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Abstract

Methods now exist for analyzing previously taken clinical computed tomography (CT) scans to
measure a dual-energy X-ray absorptiometry (DXA)-equivalent bone mineral density (BMD) at
the hip and a finite element analysis—derived femoral strength. We assessed the efficacy of this
“biomechanical CT” (BCT) approach for identifying patients at high risk of incident hip fracture
in a large clinical setting. Using a case-cohort design sampled from 111,694 women and men aged
65 or older who had a prior hip CT scan, a DXA within 3 years of the CT, and no prior hip
fracture, we compared those with subsequent hip fracture (n7=1959) with randomly selected sex-
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stratified controls (7= 1979) and analyzed their CT scans blinded to all other data. We found that
the age-, race-, and body mass index (BMI)-adjusted hazard ratio (HR; per standard deviation) for
femoral strength was significant before (women: HR = 2.8, 95% confidence interval [CI] 2.2-3.5;
men: 2.8, 2.1-3.7) and after adjusting also for the (lowest) hip BMD 7-score by BCT (women:
2.1, 1.4-3.2; men: 2.7, 1.6-4.6). The hazard ratio for the hip BMD 7-score was similar between
BCT and DXA for both sexes (women: 2.1, 1.8-2.5 BCT versus 2.1, 1.7-2.5 DXA; men: 2.8, 2.1-
3.8 BCT versus 2.5, 2.0-3.2 DXA) and was higher than for the (lowest) spine/hip BMD 7-score
by DXA (women: 1.6, 1.4-1.9; men: 2.1, 1.6-2.7). Compared with the latter as a clinical-practice
reference and using both femoral strength and the hip BMD T-score from BCT, sensitivity for
predicting hip fracture was higher for BCT (women: 0.66 versus 0.59; men: 0.56 versus 0.48),
with comparable respective specificity (women: 0.66 versus 0.67; men: 0.76 versus 0.78). We
conclude that BCT analysis of previously acquired routine abdominal or pelvic CT scans is at least
as effective as DXA testing for identifying patients at high risk of hip fracture.

Keywords

COMPUTED TOMOGRAPHY; DXA; OSTEOPOROSIS; SCREENING; FRACTURE RISK
ASSESSMENT; BONE STRENGTH

Introduction

Osteoporosis reduces bone mineral density (BMD) and bone strength and causes millions of
fractures, with hip fractures being the most serious and costly.(2:2) Despite the availability of
treatments that reduce fracture risk, osteoporosis remains substantially underdiagnosed.(3-5)
The clinical standard for diagnosing osteoporosis is based on measuring BMD using dual-
energy X-ray absorptiometry (DXA), but DXA screening rates remain low(®:") and are on
the order of 5.5% (sex-pooled) in the Medicare population.(®)

One effective option to address this care gap would be to expand options for osteoporosis
screening while maintaining efficacy for predicting hip fracture. Toward that end, it has been
proposed to reanalyze previously taken routine clinical computed tomography (CT) scans
that contain the proximal femur to measure a DXA-equivalent hip BMD, without the need
for using an external calibration phantom during patient imaging.(®-17)Because millions of
hip-containing CT scans are taken annually,18)the “add-on” nature of this ancillary approach
offers the potential for widespread adoption. In a potential improvement, it is now also
possible to perform a “biomechanical CT” (BCT)(9) analysis on such previously taken hip-
containing CT scans.(14-16) The BCT analysis uses finite element analysis—based virtual
stress testing, based on the information contained within the CT scan, to provide an estimate
of the breaking strength of the femur and has been validated for predicting hip fracture in
various research settings;(29-26) its clinical implementation also includes measurement of the
DXA-equivalent hip BMD 7-score.(14-16) Our goal in this study was to evaluate the
diagnostic performance of ancillary BCT when used in this fashion in a large multicenter
clinical setting. A secondary goal was to assess, for the BCT analysis, whether femoral
strength can add clinical value to the hip BMD 7-score in identifying patients at high risk of
hip fracture; all results were compared against DXA as a clinical reference.

J Bone Miner Res. Author manuscript; available in PMC 2019 July 01.
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Materials and Methods

Study design

The Fracture, Osteoporosis, and CT Utilization Study (FOCUS) was a retrospectively
performed case-cohort study using preexisting, anonymized clinical data from electronic
health records to predict new hip fractures. The study was approved by the local Institutional
Review Board at Kaiser Permanente Southern California (KPSC) with a waiver of informed
consent.

Patient population

Our study cohort included KPSC members aged 65 years or older who had any abdominal or
pelvic CT exam between January 1, 2006, and December 31, 2014; a DXA exam within 3
years of the CT exam; and no hip fracture before either the CT or DXA exam. Patients were
excluded if they: 1) had a diagnosis of bone pathology within 3 months of the DXA or CT
(ie, metastatic cancer, multiple myeloma, Paget’s disease, osteogenesis imperfecta,
hypophosphatasia, or hypo/hypercalcemia); 2) were of unknown race/ethnicity; or 3)
experienced a high-energy hip fracture (based on ICD-9 codes).

Of the 728,089 patients who had a qualifying CT exam, 111,694 patients (64,992 women
and 46,702 men) met the inclusion and exclusion criteria and comprised the source
population. A case-cohort study was then conducted within the source population to
examine time-to-event outcomes (incident hip fracture), with separate case-cohorts for the
male and female populations (Supplemental Fig. S1). The overall sample size for analysis
was limited by resources to approximately 4000 patients. Thus, we went back in time
sufficiently far (to 2006) so as to be able to identify approximately 2000 cases and we
compared those to approximately 2000 controls for a 1:1 case-to-control ratio, which tends
to maximize power in case-cohort studies for a limited sample size.(2”) Cases were identified
as all patients in the source population who had a first fragility (non-traumatic) hip fracture
during the study period. Subcohorts were then selected via sex-stratified random sampling of
the source population (2.1% of the women and 1.4% of the men—about 3% higher than the
approximate fracture rates in the source population) to provide an approximate 1:1 ratio of
cases to controls for each sex. These subcohorts included any sampled hip-fracture cases,
combined with all remaining cases in the source population to form the sex-specific case-
cohorts.

