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Abstract
Summary  Osteoporosis care in men is suboptimal due to low rates of testing and treatment. Applying biomechanical com-
puted tomography (BCT) analysis to existing CT scans, we found a high proportion of men with osteoporosis have never 
been diagnosed or treated. BCT may improve identification of patients at high risk of fracture.
Purpose  Osteoporosis care in men is suboptimal due to low rates of DXA testing and treatment. Biomechanical computed 
tomography analysis (BCT) can be applied “opportunistically” to prior hip-containing CT scans to measure femoral bone 
strength and hip BMD.
Methods  In this retrospective, cross-sectional study, we used BCT in male veterans with existing CT scans to investigate the 
prevalence of osteoporosis, defined by hip BMD (T-score ≤  − 2.5) or fragile bone strength (≤ 3500 N). 577 men, age ≥ 65 
with abdominal/pelvic CTs performed in 2017–2019, were randomly selected for BCT analysis. Clinical data were collected 
via electronic health records and used with the femoral neck BMD T-score from BCT to estimate 10-year hip fracture risks 
by FRAX.
Results  Prevalence of osteoporosis by BCT increased with age (13.5% age 65–74; 18.2% age 75–84; 34.3% age ≥ 85), with 
an estimated overall prevalence of 18.3% for men age ≥ 65. In those with osteoporosis (n = 108/577), only 38.0% (41/108) 
had a prior DXA and 18.6% (7/108) had received osteoporosis pharmacotherapy. Elevated hip fracture risk by FRAX (≥ 3%) 
did not fully capture those with fragile bone strength. In a multivariate logistic regression model adjusted for age, BMI, 
race, and CT location, end stage renal disease (odds ratio 7.4; 95% confidence interval 2.3–23.9), COPD (2.2; 1.2–4.0), and 
high-dose inhaled corticosteroid use (3.7; 1.2–11.8) were associated with increased odds of having osteoporosis by BCT.
Conclusion  Opportunistic BCT in male veterans provides an additional avenue to identify patients who are at high risk of 
fractures.
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Introduction

The prevalence of osteoporosis, when defined by either 
lumbar spine or femoral neck bone mineral density (BMD) 
T-score ≤  − 2.5 on dual energy X-ray absorptiometry 
(DXA), is estimated to be 4.3% in US men age 50 and over 
from the National Health and Nutrition Examination Survey 
(NHANES) [1]. However, osteoporosis testing by DXA is 
less commonly performed in older men compared to post-
menopausal women. In a large US Veterans Affairs (VA) 
medical center, only 12% of men age 70 and over received 
DXA testing compared to 63% of women [2]. Review of 
Medicare fee-for-service data showed that fewer than 6% 
of men age 65 and over received DXA testing in the 2 years 
prior to their fragility fractures [3], and only 5% received 
testing within 6 months following a new fracture [4]. Addi-
tionally, despite higher mortality rates after osteoporotic hip 
fractures in older men [5, 6], only 15% of US men underwent 
DXA testing and/or received pharmacology therapy after 
fragility fractures, compared to 30% of women [7]. Thus, 
with low rates of DXA testing and subsequent treatment, 
osteoporosis care in men is currently suboptimal.

There are inherent limitations with DXA, as measured 
BMD does not reflect important determinants of bone 
strength, such as bone shape or distribution of cortical vs. 
trabecular bone [8]. Additionally, BMD as measured by 
DXA may be confounded by degenerative changes common 
in older males. Other imaging modalities, such as high-res-
olution peripheral quantitative computed tomography (HR-
pQCT), provide additional information on bone microarchi-
tecture [9], but so far their use remains mostly in clinical 
research and they do not directly assess the hip or spine, the 
most relevant sites of osteoporotic fractures. Biomechani-
cal computed tomography analysis (BCT) was developed to 
perform finite element analysis (FEA) on computed tomog-
raphy (CT) scans to estimate bone strength in a non-invasive 
manner. It conducts a virtual “stress test” to determine the 
force needed to break or fracture the bone of interest [10]. 
Estimated femoral bone strength by BCT is associated with 
incident hip fractures in men, independent of BMD [11], and 
greater reductions in femoral bone strength are seen with 
aging in comparison to the reductions in femoral neck BMD 
[12]. Overall, BCT has shown consistent, accurate results 
in human cadavers [13]. BCT has been validated in clinical 
studies [10, 11, 14], resulting in its approval by US Food and 
Drug Administration (FDA) as a class II medical device and 
coverage by Medicare as a Bone Mass Measurement preven-
tive services benefit [15]. As recommended in the Interna-
tional Society of Clinical Densitometry (ISCD) Official Posi-
tions, estimated femoral bone strength by FEA can be used 
in conjunction with clinical risk factors for consideration of 
osteoporosis therapy initiation [16].

