 9.95)

Vitamin D (ng/mL) 36 (26.7, 45.0) 37.0 (36.0, 42.4) 23.9 (12.4, 36.5)

Total alkaline phosphatase (U/L) 90.5 (66.8, 211.5) 99.0 (68.0, 256.5) 80.0 (60.0, 144.0)

Radiology Characteristics, no. (%)

DXA at baseline 55 (60.4%) 39 (60%) 16 (61.5%)

T-score of femoral neck based on DXA at baseline

 <−2.5 4 (7.3%) 4 (10.2%) 0 (0.0%)

 −2.5 to −1 19 (34.5%) 13 (33.3%) 6 (37.5%)
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Full Cohort University of Pennsylvania Cohort VA Cohort

N=91 N=65 N=26

 >−1 32 (59.0%) 22 (56.4%) 10 (62.5%)

Baseline scan type used for BCT measurement

 CT abdomen/pelvis with contrast 64 (70.3%) 49 (75.4%) 15 (57.7%)

 CT abdomen/pelvis without contrast 15 (16.5%) 13 (20%) 2 (7.7%)

 PET/CT 10 (11.1%) 1 (1.5%) 9 (34.6%)

 CT urogram with contrast 2 (2.2%) 2 (3.1%) 0 (0.0%)

Therapies, no. (%)

Systemic therapy at baseline

 ADT alone (no other therapy) 28 (30.8%) 19 (29.2%) 9 (34.6%)

 ADT with Docetaxel 32 (35.2%) 26 (40.0%) 6 (20.7%)

 ADT with Abiraterone 28 (30.8%) 19 (29.2%) 9 (34.6%)

 ADT with Enzalutamide 3 (3.3%) 1 (1.5%) 2 (7.7%)

Bone antiresorptive therapy

 Denosumab 20 (22.0%) 21 (30.0%) 1 (3.8%)

Zoledronic Acid 3 (3.3%) 2 (2.9%) 1 (3.8%)

 None 68 (74.7%) 44 (77.7%) 24 (92.3%)

Vitamin Supplementation

Calcium supplementation administered within a year 
prior to or after mHSPC onset 42 (46.2%) 27 (41.5%) 15 (57.7%)

Vitamin D supplementation administered within a year 
prior to or after mHSPC onset 43 (47.3%) 28 (43.1%) 15 (57.7%)

Clinical Outcomes during follow-up

Pathologic fracture 17 (18.7%) 14 (21.5%) 3 (11.5%)

Non-pathologic fracture 15 (16.5%) 13 (20.0%) 2 (7.7%)
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Table 2:

Association between biomechanical computed tomography assessments and subsequent fracture

Overall fracture Pathologic fracture Non-pathologic fracture

Fracture 
present 
(n=26)

Fracture 
absent 
(n=62)

Odds 
ratio 
(95% 
CI)*

Fracture 
present 
(n=16)

Fracture 
absent 
(n=70)

Odds 
ratio 
(95% 
CI)*

Fracture 
present 
(n=15)

Fracture 
absent 
(n=76)

Odds 
ratio 
(95% 
CI)*

Femoral 
Neck 
BMD (T-
Score) 
(mean)

−0.83 −0.28 1.43 
(0.98, 
2.21)
p=0.07

−1.06 −0.26 1.80 
(1.10, 
3.25)
p = 0.03

−0.94 −0.33 1.52 (0.95, 
2.63)
p = 0.11

Femur 
Strength 
(kN) 
(mean)

4.94 5.30 1.23 
(0.87. 
1.81)
p=0.26

4.64 5.37 1.63 (0.99 
2.71)
p = 0.055

4.99 5.22 1.14 (0.75, 
1.80)
p = 0.57

*
Odds Ratios reflect odds of subsequent fracture for lower BMD or strength, relative to higher BMD or strength, and are controlled for use of 

antiresorptive therapy.

NOTE: BMD = Bone mineral density.
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