All cohort members were followed from the earliest of their DXA or CT exams until they
withdrew from KPSC, had a disqualifying diagnosis, or September 30, 2015 (end of study
observation), whichever came first. The resulting sample comprised 3938 patients: 2690
women (1340 cases) and 1248 men (619 cases). Descriptive analyses confirmed that the
analytic subcohorts and cases represented the source population for the various patient
parameters, including age, race/ethnicity, body mass index (BMI), and BMD as measured by
DXA.

J Bone Miner Res. Author manuscript; available in PMC 2019 July 01.
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Qualifying CT exams were any abdominal or pelvic CT scans with or without contrast
enhancement, identified by CPT code (72192-94, 74150/60/70, 74174-78). Of the 3938
patients selected for the case-cohort, 3861 patient-CT scans were successfully retrieved from
the KPSC records and de-identified, and were sent to the core lab for BCT analysis. After
excluding scans that were found to be erroneously included in the study (7= 205), either hip
BMD and/or femoral strength was successfully measured by BCT for 86% (3160/3656) of
the remaining scans (see Supplemental Materials for other excluding reasons). Those 3160
CT scans had been acquired in 14 different hospitals on 80 different CT scanners,
representing 15 different scanner models and using 26 different types/versions of system
software, most scans being taken on scanners manufactured by GE Medical Systems (99.7%
= 3151/3160; five scans on Philips, two scans on Siemens, and two scans on Toshiba). Most
scans were acquired at 120 kVp (97% = 3069/3160; nine at 100 kVp and 82 at 140 kVp),
were archived as derived secondary compressed images (93% = 2950/3160) using a large
field of view, used a standard kernel (98.8% = 3123/3160), and had a slice thickness in the
range 0.5 to 5.0 mm (<1.0 mm, n = 250; 1 to 2 mm, n=143; 2.5 mm, n=978; 3to 4 mm, n
=953; 5.0 mm, 7= 836). Some type of intravenous contrast enhancement was used in 64%
(2008/3160) of the scans.

BCT analysis

All BCT analyses were performed at a central core laboratory (O.N. Diagnostics, Berkeley,
CA, USA), which was blinded to the hip fracture status, clinical factors, and DXA data (as
were all investigators other than the KPSC personnel). The BCT analysis (VirtuOst 2.1, O.N.
Diagnostics) was performed nominally on the left hip. As described in more detail
elsewhere,(14.15.17.20.28) the BCT analysis uses a multistep process to provide an estimate of
femoral strength for a simulated fall to the side of the hip (Fig. 1). First, the proximal femur
is separated from any surrounding tissues and resampled into 1.5-mm-sized voxels in a
standardized sideways-fall coordinate system. Second, independent of this process, a patient-
specific phantomless calibration is performed, using the air and hip fat in the CT scan as
reference materials.(14:15.17.20.28) Third, the calibrated BMD values of each voxel in the scan
are converted into bone mechanical properties using empirical relations derived from human
cadaver studies. Fourth, a finite element model is constructed by converting each voxel into
an 8-noded cube-shaped finite element. And finally, via non-linear finite element analysis,
virtual loads applied to the bone are gradually increased until the bone begins to break, thus
providing an estimate of the breaking strength of the femur (defined as the force, in units of
newtons, at an overall deformation of 4.0% strain). This approach has been validated against
cadaver strength measurements.(29)

The VirtuOst-based BCT analysis used in FOCUS also provides DXA-equivalent BMD 7-
scores at the hip.(14.15.17.20.28) |n two prior studies(141%) that analyzed previously taken
routine clinical CT scans in which the BCT measurements were blinded to the DXA data,
the femoral neck BMD 7-scores from VirtuOst agreed well with those from DXA. In the
first study on CT enterography scans of 136 patients (women and men),(14) the scans
containing intravenous contrast, there was a high correlation (R?= 0.84) between VirtuOst
and DXA and a Y= Xtype of agreement (ie, the data fell close to a line with a slope of 1.0

J Bone Miner Res. Author manuscript; available in PMC 2019 July 01.
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and a zero intercept); there was also a small but significant paired difference (BCT lower) of
0.18 7-score units that was associated with BMI effects, higher BMI values significantly
increasing the 7-score for DXA compared with BCT. In the second study on CT
colonography exams, (1) also on 136 patients (all women) and the scans containing oral
contrast, there was an equally high correlation (R? = 0.84) between VirtuOst and DXA, with
no significant difference in paired measurements between the two. In FOCUS, we defined
the “hip BMD T-score” as the lower BMD 7-score of the femoral neck and total hip regions.
Following clinical guidelines,3 7-scores were calculated from NHANESII13Y using white
young-reference values for all patients, but sex-specific values were used to increase
sensitivity for the men. Using the hip BMD 7-score and the femoral strength measurements,
preestablished cut-points were then used to classify patients for “hip osteoporosis” (hip
BMD 7-score <-2.5, for both sexes) and “fragile bone strength” (femoral strength <3000 N
for women or <3500 N for men).(29) The probability of incident hip fracture at these cut-
points is similar for hip osteoporosis (by BCT) and fragile bone strength for both sexes.(20)

Some minor adjustments were made to the above process to accommodate the wide variation
in some of the CT acquisition settings. Because both the strength and BMD measurements
can be affected by slice thickness/increment of the CT reconstruction, particularly when it is
above 3.0 mm, and because the CT attenuation of the femoral bone increases slightly when
using intravenous contrast,(3:32) we made minor adjustments for both of these conditions
(Supplemental Materials). Both adjustments were made blinded to all clinical data
(including DXA).