To advance osteoporosis care in men, we designed this 
study to evaluate the use of BCT in male veterans age 65 and 
older who received hip-containing CT scans as part of their 
medical care. When BCT is applied “opportunistically” to 
prior hip-containing CT scans performed for unrelated indi-
cations, it measures both femoral bone strength using FEA 
and DXA-equivalent hip BMD (total hip and femoral neck). 
We hypothesize that osteoporosis is underdiagnosed in older 
male veterans due to limited BMD testing by DXA. The 
primary objective of this study was to incorporate opportun-
istic BCT use to investigate the prevalence of osteoporosis, 
as defined by either hip BMD (total hip or femoral neck 
T-score ≤ -2.5) or fragile bone strength (≤ 3500 N), in older 
men with abdominal or pelvic CT scans. Once we identi-
fied these men with osteoporosis from BCT, via electronic 
health records review, we then determined the proportion 
of them who had received prior DXA testing or pharmaco-
therapy treatment for osteoporosis. Next, we examined the 
clinical parameters associated with osteoporosis diagnosed 
by BCT to identify specific risk factors that may aid medi-
cal providers in deciding which men would be most suitable 
for opportunistic BCT use in the evaluation of osteoporosis. 
We then explored whether 10-year hip fracture risks by the 
Fracture Risk Assessment Tool (FRAX) were able to fully 
capture these men with fragile bone strength and at high 
risk of fractures. Finally, we wanted to capture and report 
our institutional experience with our clinical follow up of 
participants diagnosed with osteoporosis by BCT.

Materials and methods

This was a retrospective, cross-sectional study conducted 
at the San Francisco VA Health Care System (SFVAHCS), 
which encompasses a large academic medical center in an 
urban city and six community-based clinics across Northern 
California. The Institutional Review Board of University of 
California, San Francisco, and San Francisco VA Research 
and Development Committee approved the study with a 
waiver of informed consent.

Inclusion and exclusion criteria

We searched radiology reports of men age 65 and over with 
abdominal or pelvic CTs performed between September 1, 
2017, and September 1, 2019, at SFVAHCS using Illumi-
nate InSight program (Softek Illuminate, Overland Park, KS, 
USA). To eliminate iatrogenic changes in the femur for BCT 
analysis, we excluded radiology reports if terms such as “hip 
arthroplasty,” “hip replacement,” “hip hardware,” “femoral 
fracture,” “avascular necrosis,” or similar variations of these 
terms were present. In total, 4209 men had radiology reports 
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that met eligibility criteria (n = 1611 for men age 65–69, 
n = 1607 for men age 70–74, n = 655 for men age 75–79, 
n = 398 for men age 80–84, and n = 388 for men age 85 and 
over). We aimed to have a sample size of 500 with completed 
BCT analyses. To account for potential un-processable scans 
to achieve our goal sample size, we intentionally oversam-
pled by randomly selecting CT scans from 625 men in an 
age-stratified manner (125 men from each half-decade age 
group) for BCT analysis (Fig. 1). Qualifying CT scans had 
been acquired on 7 different CT scanner models and from 4 
different manufacturers (84% on scanners manufactured by 
GE Medical Systems. Remaining manufacturers included 
Philips, Siemens, and Toshiba). Scans were mostly acquired 
at 120 kVP except for 7% at 140 kVP and 1% at 100 kVP. 
Slice thickness ranged from 0.62 to 5.0 mm, with majority 
(65%) performed at a thickness of 2.5 mm.

BCT analysis

After excluding men with duplicate or inadequate scans, CT 
scans from 617 men were de-identified and sent to a cen-
tral core laboratory (O.N. Diagnostics, Berkeley, CA, USA) 
for BCT analysis. More than half (72%) of CT scans were 
contrasted studies. Details of BCT analysis (VirtuOst 2.1, 
O.N. Diagnostics) have been previously published [17, 18], 

