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Abstract

Purpose: We aimed to determine the association between vertebral strength by quantitative
computed tomography (CT)-based finite element analysis (FEA) and incident vertebral fracture
(VF). In addition, we examined sensitivity and specificity of previously proposed diagnostic
thresholds for fragile bone strength and low BMD in predicting VF.

Methods: In a case-control study, 26 incident VF cases (13 men, 13 women) and 62 age and sex-
matched controls aged 50 to 85 years were selected from the Framingham multi-detector
computed tomography cohort. Vertebral compressive strength, integral vBMD, trabecular vBMD,
CT-based BMC, and CT-based aBMD were measured from CT scans of the lumbar spine.
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Results: Lower vertebral strength at baseline was associated with an increased risk of new or
worsening VF after adjusting for age, BMI, and prevalent VVF status (odds ratio (OR) = 5.2 per 1
SD decrease, 95% Cl: 1.3-19.8). Area under receiver operating characteristic (ROC) curve
comparisons revealed that vertebral strength better predicted incident VF than CT-based aBMD
(AUC = 0.804 vs. 0.715, p = 0.05) but was not better than integral vBMD (AUC = 0.815) or CT-
based BMC (AUC = 0.794). Additionally, proposed fragile bone strength thresholds trended
toward better sensitivity for identifying VF than that of aBMD-classified osteoporosis (0.46 vs.
0.23, p=0.09).

Conclusions: This study shows an association between vertebral strength measures and incident
vertebral fracture in men and women. Though limited by a small sample size, our findings also
suggest that bone strength estimates by CT-based FEA provide equivalent or better ability to
predict incident vertebral fracture compared to CT-based aBMD. Our study confirms that CT-
based estimates of vertebral strength from FEA are useful for identifying patients who are at high
risk for vertebral fracture.

Mini-Abstract
Prior studies show vertebral strength from computed tomography-based finite element analysis
may be associated with vertebral fracture risk. We found vertebral strength had a strong
association with new vertebral fractures, suggesting that vertebral strength measures identify those
at risk for vertebral fracture and may be a useful clinical tool.

Keywords
Incident vertebral fracture; finite element analysis; bone strength; fracture prediction

Introduction

Vertebral fractures (VF) are the most common type of osteoporotic fracture [1]. Whereas
dual-energy X-ray absorptiometry (DXA)-assessed areal bone mineral density (aBMD) is a
standard tool for estimating fracture risk, close to half of individuals with vertebral fractures
have normal aBMD by DXA [2, 3]. With the number of fractures continuing to rise due to
aging of the population [4], more accurate identification of those at risk for vertebral fracture
may promote efficient use of available interventions to reduce fractures. Moreover, with
declining rates of osteoporosis screening, validation of techniques other than aBMD by
DXA for fracture risk assessment may provide alternate methods to increase the number of
individuals who are screened for osteoporosis [5, 6].

In the past decade, estimation of whole bone strength via finite element analysis (FEA) of
quantitative computed tomography (CT) images has shown promise as an approach to assess
fracture risk and treatment efficacy [7, 8]. Several studies show that FEA-derived estimates
of vertebral strength are strongly associated with failure loads measured from in-vitro
mechanical testing of human cadaveric vertebrae (r2 = 0.77 to 0.90) [9-12]. In addition,
FEA-derived vertebral strength measures are associated with prevalent vertebral fractures
[13-16]. However, to date, only two studies have investigated FEA-derived vertebral
strength for predicting incident vertebral fracture [12, 17]. One of these studies included
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both men and women but was limited to a rather homogeneous cohort (all subjects living in
Iceland)[17], while the other was a multi-center U.S. study but only examined men [12].
Thus, additional studies of incident vertebral fracture that include both women and men are
needed to confirm the utility of the technique. Moreover, thresholds for low and fragile bone
strength were recently proposed as guidelines for the clinical interpretation of FEA strength
measurements [17]. Prior studies have suggested that FEA-based strength measurements
appear to outperform aBMD for prediction of incident VF [12, 17]; however, no independent
studies have tested the ability of proposed bone strength thresholds to identify those who
eventually fracture, nor compared their sensitivity and specificity to those based on aBMD
thresholds.