Clinical factors and DXA

Data from the electronic health records at KPSC were obtained for the following clinical
factors: age, sex, race/ethnicity, exclusion conditions (Paget’s, metastatic cancer, etc.), BMI,
and osteoporosis medication use. Race/ethnicity was characterized using four categories
(Asian, black, Hispanic, and white; patients in other categories were classified as white).
Using pharmacy data, we defined “recently untreated” patients as those who did not fill two
or more prescriptions for an osteoporosis therapeutic agent within 1 year of either the CT or
DXA exam. All DXA exams at KPSC were performed using Lunar (GE Healthcare,
Madison, WI, USA) DXA scanners as part of the patient’s medical care.(33 We report the
hip BMD 7-score for direct comparison with BCT and also the widely used®* lowest BMD
7-score across both the hip (femoral neck or total hip) and spine (“hip/spine” BMD 7-
score).

Statistical analyses

All statistical analyses were performed at KPSC using version 3.3.3 of the R software.
Descriptive analyses examined the distributions (and frequencies) for the continuous (and
categorical) variables. Clinical performance for all BMD 7-scores and femoral strength was
quantified using hazard ratios and 95% confidence intervals estimated from weighted Cox
proportional regressions; these continuous variables were first standardized by subtracting
the mean and dividing by the sex-pooled standard deviation of available data. All regressions
used Breslow calibrated weights to account for the case-cohort design.(®) Follow-up began
at the time of the DXA exam for DXA testing and the CT exam for BCT analysis. Age was

J Bone Miner Res. Author manuscript; available in PMC 2019 July 01.
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used as the underlying timescale to enable a more flexible association with baseline hazard.
(36) All models were adjusted for race/ethnicity and BMI, and the femoral strength model
was additionally adjusted by the hip BMD 7-score (by BCT). To assess the level of risk of
hip fracture for patients testing positive for hip osteoporosis (by BCT and DXA), hip/spine
osteoporosis, fragile bone strength, and “high risk” (defined two ways: having either hip
osteoporosis by BCT or fragile bone strength, or having both conditions), we used the same
methods to also compute hazard ratios for these binary classifications.

In our main analysis, the hazard ratios could not be directly compared between DXA and
BCT in the same regression model because of unequal follow-up times for each exam.
Because hazard ratios are normally distributed on the log scale, we compared these hazard
ratios using z tests for the difference between two statistical quantities in independent
populations. These tests are conservative because the BCT and DXA measurements are
positively correlated.

We also performed a number of stratified analyses. First, to reduce any confounding effects
of osteoporosis treatment on the results, we performed analyses just on the recently
untreated patients. For the subset of these patients who had 5-year follow-up, we calculated
sensitivity, specificity, and AUC for predicting hip fracture within 5 years. For the BCT test,
we assessed the individual contributions of hip osteoporosis (by BCT) and fragile bone
strength to 5-year prediction of hip fracture by examining odds ratios (OR) and 95%
confidence intervals (Cl) in sex-stratified multivariate logistic regressions. We also assessed
combining the osteoporosis and fragile bone strength classifications for identifying patients
who would fracture, using both “or” and “and” logicals, the latter being more conservative.
Second, we also ran stratified analyses to assess any confounding role of the main CT-
imaging parameters. For this, we repeated the main hazard ratio analysis but separately in
subcohorts of patients having scans above versus below 3.0-mm slice thickness and for
patients having scans with versus without intravenous contrast enhancement. In addition to
these stratified analyses, we used a two-factor analysis of covariance (BMI as the covariate)
to test for any dependence on the difference in femoral neck BMD between BCT and DXA
on the two imaging parameters (presence of intravenous contrast; thickness >3.0 mm); this
analysis was restricted to women not on recent treatment and who had the CT and DXA
exams within 6 months (n=536), in order to minimize any confounding effects of treatment
or time between exams on the comparison; we focused on femoral neck BMD because that
measurement was available for most patients and is most directly comparable between DXA
and BCT. Additional analyses (Supplemental Materials) were performed to confirm the
equivalence of the BMD 7-score as measured by BCT versus DXA.

For both sexes, patients who fractured their hip were older and had lower BMD, lower BMI,
and included more whites and fewer Asians, blacks, and Hispanics (Table 1). Median
follow-up was similar between the sexes (3.6 versus 3.8 years for the women versus men)
but was slightly shorter for the cases than controls (respectively: 3.2 versus 4.0 years
women; 3.4 versus 4.4 years men). The prevalence of diabetes did not differ between the
hip-fracture groups. In the no-fracture group for the recently untreated patients, the rates of
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hip/spine osteoporosis by DXA (28% for women and 17% for men) were similar to those for
testing positive by BCT—having either hip osteoporosis or fragile bone strength—(30% for
women and 18% for men) and generally were higher than for hip osteoporosis either by
DXA or BCT (17% to 19% for women and 12% to 14% for men).

By all metrics and for both sexes, the hip BMD 7-score (lower of femoral neck and total hip
values) for the BCT analysis performed at least as well as DXA testing for assessing risk of
hip fracture (Table 2). The hazard ratio (per standard deviation) for the hip BMD 7-score,
which was adjusted for age, race/ethnicity, and BMI, was similar between BCT and DXA
and, as expected,37) was higher than the hazard ratio for the hip/spine BMD 7-score (by
DXA); similar trends were observed among the recently untreated patients. These trends
were also reflected in the AUC values for predicting 5-year hip fracture (Table 3). For both
sexes, the hazard ratio for patients testing positive for hip osteoporosis trended higher for
BCT than DXA, but none of these differences reached statistical significance because of the
overlapping confidence intervals (Table 3). The hazard ratios by DXA were all higher for hip
osteoporosis than for hip/spine osteoporosis, confirming that combining hip and spine
measurements does not increase the predictive ability of the DXA assessment.(37) In general,
both sensitivity and specificity for hip osteoporosis were similar between DXA and BCT,
again because of the overlapping confidence intervals; sensitivity was generally higher for
the women, but specificity was higher for the men; and for DXA, sensitivity was higher for
hip/spine osteoporosis, but specificity was higher for hip osteoporosis (Table 3).