with application in both contrasted and non-contrasted CT 
scans. These studies have shown that the effects of contrast 
are negligible at the hip, such that BCT analysis can be 
performed at the hip in individuals receiving contrast [10]. 
Briefly, a multi-step approach was used to estimate femoral 
bone strength, defined as the force, in newtons (N), required 
to virtually break the femur in a sideways-fall configuration. 
Femoral bone strength was classified using established cut-
points: fragile bone strength defined as ≤ 3500 N; low bone 
strength as > 3500 N but < 5000 N; and normal bone strength 
as ≥ 5000 N in men [19]. BCT analysis also measured DXA-
equivalent BMD at the total hip and femoral neck. Of note, 
total hip BMD was measured only if CT scan coverage was 
at least 1 cm distal to the peak of the lesser trochanter. In 
order to remain consistent with the gender-specific reference 
database used for DXA reports at SFVAHCS, the young 
white male NHANES III database was used as the reference 
standard for BMD T-score calculation. Bone mass was clas-
sified using the World Health Organization (WHO) criteria 
using the lower of the femoral neck and total hip T-scores: 
osteoporosis defined as T-score ≤  − 2.5, low bone density or 
osteopenia as T-score >  − 2.5 and <  − 1.0, and normal bone 
density as T-score ≥  − 1.0 [20]. For this study, the primary 
outcome of osteoporosis was defined by either hip BMD (total 
hip or femoral neck T-score ≤  − 2.5) or fragile bone strength 

Fig. 1   Study algorithm for 
selection of men age ≥ 65 with 
hip-containing CT scans with 
subsequent performance of 
BCT analysis and electronic 
health record review of clinical 
parameters. CT, computed 
tomography; BCT, biomechani-
cal computed tomography
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(≤ 3500 N). The decision to define osteoporosis in this manner 
was based on published literature showing increased sensitiv-
ity for incident hip fractures using both hip BMD and skeletal 
fragility (sensitivity 0.56, 95% confidence interval 0.50–0.62) 
compared to hip BMD by DXA alone (0.45, 0.37–0.50) or hip 
BMD by BCT alone (0.45, 0.39–0.52) in men [11].

Clinical data from electronic health records

Investigators blinded from BCT results performed a ret-
rospective review of the VA electronic health records, 
Computerized Patient Record System (CPRS), to collect 
relevant clinical parameters. Due to the integrative nature 
of CPRS, we were able to collect clinical data from other 
VA medical centers for men who also received medical care 
outside of SFVAHCS. The following clinical parameters 
were obtained: demographics, medical conditions, prescrip-
tions, laboratory results, and prior imaging. Demographics 
included age at time of CT scan, age at death (if deceased 
at time of chart review), height, weight, BMI, alcohol use, 
and tobacco use. Medical conditions included those listed 
in the CPRS problem list by medical providers. Prescrip-
tions included medications of interest ever prescribed within 
the VA system. Specifically, antiresorptive therapy included 
oral/intravenous bisphosphonates and denosumab, while 
anabolic therapy included teriparatide and abaloparatide. 
Romosozumab was not included as it was only recently 
approved in 2019. High-dose systemic corticosteroid was 
defined as an average dose equivalent to prednisone ≥ 5 mg 
daily. High-dose inhaled corticosteroid was defined using 
dose cut-points from the National Heart, Lung, and Blood 
Institute guidelines [21]. Laboratory results included rel-
evant labs performed within 12 months of the CT scans 
selected for BCT analysis. Of note, urinary calcium and 
bone turnover markers were collected but not included in the 
final dataset for statistical analysis as very few men (n < 15) 
had these measurements available.

10‑year hip fracture probability by FRAX

We estimated the hip fracture risk for individual men — the 
10-year probability of hip fracture was calculated using the 
FRAX algorithm for the USA (https://​www.​sheff​ield.​ac.​uk/​
FRAX/​index.​aspx). We calculated the FRAX scores using 
available clinical data obtained from electronic health records 
and femoral neck BMD T-scores measured by BCT. For those 
age ≥ 90, we used the age limit of 90, and for those weigh-
ing ≥ 125 kg, we used the weight limit of 125 kg imposed by the 
FRAX algorithm. Due to limitations of retrospective electronic 
health record review, we could not capture parental history of 
hip fracture and in turn, may underestimate the true probability 
of hip fracture.

Clinical follow‑up

As part of the IRB approval, we were approved to contact 
the Primary Care Providers (PCP) of participants found to 
have osteoporosis on BCT. An IRB approved letter was sent 
to primary care providers via the electronic medical record 
system and included BMD, T-score, and femoral strength 
results from BCT. Diagnosis of osteoporosis by BMD or 
fragile bone strength was provided to the PCP with recom-
mendation to consider osteoporosis treatment or referral to 
endocrinology. To determine the clinical impact of diagnosis 
of osteoporosis by BCT via opportunistic CT scan, we inves-
tigated how many veterans were offered osteoporosis evalu-
ation and treatment within the 3 months after BCT result 
letters were sent to primary care providers.