Thus, we aimed to test the hypothesis that lumbar vertebral strength derived from CT-based
FEA estimates predicts incident vertebral fractures in a cohort of community dwelling men
and women. We also sought to compare the performance of proposed clinical guidelines and
diagnostic thresholds for FEA strength with diagnostic thresholds for BMD. We
hypothesized that vertebral strength thresholds would be more selective in identifying
individuals who suffer VF than accepted clinical thresholds for both low areal (aBMD) and
volumetric BMD (vBMD).

We used a case-control study design utilizing data from the Framingham Heart Study (FHS)
Offspring and Third Generation Multidetector CT (MDCT) Study [18]. Members of the
Offspring [19] and Third Generation Cohorts [20] included second generation (and spouses)
and third generation offspring of the original FHS cohort, a community-based cohort in
Massachusetts started in 1948 [21]. Members of the MDCT cohort underwent longitudinal
CT scanning in 2002-2005 (baseline) and 2008-2011 (follow-up). Participants were eligible
for the current study if they were at least 50 years old at the time of the baseline scan and
had evaluable images from both the baseline and follow-up CT examinations (N=1,149
individuals, 514 men and 635 women). Vertebral fracture cases were defined as participants
with a new or worsening vertebral fracture over a mean 6 year follow up time period.
Controls included participants with no new or worsening vertebral fracture, and were
matched to cases by sex and age (z 5 years).

We identified 26 participants who had at least 1 new (n=23) or worsening (n=3) vertebral
fracture. Using available participants without new or worsening vertebral fracture, two to
four controls were selected for each case depending on the number of available age- and sex-
matched individuals. In total, 62 matching controls were found and were eligible for
inclusion in the study.

CT Acquisition

As previously reported [18], FHS participants underwent volumetric CT scanning at baseline
using a multidetector CT (LightSpeed Ultra, General Electric Medical Systems, Milwaukee,
WI, USA) with tube voltage of 120 kVp, tube current of 320 to 400mA (depending on body
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weight), gantry rotation of 500ms, and slice thickness of 2.5mm. After acquisition of frontal
and lateral scout images, CT scan series were acquired to assess coronary and aortic
calcification and included one CT scan of the chest (40 to 68 slices from the carina of the
trachea to the diaphragm) and one of the abdominal region (150 mm superior to the L5/S1
junction) [18, 22]. Follow-up scanning was performed using a Discovery VCT 64-slice
PET/CT scanner (General Electric Medical Systems, Milwaukee, W1, USA) with tube
voltage of 120 kVp, tube current of 300 or 350mA (depending on body weight), gantry
rotation of 350ms, and slice thickness of 2.5mm. After acquisition of frontal and lateral
scout images, CT series were acquired for the chest (from lung base to apices) and abdomen
(150 mm superior to the top of the S1 vertebra). All participants were scanned concurrently
with a hydroxyapatite phantom (Image Analysis, Inc., Lexington, KY, USA) for calibrating
the scan into units of equivalent-BMD of hydroxyapatite (in mg/cm3).

Vertebral fracture identification

Vertebral fractures were evaluated from T4 to L4 by trained musculoskeletal radiologists
(MJ, AG, MAB, HKG) using Genant’s semiquantitative (SQ) method [23]. Baseline and
follow-up CT images were viewed side-by-side with knowledge of CT chronology (but
blinded to clinical data). Each vertebral body was scored according to a 4-point scale: no
fracture (SQO), mild (SQ1), moderate (SQ2), or severe (SQ3) fracture.

Prevalent vertebral fracture was defined as any vertebral body graded SQ1 or higher at
baseline. Fracture cases included all individuals with new or worsening vertebral fractures.
New fractures were defined as those vertebrae graded SQO (no fracture) at baseline and SQ1
or higher at follow-up, whereas worsening fractures were defined as those vertebrae graded
SQ1 or SQ2 at baseline that increased at least one grade at follow-up. For each individual,
severity of vertebral fracture was determined by the grade of the vertebral body with the
highest score.

Initial readings were performed by a musculoskeletal radiologist (MJ) using the sagittal CT
reformations as part of a larger study evaluating spinal degenerative features [24]. Since
lateral radiographic images are most often used clinically to evaluate vertebral fracture, two
independent readers (MAB, HKG) conducted a second level of review relying only on CT
scout images, which extended from the sacrum to the upper thoracic spine. In cases of
disagreement, scans were reviewed together by both readers to adjudicate the score.