Considering only the data derived from the CT scans, femoral strength was associated with
hip fracture independent of the hip BMD 7-score (by BCT) for both sexes. The hazard ratio
(per standard deviation) for femoral strength, which was adjusted for age, race/ethnicity, and
BMI, was significant for both the women and men and remained so after adjusting also for
the (BCT-based) hip BMD 7-score (Table 2). These trends persisted for the subcohort of
recently untreated patients (Table 2). In addition, when the binary classifications for hip
osteoporosis (by BCT) and fragile bone strength were included together in the same sex-
stratified logistic regression for predicting 5-year hip fracture, the odds ratio for each
classification remained significant—nhip osteoporosis: 2.4 (95% CI 1.6-3.8) for women and
1.9 (1.1-3.3) for men; fragile bone strength: 2.0 (1.4-3.1) for women and 2.9 (1.7-4.9) for
men; interaction terms were not significant.

The main benefit of combining the BCT measurements of the hip BMD 7-score and femoral
strength was to increase sensitivity for predicting fracture, albeit at the expense of specificity
(Table 3). The effect appeared slightly larger for the men and depended on how the
measurements were combined. Considering only the BCT measurements, sensitivity for the
fragile bone strength classification was higher than for the hip osteoporosis classification for
both sexes, although for the women, but not the men, that higher sensitivity came with lower
specificity, consistent with the larger difference in AUC values found for the men (Table 3).
Sensitivity was further increased when these two BCT classifications were combined using
an “or” logical—defining patients at “high risk” as those who tested positive for either hip
osteoporosis or fragile bone strength. For that classification, 18% more women and 24%
more men were correctly identified than when only classifying by (BCT-based) hip
osteoporosis (Fig. 2, Table 3); this increase in sensitivity was accompanied by reductions in

J Bone Miner Res. Author manuscript; available in PMC 2019 July 01.
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specificity of 14% for the women and 7% for the men. By contrast, when the classifications
were combined using the more conservative “and” logical—patients at “high risk” were
those who tested positive for both hip osteoporosis or fragile bone strength—sensitivity
decreased (versu BMD 7-score alone) for women and men by 5% and 16%, respectively,
and specificity increased by 3% and 7%, respectively. Comparing the combined fragile bone
strength-or-hip osteoporosis “high-risk” classification by BCT to the hip/spine osteoporosis
classification by DXA as a clinical-practice reference, sensitivity for predicting hip fracture
was higher for BCT than DXA (women: 0.66 versus 0.59; men: 0.56 versus 0.48), with
comparable respective specificity (women: 0.66 versus 0.67; men: 0.76 versus 0.78).

For both sexes, the increase in risk of hip fracture for testing positive by any of the BCT
classifications, as reflected by the hazard ratios, was at least as high as for testing positive
for osteoporosis by DXA (Table 3). The hazard ratios for the various BCT binary
classifications (3.4-3.9 for women; 4.0-4.8 for men, Table 3) consistently trended higher
than for the hip osteoporosis classification by DXA (2.9 for women; 3.3 for men), and for
the women were significantly higher than for the hip/spine osteoporosis classification by
DXA.

Although the main CT imaging-related parameters did not alter these results, there were
some noteworthy trends (Table 4). First, there was no evidence of any effects of scan
thickness. For example, for the women, hazard ratios for the BCT measurements ranged
from 2.2 to 2.9 for thicknesses <3.0 mm and from 2.0 to 2.7 for thicknesses >3.0 mm; for
the men, hazard ratios were higher for the larger thickness but so too were the values for the
DXA measurements, indicating this effect was either a cohort or statistical effect (larger
confidence intervals for the smaller sample). Second, there were some trends suggestive of
the hazard ratios being higher in non-contrast scans, but the effect did not reach statistical
significance. For example, the hazard ratio for strength for women was 3.4 (2.3-4.9) in the
subcohort without intravenous contrast versus 2.6 (1.9-3.4) in the subcohort with contrast,
whereas the DXA hip BMD remained constant. Consistent with these two results, the two-
factor analysis of covariance on the difference in femoral neck BMD between BCT and
DXA showed no significant effect on scan thickness (o = 0.21) and small but significant
effects both for BMI and the presence of intravenous contrast. In particular, increased BMI
led to lower BMD 7-score values for BCT compared with DXA (by 0.012 7-score units per
unit change in BMI, p < 0.001), as did the presence of intravenous contrast (by 0.17 7-score
units on average, BCT lower than DXA, p< 0.001).

Discussion

These results demonstrate that BCT analysis of previously taken routine clinical abdominal
or pelvic CT scans is at least as effective as DXA testing for identifying patients at high risk
of hip fracture. In all fracture-risk metrics assessed, the hip BMD 7-score and the femoral
strength measurements from BCT each performed as well as the hip BMD 7-score for DXA
testing. Using only the BCT data, combining the classifications of fragile bone strength and
hip osteoporosis resulted in higher sensitivity than the clinical-standard hip/spine
osteoporosis classification by DXA, at comparable specificity. These findings should apply
more generally beyond the FOCUS cohort. All CT and DXA scans in this study were
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obtained before the hip fracture and all BCT analyses were performed blinded to the hip
fracture status, DXA data, and any clinical factors, resulting in a prospective unbiased test of
efficacy. Our large and diverse cohort, drawn from a source population of more than 110,000
women and men and containing almost 1500 patients with incident hip fractures, renders
this one of the largest incident hip-fracture outcome studies,3® supporting external validity.
The successful BCT analysis of 86% of the available CT scans, which encompassed 80
different CT scanners and a wide variety of acquisition settings used in 14 hospitals over a 9-
year period, supports technical robustness in a broad clinical setting. Importantly for clinical
implementation, the BCT analyses were all performed on routine clinical scans, without the
need for bone calibration phantoms or any special imaging procedure.