Statistical methods

We described clinical parameters using mean (standard devi-
ation) or n (%) as appropriate. BMD T-scores and femoral 
strength were classified based on established cut-points as 
mentioned above. For our primary objective, we stratified 
the men into 10-year age groups to investigate the prevalence 
of osteoporosis across different age groups for our study 
sample. To estimate the overall prevalence of osteoporosis 
for male veterans age 65 and over with abdominal/pelvic 
CT scans performed at SFVAHCS, we first multiplied the 
prevalence of osteoporosis in each half decade age group 
(age 65–69, age 70–74, age 75–79, age 80–84, and age 85 
and over) with the number of men who had eligible CT scans 
in each group to estimate the impact of age on prevalence. 
We then added the number of men across the five age groups 
and divided this by the total number of men with eligible CT 
scans to determine the prevalence for the total population. 
Next, in those men with osteoporosis diagnosed by BCT, 
descriptive analysis was used to determine the proportion of 
men who had a prior DXA ever or had received antiresorp-
tive/anabolic therapy.

For the purpose of further characterizing those with 
osteoporosis newly diagnosed by BCT, we measured the 
associations between clinical parameters and the dichoto-
mous outcome of osteoporosis diagnosed by BCT in those 
men without a prior osteoporosis diagnosis or treatment 
noted in their electronic medical records. We first analyzed 
proposed clinical predictors using univariate logistic regres-
sion. Due to the large number of clinical parameters, we only 
included predictors with p-value < 0.2 by univariate analysis 
in backward elimination (p-value < 0.1 to retain). This pro-
cess yielded a model with five independent risk factors for 
osteoporosis. Model selection was confirmed using Bayesian 
information criteria. In the final model, multivariable logisti-
cal regression was performed after adjusting for age, BMI, 
race, and inpatient vs. outpatient CT. Sensitivity analysis 

https://www.sheffield.ac.uk/FRAX/index.aspx
https://www.sheffield.ac.uk/FRAX/index.aspx
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was performed separately with models including only hip 
BMD T-score ≤  − 2.5 or only fragile bone strength as out-
comes. Interactions between specific conditions and medica-
tions, such as COPD and high-dose systemic corticosteroid 
use, were also examined. Separate sensitivity analysis was 
also performed for the entire sample (including men with 
history of osteoporosis diagnosis or treatment in the elec-
tronic medical records) with no significant difference in risk 
factors found.

Last, we examined the cohort of men with fragile bone 
strength and normal-to-low BMD (T-score >  − 2.5). We 
again stratified these men into 10-year age groups to inves-
tigate the proportion of men with discrepant bone strength 
and BMD across different age groups. Since current Endo-
crine Society and National Osteoporosis Foundation clinical 
guidelines recommend osteoporosis pharmacotherapy ini-
tiation in men with BMD T-score between − 1.0 and − 2.5 
and 10-year hip fracture risk ≥ 3% by FRAX [22, 23], we 
calculated the 10-year probability of hip fracture by FRAX 
for this subgroup of men to determine if FRAX scores alone 
were able to capture these men at increased fracture risk by 
fragile bone strength but normal-to-low BMD and whether 
treatment initiation was indicated. We then separated these 
men into two groups based on the 10-year probability of 
hip fracture: high risk (≥ 3%) and low risk (< 3%) for hip 
fractures. All statistical analyses were performed using Stata 
version 16 (StataCorp, College Station, TX, USA).

Results

After exclusion of un-processable scans, we obtained 
BCT results from 557 men (Fig. 1). On average, men were 
77.2 years old, white, and overweight (Table 1). Cancer 
(47.8%), chronic kidney disease (36.6%), and diabetes 
(30.3%) were the most common medical co-morbidities. As 
labs were ordered by medical providers for specific indi-
cations, only a proportion of men had available testoster-
one (13.8%), parathyroid hormone (17.9%), and vitamin D 
(51.7%) measurements within 12 months of the abdominal/
pelvic CT scan. The majority of CT scans were performed 
in the outpatient setting (62.3%), and most commonly for 
evaluation of malignancy (30.0%).

Prevalence of osteoporosis by BCT

Femoral bone strength and hip BMD decreased with age 
(Table  2), and these measures were closely correlated 
(r = 0.92, p < 0.01; data not shown). The prevalence of oste-
oporosis, defined by either hip BMD (total hip or femoral 
neck T-score ≤ -2.5) or fragile bone strength (≤ 3500 N) by 
BCT, increased with age in our sample (Fig. 2). The esti-
mated overall prevalence of osteoporosis, as determined by 

bone strength and BMD by BCT, in our cohort of male vet-
erans age 65 and over was 18.3% (770/4209). 25.8% of men 
in our cohort also had a previous major osteoporotic fracture 
documented on imaging, though whether it was a traumatic 
or fragility fracture was not able to be determined. The 
prevalence of osteoporosis as determined by bone strength 
and BMD by BCT or a history of major osteoporotic frac-
ture was 36.3%. Since many national organizations, includ-
ing the Endocrine Society and the National Osteoporosis 
Foundation, recommend BMD testing in men age 70 and 
over [22, 23], we specifically examined the subgroup of men 
who met osteoporosis screening criteria by age. In men age 
70 and over (n = 443), the prevalence of osteoporosis as 
determined by BCT was 19.9% using the young white male 
NHANES III database as reference for BMD T-score. Of 
note, if the young white female NHANES III database was 
used instead as reference, the prevalence of osteoporosis was 
not significantly different at 19.0%. Of note, almost all men 
(58 out of 64, 93.8%) with hip BMD T-score ≤  − 2.5 had 
concordant fragile bone strength on BCT. The remaining six 
men had hip BMD T-scores ≤  − 2.5 and decreased femoral 
bone strength just above the established cut-points (range: 
3530 N − 4080 N; mean 3780 N ± SD 220 N). Men with 
fragile bone strength and discrepant normal-to-low BMD 
(T-score >  − 2.5) were separately examined and discussed 
later in this section.

Prior DXA testing or osteoporosis pharmacotherapy

In those men with osteoporosis diagnosed by BCT (n = 108), 
only 41 men (38.0%) had a prior DXA ever and only 20 men 
(18.5%) had ever received prior antiresorptive/anabolic ther-
apy. Out of those who received prior DXA testing, 19 men 
had a prior DXA with T-scores in the osteoporotic range 
(≤ − 2.5), while 21 men had a prior DXA with T-scores in 
the low bone density range (< − 1.0 and >  − 2.5). DXA test-
ing was performed on average within 3.2 years (± 3.2 years) 
of hip-containing CT scan used for BCT analysis. Addition-
ally, almost half of men (46 out of 108; 42.6%) meeting oste-
oporosis diagnosis by BCT had a history of a major osteo-
porotic fracture on imaging, with 39 (36.1%) of them having 
documented vertebral compression fractures, although most 
were not receiving antiresorptive/anabolic therapy. Overall, 
BCT identified older male veterans with previously undiag-
nosed or untreated osteoporosis.

Clinical predictors of osteoporosis

To better characterize those men with osteoporosis newly 
determined by BCT (n = 482), we evaluated the associa-
tions between clinical parameters and osteoporosis from 
BCT in men without prior osteoporosis diagnosis or treat-
ment documented in electronic medical records. In the 
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Table 1   Clinical characteristics 
of total sample

SD standard deviation, CT computed tomography, BMI body mass index, eGFR estimated glomerular 
filtration rate
a High-dose systemic corticosteroid defined as an average dose equivalent to prednisone ≥ 5 mg daily
b High-dose inhaled steroid defined using dose cutoffs from the National Heart, Lung, and Blood Institute 
guidelines (21)

Total sample
n = 557

Demographics n (%) or mean ± SD
Age at time of CT (years) 77.2 ± 7.6
Deceased at time of chart review 125 (22.4%)
Height (cm) 175.6 ± 7.3
Weight (kg) 83.2 ± 18.1
BMI 26.9 ± 5.4
Race/ethnicity
  White 385 (69.1%)
  African-American 65 (11.7%)
  Asian 21 (3.8%)
  Hispanic 17 (3.1%)
  Other or unknown/not reported 69 (12.3%)

Current alcohol use ≥ 3 drinks per day 22 (4.0%)
Current tobacco use 75 (13.5%) 

Medical history n (%)
Cancer (excluding non-melanomatous skin cancer) 266 (47.8%)
  Prostate cancer 93 (16.7%)
    History of androgen deprivation therapy 39 (7.0%)

Bone metastasis 29 (5.2%)
Chronic kidney disease stage 3–5: eGFR < 60 204 (36.6%)
  End stage renal disease: eGFR < 15 and/or on dialysis 17 (3.0%)

Diabetes, type 1 and 2 169 (30.3%)
COPD 118 (21.2%)
Vitamin D deficiency 111 (19.9%)
Hypogonadism 69 (12.4%)
History of major osteoporotic fracture 144 (25.8) 

Prescriptions n (%)
Vitamin D supplementation 334 (60.0%)
Calcium supplementation 222 (39.9%)
Systemic steroids 194 (34.8%)
  High-dose systemic corticosteroids for ≥ 3 monthsa 32 (5.8%)