From a basic science perspective, our results help establish that, although correlated with hip
BMD (Fig. 2), femoral strength is associated with hip fracture independent of hip BMD for
both sexes. Prior BCT studies on incident hip fracture, all conducted in research settings,
(20-22,26) have demonstrated consistent trends for a higher gradient of risk for femoral
strength than for hip BMD. For example, in the MrOS study of about 3000 men over age 65
years across six regions in the United States, the age-adjusted hazard ratio trended higher for
femoral strength (8.0, 2.6-24.3) than for total hip BMD by DXA (4.6, 2.6-8.3);(1) in the
AGES study of about 2500 women and 2500 men over age 65 years in Reykjavik, Iceland,
the age-adjusted hazard ratio trended higher for femoral strength than for femoral neck
BMD (by BCT; DXA was not available) for the women (4.2, 2.6-6.9 versus 2.7, 1.9-3.9)
and was similar for the men (3.5, 2.3-5.3 versus 3.7, 2.5-5.6).(20) Both those studies used
the VirtuOst software (or its precursor). In a different BCT analysis of the AGES cohort
using different software, femoral strength was independently (versus hip BMD) associated
with fracture risk for men for simulated stance loading.(?2) And studies on prevalent hip
fracture have also consistently found that femoral strength is associated with risk of hip
fracture.(?4:39) In each of these prior studies, the low number of hip fracture cases (<77 for
either sex) has hampered statistical power. Thus, with its almost 10-fold larger number of
fracture cases, our new results establish that BCT-derived femoral strength does indeed have
an independent association with incident hip fracture relative to hip BMD, for both sexes.

From a clinical perspective, our results establish that BCT can identify patients at high risk
of hip fracture on the basis of insufficient femoral strength—those with “fragile bone
strength”—and some of these patients do not have BMD-defined osteoporosis at the hip (by
BCT). The classification for fragile bone strength was first introduced in 2014,(29) and, as a
validated cut-point, is endorsed by the International Society of Clinical Society
Densitometry(37) for initiating treatment. We found that the increase in risk of hip fracture
for patients with fragile bone strength was comparable to the increase for patients with hip
osteoporosis by either BCT or DXA, consistent with our prior BCT studies in a research
setting,(2%-21) and was significantly higher than for women with hip/spine osteoporosis by
DXA (Table 3); femoral strength by BCT is also associated with prevalent fractures of any
type.(39 Clinically, because the hip BMD 7-score is so well established for identifying
patients at high risk of hip fracture,“9) we sought to explore how femoral strength can be
used withthe hip BMD T7-score to improve the BCT assessment. Despite the correlation
between hip BMD and femoral strength and the similarity of their AUC values, we found
that combining their binary classifications can increase sensitivity—by about 20%—
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although at the expense of specificity. Even so, that resulting level of specificity was similar
to what we observed for hip/spine osteoporosis by DXA, which is widely used clinically,
suggesting this level of specificity is acceptable clinically. Furthermore, we found that the
risk of hip fracture for patients testing positive by BCT was comparable to the risk of hip
fracture for patients testing positive for hip osteoporosis by DXA. Mechanistically, the
increase in sensitivity of femoral strength over the hip BMD 7-score (for BCT) may reflect
the physics of having low femoral strength relative to hip BMD. That effect can occur for
such reasons as a deficit in the amount of trabecular bone compared with cortical bone
within the femoral neck,(4) local thinning of the cortical bone,#243) or a long femoral-neck
axis.(44) None of these features are captured in the hip BMD measurement but can be
captured in the femoral strength measurement because of its 3D biomechanical nature.

Our results also extend the evidence base of utilizing opportunistic CT for measuring hip
BMD from routine clinical CT scans. The concept of ancillary analysis of CT scans for
some type of BMD or CT-attenuation measurement is not new.(4>-48) With a focus on hip
fractures, more recently, we(14-16) and others(®-13) have reported on measuring a DXA-
equivalent hip BMD from routine clinical CT scans without the simultaneous use of a
calibration phantom. To date, only one of these prior studies has reported on new hip
fracture as the clinical outcome.®) That study demonstrated that hip BMD from CT was
indeed associated with new hip fractures, which is consistent with our findings. Our much
larger sample size adds a degree of external validity to those findings and helps demonstrate
technical robustness.

In analyzing previously taken routine clinical CT scans, our approach to phantomless
calibration is noteworthy for two reasons. First, we used each patient’s own internal
reference tissues as references for calibration, which provides a patient-specific calibration.
(7) This approach differs from the “asynchronous”(“9) approach, which utilizes a previously
measured calibration and therefore provides a machine-specific but not a patient-specific
calibration. Our current results demonstrate general robustness of our approach, consistent
with two previous studies that validated this approach versus DXA for CT enterography and
CT colonography scans.(14:15) The interloperator reanalysis precision for our
implementation of BCT is also equivalent to that for traditional quantitative CT (using a
calibration phantom).(27) Second, in the current study, we uniquely applied a small
adjustment for the presence of any intravenous contrast in the CT scan, based on two
independent but consistent observations of such effects in paired sets of CT scans with and
without intravenous contrast.(13:32) That adjustment slightly lowers the BMD 7-score for
BCT for scans with intravenous contrast, which contributed to the offset observed between
BCT and DXA for the femoral-neck BMD 7-scores. However, this offset of 0.17 7-score
units is small compared with the range of precision error (0.82 =+0.41 7-score units) for
DXA for an individual patient in a clinical setting.(®%) Furthermore, this discrepancy more
likely reflects a limitation of DXA than BCT. In VirtuOst, the patient’s proximal femur is
virtually rotated for the BMD measurement into a clinically recommended, standardized
orientation that tends to minimize the value of the measured hip BMD. By comparison, it is
difficult during DXA scanning in a clinical setting to consistently obtain this ideal femoral
orientation—some technicians may be trained in different ways, some may deviate from
protocol, or some patients may not be amenable to correct positioning. These issues with
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clinical implementation of DXA in a large heterogeneous clinical setting such as FOCUS
should typically bias the DXA measurement upwards; they should also double the precision
error compared with a research setting,®9 thus diluting DXA’s predictive value. Those
combined effects well explain the observed offset between the femoral neck measurements
as well as the numerically higher values of the hazard ratio and sensitivity for the hip
osteoporosis classification for BCT compared with DXA. Thus, although the BMD 7-scores
from BCT did not exactly match those from DXA, we believe the small difference (for the
women) primarily reflects the heterogeneous and clinical nature of our DXA data; the larger
differences for the men arose primarily from the young-reference values used in Lunar DXA
machines not matching those from NHANES-III.