Inhaled steroids 169 (30.3%)
  High-dose inhaled corticosteroids for ≥ 3 monthsb 26 (4.7%)

Testosterone therapy 36 (6.5%)
Androgen deprivation therapy 39 (7.0%) 

Laboratory results n mean ± SD Reference
Estimated GFR (mL/min) 538 67.8 ± 25.7  > 60
Albumin-corrected serum calcium (mg/dL) 542 9.4 ± 0.5 8.5–10.5
Serum phosphorus (mg/dL) 461 3.3 ± 0.8 2.5–4.5
Alkaline phosphatase (U/L) 536 107.1 ± 189.7 35–144
25 vitamin D (ng/mL) 288 34.6 ± 16.3 20–50
PTH (pg/mL) 100 92.0 ± 102.3 14–65
Total testosterone (ng/dL) 77 185.7 ± 114.8 250–1100



557Osteoporosis International (2023) 34:551–561	

1 3

final multivariate model after adjusting for age, BMI, race, 
and inpatient vs. outpatient CT, end stage renal disease 
(ESRD), COPD, exposure to high-dose inhaled corticos-
teroids, and bone metastasis presence were associated with 
increased odds of osteoporosis (Table 3). Sensitivity analy-
sis models run separately comparing using only hip BMD 
T-score ≤  − 2.5 or only fragile bone strength as outcomes 
showed similar results (not shown). We examined interac-
tions between specific conditions and medications, such as 

COPD and high-dose systemic corticosteroid use or COPD 
and high-dose inhaled corticosteroid use, and did not find 
statistically significant interactions (not shown).

Fragile bone strength and 10‑year hip fracture risk

All except one male veteran (57 out of 58) with osteopo-
rosis diagnosed both by fragile bone strength and BMD 
(T-score ≤  − 2.5) had an elevated 10-year probability of hip 

Table 2   Femoral bone strength 
and BMD by age group

SD standard deviation, N Newton, BMD bone mineral density
a Total hip BMD measured only if CT scan coverage was at least 1 cm distal to the peak of the lesser trochanter

Age 65–74 Age 75–84 Age 85 and over

n Mean ± SD n Mean ± SD n Mean ± SD

Femoral bone strength (N) 229 5029 ± 1505 220 4679 ± 1331 108 4118 ± 1229
Femoral neck BMD (g/cm2) 229 0.75 ± 0.17 220 0.71 ± 0.15 108 0.64 ± 0.16
Femoral neck BMD T-score 229  − 0.69 ± 1.35 220  − 1.06 ± 1.23 108  − 1.60 ± 1.29
Total hip BMD (g/cm2)a 143 0.85 ± 0.20 148 0.83 ± 0.19 85 0.74 ± 0.18
Total hip BMD T-score 143  − 0.21 ± 1.45 148  − 0.37 ± 1.34 85  − 0.98 ± 1.28

Fig. 2   Prevalence of osteo-
porosis, defined by hip BMD 
(total hip or femoral neck 
T-score ≤ -2.5) or fragile bone 
strength (≤ 3500 N), increased 
with age. Data presented as 
n (%); BMD, bone mineral 
density

Table 3   Associations between 
clinical parameters and 
osteoporosis diagnosis by 
BCT in men without prior 
osteoporosis diagnosis or 
treatment (n = 482)

Above clinical parameters evaluated together in model adjusted for age, BMI, race, inpatient vs. outpatient CT
CI confidence interval, eGFR estimated glomerular filtration rate, CT computed tomography, BMI body 
mass index, COPD chronic obstructive pulmonary disease

Osteoporosis by BCT

n (%) Odds ratio (95% CI) p-value

End stage renal disease: eGFR < 15 and/or on dialysis 15 (3.1) 7.41 (2.30–23.85) 0.001
COPD 104 (21.6) 2.22 (1.22–4.03) 0.009
High-dose inhaled corticosteroid use for ≥ 3 months 22 (4.6) 3.72 (1.17–11.81) 0.03
Bone metastasis presence 20 (4.1) 2.97 (1.03–8.58) 0.04
Major osteoporotic fracture on imaging 98 (20.3) 1.61 (0.87–2.97) 0.13
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fracture by FRAX (Fig. 3). The exception was a 96 year-old 
man who likely had an underestimation of his true risk due 
to the imposed age limit of 90 in the FRAX algorithm. How-
ever, only a portion (31 out of 44; 70.5%) of men with frag-
ile bone strength and normal-to-low BMD (T-score >  − 2.5) 
demonstrated a 10-year probability of hip fracture ≥ 3% 
despite being at increased fracture risk by BCT. Therefore, 
inclusion of a 10-year probability of hip fracture by FRAX 
captured some, but not all, men with fragile bone strength 
and increased risk of hip fractures.