Despite the large size of our hip-fracture cohort, our study has several caveats and
limitations. All our patients required an abdominal or pelvic CT exam during the course of
their medical care. The prevalence of hip/spine osteoporosis in our recently untreated
controls, at 28% in women (average age 73 years) and 17% in men (average age 76 years), is
similar to what has been observed for the general Medicare population for women in their
70s (26%) but is threefold higher than for the men in their 70s (5%).1 This discrepancy for
men suggests that men over age 65 years requiring an abdominal or pelvic CT scan may
represent an enriched patient group for osteoporosis screening. Related, there were likely
various other patient and clinical factors that influenced the association between our main
measurements and risk of hip fracture and sensitivity/specificity. Assuming any such factors
would likely affect BCT and DXA to a similar extent, our results are best interpreted in
terms of the relative performance of BCT with respect to DXA.

There are limitations associated with our sole use of preexisting medical record data in this
study. Some patients went on (osteoporosis) treatment as a result of their DXA scan, which
confounded comparison with BCT because the CT was within +3 years of the DXA; this
issue required us to use a subcohort to explore, and those results showed some small shifts in
hazard ratio values, although those shifts are inconclusive because they may reflect the
smaller sample size or true cohort effects. Overall, we lost about 30% of initially selected
patients because of either missing or poor-quality data (this number was higher than
expected because of a one-time issue with the DXA database). However, this loss of data
was unlikely to be a source of bias between BCT and DXA, and despite this loss, the study
remained sufficiently powered to demonstrate the significant role of femoral strength after
accounting for hip BMD for both sexes. Other limitations relate to data that were not
included in the analysis. Although the abdominal CT scans included coverage of the spine,
we did not include any spine measurements. The other information omitted was composed
of various clinical factors currently used to clinically diagnose osteoporosis,®253) such as a
prior fragility or vertebral® fracture and the FRAX-based absolute risk score.®% It is not
clear how the femoral strength measurement would complement these approaches, another
topic of further study.

Related to the use of preexisting clinical data, some limitations derive from the clinical

nature of the CT and DXA scans, as noted above. Additionally, because almost all CT scans
in our study were acquired at 120 kVp using a standard kernel, our results may not apply to
scans acquired at appreciably lower kVp values (eg, 80 kVp) or to scans reconstructed using
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sharp or nonstandard kernels—although these settings are not common. Second, we used
young-male references for the men and would have obtained different results for the men—
primarily lower values of sensitivity—had we used young-female references. However, the
main discrepancy in BMD 7-scores between BCT and DXA for the men likely reflects
differences in the young-male reference values between NHANES-II1 and Lunar DXA
machines, highlighting a broader issue of how best to calculate BMD 7-scores for men. (%)
Related, we also noted a significant BMI effect in comparing CT and DXA for hip BMD,
consistent with our two prior studies, (1415 which reflect limitations primarily with DXA.(56)
Although resolving these various technical issues is beyond the scope of this study, careful
attention to CT-scan quality for individual patients is important for clinical diagnostic
applications. Toward that end, BCT is currently performed clinically via a centralized lab
model (scans are sent electronically to the lab and a medical report returned within 24 hours)
through which quality control can be carefully monitored.

Despite these caveats and limitations, this study has potentially important implications for
managing osteoporosis. Our results demonstrate that BCT analysis of previously taken
routine abdominal or pelvic CT is at least as effective as DXA testing in a large clinical
setting. A recent cost-effectiveness study concluded that BCT analysis, when performed on a
dedicated hip CT scan (ordered specifically for BCT analysis), should be cost-effective
when the charge for the BCT analysis is set at $100 over the cost of a dedicated hip CT scan.
(57) At that pricing, ancillary BCT should be even more cost-effective because there is no
need for a dedicated hip CT scan. Further, because the ancillary BCT analysis does not
require any extra procedure for the patient, a high rate of BCT analysis within the CT
population is feasible. Many millions of patients are already scanned with hip CTs each
year. For example, in 2007, 24.2 million abdominal CT scans were reported in the US
(which includes repeated scans per patient and any age),(!8) and in 2016, approximately 10%
of individual male and female patients at KPSC aged 65 years or older had at least one hip
CT. By contrast, DXA annual screening rates in the Medicare population from 2006-2009
were 9.5% for women and 1.7% for men(®) and are unlikely to have risen since then.(3:5.6)
Thus, if BCT analysis were routinely used in women and men over age 65 years who have
an available hip CT when a recommended DXA test is either missing, not available, or
inconvenient, or perhaps even if used on dedicated hip CT scans,(®) such a “second front” in
osteoporosis screening, could appreciably increase the number of patients identified as being
at high risk of hip fracture. This additional screening in turn could appreciably reduce the
number of hip fractures.)
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Fig. 1.
Example of the DXA-equivalent hip BMD measurements and the finite element analysis—

derived virtual stress testing for femoral strength for two patients. The gray scale shows the
level of BMD and the yellow-red colors represent regions of failed tissue in the virtual stress
testing; the labels denote age and sex (hip BMD 7-score/femoral strength). Both patients
tested negative for hip osteoporosis (BMD 7-score >-2.5), but the top patient tested positive
for fragile bone strength (femoral strength <3000 N for women, <3500 N for men).
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Relation between femoral strength and the hip BMD 7-score, both measured by BCT, for the

recently untreated patients with full 5-year fracture-outcome

data. Dashed lines indicate the

cut-points used to define hip osteoporosis (Hip OP) and fragile bone strength (FBS).
Numbers in parentheses show the numbers of fractures/no-fracture controls in the plots. See

Table 3 for the sensitivity and specificity data corresponding
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Table 1.
Patient Characteristics for All Patients and Those Not Treated Recently With Any Osteoporosis Medication,
With and Without Hip Fracture (Mean [SD] or Number [%])a

Women Men
All patients Recently untreated All patients Recently untreated

No-fracture  Fracture  No-fracture  Fracture No-fracture  Fracture  No-fracture  Fracture