Clinical follow up

Of the 108 veterans diagnosed with osteoporosis on BCT, 
39 patients were deceased or had relocated between the time 
of the abdominal/pelvis CT scans were obtained and the 
completion of the study. We sent letters to the primary care 
providers of the remaining 69 veterans with osteoporosis 
diagnosed with BCT. Ten additional veterans were deceased 
by the time result letters were received. Of the 59 remain-
ing veterans, 26 veterans did not have further follow-up 
regarding osteoporosis, and 5 veterans were already receiv-
ing treatment for osteoporosis. Twenty-eight veterans were 
contacted by their primary care physicians or referred to 
endocrinology for new osteoporosis evaluation and manage-
ment as a result of this study (Supplemental Fig. 1).

Discussion

Our findings demonstrated an estimated prevalence of osteo-
porosis of 18.3% in the US male veterans age 65 and over 
receiving an abdominal/pelvic CT scan. As expected, the 
prevalence of osteoporosis increased with age, 19.9% in men 
age 70 and over (recommended age of BMD testing in men 
per clinical guidelines) and 34.3% in men age 85 and over. 
Our observed prevalence of osteoporosis of 18.3%, based 
on BMD or bone strength, closely matches results from the 
Focus, Osteoporosis, and CT Utilization Study (FOCUS), 
which showed osteoporosis by BCT in 18.0% of men age 
65 and older receiving care at Kaiser Southern California 
[11]. Different from previous studies, such as FOCUS, that 
examined the correlation of DXA and BCT measurements, 
our study focused on the “opportunistic use” of BCT in men, 
a population with historically low diagnosis and treatment 
of osteoporosis. As shown, many of these men with osteo-
porosis diagnosed by BCT in our study had no prior DXA 
testing (62.0%) or had prior DXA with BMD T-scores in 
the low but not osteoporotic bone density range (19.4%). 
Only a small proportion of all BCT-positive men in our 
study (18.5%) received prior osteoporosis pharmacother-
apy, whereas almost half of them (42.6%) had documented 
major osteoporotic fractures on prior imaging. Thus, with 
the opportunistic use of BCT, we were able to capture older 

Fig. 3   10-year hip fracture 
risk calculation by FRAX 
captures some, but not all, 
men with fragile bone strength 
(≤ 3500 N). High risk was 
defined as 10-year probability 
of hip fracture ≥ 3% and low 
risk as 10-year probability of 
hip fracture < 3%. BMD, bone 
mineral density; BCT, biome-
chanical computed tomography; 
N, Newton; FRAX, Fracture 
Risk Assessment Tool
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men with previously undiagnosed or untreated osteoporosis, 
with many of them at risk for subsequent fractures.

To aid medical providers to better select men for evalu-
ation of osteoporosis by opportunistic BCT, we identified 
specific medical conditions that were associated with osteo-
porosis newly diagnosed by BCT. After accounting for age 
and other clinical factors, we found that ESRD, COPD, and 
long-term inhaled corticosteroid use were associated with 
increased odds of osteoporosis, by either BMD or skeletal 
fragility. It is well-recognized that patients with these char-
acteristics are at increased risk of fractures [24–26]; how-
ever, limited studies are available examining these factors in 
relation to bone strength. We acknowledge that patients with 
GFR < 15 may often have overlapping osteoporosis and renal 
osteodystrophy. In our cohort, these men encompass 3% of 
the cohort and our estimated prevalence of osteoporosis is 
not appreciably changed with the inclusion of these patients. 
However, this is a population in which presence of renal 
osteodystrophy and osteoporosis may contribute to low bone 
strength and fracture risk and we felt it was important to 
include in this analysis. Another previous study showed that 
FEA-derived bone strength from HR-pQCT was altered in 
women with ESRD but not in men with ESRD [27]. Another 
study showed FEA-derived radial and tibial failure loads 
from HR-pQCT were lower in men with both COPD and 
osteoporosis, although after stratification for BMD, no dif-
ferences in failure loads were detected in relation to COPD 
[28]. No previous studies to our knowledge have examined 
bone strength in men exposed to chronic inhaled corticoster-
oids. One prior study applying BCT to PET/CT in men with 
prostate cancer included those with malignant fractures, but 
did not specifically examine the relation of bone strength and 
bone metastasis presence [14]. Our study did include men 
with prostate cancer (16%) and history of androgen depriva-
tion therapy (7%), but sample size was not sufficient for in 
depth analysis. Overall, our study demonstrated additional 
factors associated with skeletal fragility that providers could 
consider to better identify men who may be at increased 
fracture risk.

With both femoral bone strength and hip BMD meas-
ured by BCT, we captured a subset of men with fragile 
bone strength despite normal-to-low BMD. Studies have 
shown that estimated femoral strength by FEA is associ-
ated with incident hip fractures in men [11, 19, 29] and 
that after a fragility fracture, the risk of subsequent frac-
ture is increased in patients of all levels of BMD [30]. As 
discussed earlier, current guidelines recommend therapy 
initiation in men with low bone density and 10-year hip 
fracture risk ≥ 3% by FRAX [22, 23]. However, we dem-
onstrated that 10-year hip fracture risk by FRAX alone 
did not fully capture all men with fragile bone strength — 
capturing only 70.5% of those with BMD T-scores >  − 2.5 
and skeletal fragility. Femoral bone strength measured by 

opportunistic BCT may serve as a valuable addition and 
used in conjunction with other clinical factors for consid-
eration of pharmacotherapy initiation, as recommended 
by ISCD [16].

There are several limitations to our retrospective, cross-
sectional study. First, medical history and laboratory results 
collected from electronic health records were provider-
driven; thus, there may be men with undiagnosed medical 
conditions or laboratory abnormalities that could influence 
our results. Second, medication adherence was difficult to 
assess using the prescription data collected, so some men 
may continue to have bone density and strength in the osteo-
porotic ranges despite adequate pharmacotherapy if adher-
ence is low. Third, parental history of hip fracture was not 
able to be gathered from retrospective chart review, resulting 
in possible underestimation of 10-year hip fracture risk by 
FRAX and may have confounded our results presented in 
Fig. 3. Last, the generalizability of our results to individuals 
who have not received CT scans is limited as such individu-
als may have fewer or different co-morbidities than those 
men who received CT scans.

Our study is unique in reporting on BCT-based evalu-
ation of osteoporosis in our veterans. This study also has 
several strengths. First, we were able to collect a com-
prehensive dataset of clinical parameters due to the well-
integrated VA electronic health record system. Second, we 
included a large cohort of men of diverse racial and ethnic 
backgrounds in addition to men of advanced age (≥ 85 years 
old). We attempted to separately examine BCT results in 
men of Asian (3.8%) and Hispanic (3.1%) backgrounds, but 
analysis was limited in the setting of sample size. Further 
studies focusing on BCT use in underrepresented veteran 
populations should be considered. Third, BCT was applied 
“opportunistically” to pre-existing hip-containing CT scans 
obtained for unrelated medical indications. Thus, no addi-
tional imaging studies or in-person visits were required. This 
last strength is important as opportunistic use of BCT may 
help address certain barriers to BMD testing and ensure 
timely osteoporosis evaluation.

A novel aspect of this study is that we were also able to 
show our institutional experience of the clinical impact and 
change in management as a result of using pre-existing CT 
scans to diagnose osteoporosis. We found that of the 69 vet-
erans whose providers were contacted, only 7% (n = 5) were 
already diagnosed and treated for osteoporosis. One of the 
veterans with osteoporosis diagnosed by BCT was started 
on treatment after he experienced a hip fracture in the time-
frame between the hip-containing CT scan was performed 
and study completion. We found that 47.5% (n = 28) of veter-
ans whose providers were informed about BCT results were 
subsequently contacted either by their primary physician or 
referred to endocrine for new evaluation and treatment of 
osteoporosis (Supplemental Fig. 1).
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In conclusion, our study demonstrated that BCT applied 
“opportunistically” to hip-containing CT scans identi-
fied men age 65 and older with previously undiagnosed or 
untreated osteoporosis. We found that fragile bone strength 
was present in older men with normal-to-low BMD and that 
inclusion of 10-year hip fracture risk by FRAX captured 
some, but not all, men at increased risk of hip fractures. Men 
with clinical characteristics, such as history of end-stage 
renal disease or COPD and exposure to high-dose inhaled 
steroids, are at higher risk and yet are underdiagnosed for 
osteoporosis. These clinical parameters, in addition to 
advanced age of 70 and over, may aid medical providers to 
better select men in whom to consider proactive or oppor-
tunistic use of BCT for evaluation of osteoporosis. Future 
research directions include prospective studies evaluating 
systemic BCT use in the diagnosis and treatment of osteo-
porosis in men.
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