Number 1019 903 769 595 458 403 404 308
Age (years) 740 (7.21) 795(7.37) 73.4(6.98) 79.1(7.59) 75.7(6.75) 80.3(6.66) 75.5(6.76)  80.1(6.63)
Body mass index (kg/m2)  27.9(6.22) 25.0(5.22) 28.7(6.36) 255(5.32) 27.7(487) 256(4.19) 27.9(497) 25.8(4.36)
Diabetes 293 (29%) 253 (28%)  233(30%) 174 (29%)  145(32%) 142 (35%) 129 (32%) 111 (36%)
Race/ethnicity
Asian 62 (6%) 38 (4%) 41 (5%) 19 (3%) 51 (11%) 12 (3%) 41 (10%) 10 (3%)
Black 126 (12%) 53 (6%) 110 (14%) 39 (7%) 44 (10%) 26 (7%) 43 (11%) 20 (7%)
Hispanic 288 (28%) 171 (19%)  212(28%) 110 (19%) 106 (23%)  75(19%) 96 (24%) 59 (19%)
White/other 543 (53%) 641 (71%) 406 (53%) 427 (72%) 257 (56%) 290 (72%) 224 (55%) 219 (71%)
DXA measurements
Hip BMD 7-score -1.8(0.98) -26(0.90) -1.6(0.98) -24(0.94) -15(1.13) -25(087) -13(1.10) -2.3(0.89)
Hip/spine BMD T-score  -2.1(1.09) -2.8(1.05) -19(1.08) -2.7(1.09) -1.6(1.15) -26(091) -15(L11) -2.4(0.91)
Hip osteoporosis 239 (24%) 508 (56%) 134 (17%) 293 (49%)  91(20%)  205(51%) 55 (14%) 126 (41%)

Hip/spine osteoporosis 374 (37%) 572 (63%) 213 (28%) 336 (57%) 109 (24%) 222 (55%) 68 (17%) 142 (46%)

BCT measurements

Hip BMD T-score -19(092) -26(0.84) -17(0.93) -25(0.88) ~-17(0.83) -24(0.66) ~-16(0.82) —2.3(0.66)
Femoral strength (N) 3400 (840) 2730 (750) 3510 (860) 2810 (780) 4470 (1100) 3490 (810) 4600 (1090) 3620 (820)
Hip osteoporosis 252 (25%) 541 (60%) 148 (19%) 317 (53%) 74 (16%) 212 (53%) 49 (12%) 135 (44%)
Fragile bone strength 331(33%) 594 (66%)  211(27%) 360 (61%) 84 (18%)  214(53%) 56 (14%) 142 (46%)
FBl; i)gh risk (hip OP or 364 (36%) 627 (69%)  228(30%) 379 (64%) 102 (22%) 252 (63%) 71 (18%) 167 (54%)

DXA = dual-energy X-ray absorptiometry; BMD = bone mineral density; BCT = biomechanical computed tomography; OP = osteoporosis; FBS =
fragile bone strength.

aThose without hip fracture were randomly sampled from the study population, and any hip-fracture cases (~2%) removed.

Age and body mass index were measured at time of the CT exam. Diabetes rates did not differ between any case and control groups (p = 0.25-
0.72). All other measurements were significantly different between case and control groups, at the p < 0.0001 level (Kruskal-Wallis for continuous
variables and chi-square for proportions). Hip BMD 7-score is the lowest available 7-score for the femoral-neck or total-hip regions for DXA,; hip/
spine BMD T7-score is the lower of the hip or total-spine BMD 7-scores. For BCT, “high risk” denotes the presence of either hip osteoporosis or
fragile bone strength.
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Table 2.

Hazard Ratios (95% Confidence Intervals [CI]) for Hip Fracture for the BCT and DXA Measurements for All
Patients and for Patients Not Recently Treated With Any Osteoporosis Medication

Women Men

N Hazard ratio (95% CI) N  Hazardratio (95% ClI)

All patients
BCT
Hip BMD T7-score 1922 2.1 (1.8_25)& 861 2.8 (2.1-3.8)
Femoral strength 1922 2.8 (2_2_3_5)3,17 861 2.8 (2.1-3.7)
Femoral strength (with BMD) 1922 2.1 (1.4-3.2) 861 2.7 (1.6-4.6)
DXA
Hip BMD T7-score 1922 21 (1.7-2.5) 861 25 (2.0-3.2)
Hip/spine BMD T-score 1922 1.6 (1.4-1.9) 861 2.1 (1.6-2.7)
Recently untreated patients
BCT
Hip BMD 7-score 1364 24 (2.0—2.9)5 712 2.7 (2.0-3.8)
Femoral strength 1364 3.6 (2.8—4.6)’3’17 712 3.0 (2.2-4.3)
Femoral strength (with BMD) 1364 24 (1.5-4.0) 712 3.3 (1.8-5.9)
DXA
Hip BMD T7-score 1364 23 (1.9-2.9) 712 24 (1.9-3.1)
Hip/spine BMD 7-score 1364 17 (1.4-2.0) 712 2.0 (1.6-2.6)

BCT = biomechanical computed tomography; DXA = dual-energy X-ray absorptiometry; BMD = bone mineral density.

All hazard ratios denote the increase in risk of hip fracture per unit decrease of one sex-pooled standard deviation of the measurement and are
adjusted for age, race/ethnicity, and body mass index. Femoral strength (with BMD) was additionally adjusted for the hip BMD T7-score (by BCT).
N is the combined number of cases and controls (approximately 1:1 ratio). See Table 1 for additional legends.

aSignificantIy different than for the DXA hip/spine BMD 7-score (p < 0.05, at least). Comparisons only made between BCT and DXA.

bSignificantIy different than for the DXA hip BMD T7-score (p < 0.05, at least). Comparisons only made between BCT and DXA.
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Table 3.

Sensitivity, Specificity, Area-Under-the-Curve (AUC), and Hazard Ratios, With 95% Confidence Intervals
(CI), by BCT and DXA for Different Binary Classifications for Identifying Who Will Have a New Hip
Fracture Within 5 Years of the Respective Scan (Recently Untreated Patients Only)

Hazard ratio
Classification N Sensitivity (95% CI) Specificity (95% CI) AUC N (95% CI)
Women
BCT
Hip osteoporosis 850 0.56 [277/499] (0.51-0.60) 0.77 [270/351] (0.72-0.81) 0.72 1364 3.7 275 1)a
Fragile bone strength 850 0.63 [316/499] (0.59-0.68) 0.69 [242/351] (0.64-0.74) 0.73 1364 3.4 (2.5-4 6)'3
Highrisk (OP or FBS) 850 0.66 [330/499] (0.62-0.70) 0.66 [233/351] (0.61-0.71) 0 7317 1364 3.4 (2.5-4 6)3
High risk (OP and 850 0.53 [263/499] (0.48-0.57) 0.79 [279/351] (0.75-0.84) b 1364 3.9 a
FBS) 0.73 (2.8-5.4)
DXA
Hip osteoporosis 882 0.52 [245/475] (0.47-0.56) 0.77 [313/407] (0.73-0.81) 0.72 1364 29 (2.1-4.0)
Hip/spine osteoporosis 882  0.59  [281/475] (0.55-0.64) 0.67 [271/407] (0.62-0.71) 0.70 1364 22 (1.6-3.0)
Men
BCT
Hip osteoporosis 465 0.45 [115/253] (0.39-0.52) 0.82 [173/212] (0.76-0.87) 0.71 712 4.0 (2.4-6.6)
Fragile bone strength 465 0.48 [122/253] (0.42-0.55) 0.82 [174/212] (0.76-0.87) 0.75 712 41 (2.5-6.8)
Highrisk (OP or FBS) 465 0.56 [142/253] (0.50-0.62) 0.76 [161/212] (0.70-0.82) 0 7517 712 40 (2.6-6.3)
High risk (OP and 850 0.38 [95/253]  (0.32-0.44) 0.88 [186/212] (0.83-0.92) 0 7517 712 48 (2.6-9.0)
FBS) '
DXA
Hip osteoporosis 475 0.43 [109/252] (0.37-0.50) 0.83 [185/223] (0.77-0.88) 0.73 712 33 (2.0-5.3)

Hip/spine osteoporosis 475  0.48 [122/252] (0.42-0.55) 078 [173/223] (0.72-0.83) 072 712 33 (2.1-5.)

BCT = biomechanical computed tomography; OP = osteoporosis; FBS = fragile bone strength; DXA = dual-energy X-ray absorptiometry.

Hazard ratios denote the increase in risk of hip fracture for testing positive for the binary classification and are adjusted for age, race/ethnicity, and
body mass index. All no-fracture patients for sensitivity/specificity analysis require a 5-year follow-up from their scan and thus the sample size
differs between BCT and DXA and is lower than for the hazard ratio analysis, which can adjust for follow-up time. See Tables 1 and 2 for
additional legends.

aSignificantIy different than for the DXA hip/spine BMD 7-score (p < 0.05, at least). Comparisons only made between BCT and DXA.

AUC values for the high-risk classifications include hip BMD and femoral strength in the same model and therefore are the same for the “and”
and “or” logicals.
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Table 4.

Effects of Factors Related to CT Scan Acquisition Settings and Hazard Ratios (95% Confidence Intervals [CI])
for Hip Fracture for the BCT and DXA Measurements for Various Subcohorts Stratified by CT Scan
Parameters

Women Men

N Hazard ratio(95% CI) N Hazard ratio (95% CI)

Contrast-enhanced CT scan

BCT
Hip BMD 7T=score 1293 2.0 (1.6-2.4) 471 2.7 (1.8-3.9)
Femoral strength 1293 26 (1_9_3.4)5 471 2.8 (1.9-4.1)
Femoral strength (with BMD) 1293 1.9 (1.2-3.1) 471 3.4 (1.6-7.2)
DXA
Hip BMD 7-score 1293 2.1(1.7-2.6) 471 2.3(1.8-3.1)
Hip/spine BMD T-score 1293 1.8 (1.5-2.1) 471 2.3(1.6-3.3)
Non-contrast-enhanced CT scan
BCT
Hip BMD 7-score 629 25 (1_9_32)‘9 390 4.0 (23_6‘9)5
Femoral strength 629 3.4 (2_3_4_9)‘“7 390 3.4(21-55)%
Femoral strength (with BMD) 629 24(1.1-51) 390 23(1.1-51)
DXA
Hip BMD 7-score 629 2.0 (1.5-2.7) 390 3.6 (2.3-5.7)
Hip/spine BMD 7-score 629 15(1.2-1.9) 390 1.8 (1.2-2.7)
CT scan thickness <3.0 mm
BCT
Hip BMD T-score 1353 2.2 (1.7-2.7) 604 2.6 (1.9-3.7)
Femoral strength 1353 29 (2_2_3.9)51 604 2.6 (1.9-3.6)
Femoral strength (with BMD) 1353 2.0 (1.2-3.4) 604 2.7(1.54.9)
DXA
Hip BMD T-score 1353 2.1 (1.7-2.7) 604 2.5 (1.8-3.4)
Hip/spine BMD 7-score 1353 1.7(1.4-2.1) 604 2.2(1.6-3.2)
CT scan thickness >3.0 mm
BCT
Hip BMD 7-score 569 2.0 (1.6-2.7) 257 4.7 (2.4-9.4)
Femoral strength 569 2.7 (1.8-4.0)? 257 5.7 (3.0-10.7)%
Femoral strength (with BMD) 569 25(1.2-5.2) 257 5.2 (1.7-16.0)
DXA
Hip BMD T-score 569 1.9 (1.4-2.5) 257 3.5 (2.5-4.7)
Hip/spine BMD 7-score 569 15(1.1-1.9) 257 2.5(1.7-3.7)

BCT = biomechanical computed tomography; BMD = bone mineral density; DXA = dual-energy X-ray absorptiometry. See Tables 1 and 2 for
legends.

aSignificantIy different than for the DXA hip/spine BMD T-score (p < 0.05, at least). Comparisons only made between BCT and DXA.
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Significantly different than for the DXA hip BMD T-score (p < 0.05, at least). Comparisons only made between BCT and DXA.
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