Vertebral strength and volumetric bone measures

Finite element analyses and volumetric bone measurements were performed on baseline CT
scans by a trained analyst, blinded to case-control status, using VirtuOst software (O.N.
Diagnostics, Berkeley, CA, USA), as previously described [9, 17, 25]. Analyses were
performed on the L3 vertebra using the abdominal CT series. Briefly, bone was segmented
and voxel intensity values were converted to BMD using a hydroxyapatite phantom. The
bone volume was then resampled into isotropic voxels (1x1x1mm), and each voxel was then
converted into a hexahedral finite element and assigned material properties based on
empirical relationships with BMD [26-28]. Displacement boundary conditions simulated
uniform axial compression applied through a virtual layer of bone cement. Vertebral strength
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(N) was defined as the compressive force at 2% deformation [17]. Trabecular and integral
volumetric bone density were determined using the same software package, as well as
vertebral body bone mineral content (BMC). Integral vBMD (mg/cm3) was defined as the
average density over the whole vertebral body, including endplates and excluding posterior
elements. BMC was defined as the total mineral mass of the entire vertebral body, using the
same contour as integral vBMD. Trabecular vBMD (mg/cm3) was defined as the average
density of an ellipsoidal volume placed inside the trabecular compartment in the middle
10mm of the vertebral volume.

CT-based areal bone mineral density

In the subjects eligible for this case-control study, DXA scans were not available. Scans
were either not acquired or were performed many years prior to or after the CT exam. To
address this, we measured a CT-based aBMD (g/cm?) of the L3 vertebrae via a semi-
automated algorithm developed in our laboratory. In short, a custom program in Matlab
(MathWorks, Natick, MA, USA) was created to contour the vertebral body, including
posterior elements. Surfaces were identified in 3D and were then projected on a single plane.
An anterior-posterior measurement of (PA) L3 aBMD was made using the average of BMD-
calibrated attenuation values and known pixel size (Figure 1a).

CT-based aBMD measurements were validated against direct DXA measurements in a
separate cohort of 237 Framingham Heart Study participants (110 men & 127 women) who
had PA lumbar spine aBMD measurements using a Lunar DPX-L (Lunar Corp, Madison,
WI, USA) within 6 months of their corresponding CT scan. These subjects had no prevalent
vertebral fractures in the lumbar spine, ranged in age from 44 to 81 years (mean 62.5 years),
and had BMI between 17.5 and 36.9 (mean 27.3). The CT-based measurements of aBMD
were strongly correlated with those from DXA (r2 = 0.84, p<0.01, Figure 1c). We used the
resulting regression equation (Fig 1c) to calibrate the values of the CT-based aBMD
measurements to equal those from a Lunar DXA scanner. This was done to be able to
evaluate the CT-based aBMD measurements on the same scale as clinically accepted Lunar
aBMD osteoporosis thresholds for sensitivity analyses.

Bone strength and bone density thresholds for sensitivity testing

Sex-specific thresholds for “fragile bone strength” for the proximal femur and lumbar spine
have been previously reported [17]. In particular for the lumbar spine, fragile bone strength
thresholds were 4,500 N for women and 6,500 N for men. These vertebral strength threshold
values were validated for fracture prediction using the average strength of the L1 and L2
vertebral levels and are meant to correspond to osteoporosis thresholds of trabecular vBMD
[17]. As stated earlier, CT scans available for this study did not cover L1 and L2. Our
measurements were performed on L3. To account for this, we scaled our L3 strength
measures to an equivalent L1/L2 average through simple multiplication by a scale factor of
0.89 so that we could directly compare our measurements against the L1/L2 thresholds
established previously [17]. This scale factor was determined from a small independent
cohort of 22 women and 3 men, age 50 to 81 years, with L1, L2 and L3 measured.
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To compare the sensitivity of CT-based FEA and CT-based vBMD, we used the proposed
diagnostic threshold for osteoporosis in trabecular vBMD (80 mg/cm?3) [29, 30]. For our CT-
based L3 aBMD, we calculated T-scores using NHANES Il reference data for the L3
vertebra, with 20-29 year old white women as our reference group, converted to Lunar
aBMD [30, 31]. Individuals with a T-score <2.5 were considered osteoporaotic.

FHS participants underwent a standard clinical examination near the time of the baseline CT
scan. The exam included a physician interview, physical exam and standardized
questionnaires. Age, sex, height, and weight were measured at this examination. Participants
were considered as current smokers if they had smoked at least one cigarette per day over
the past year. Alcohol intake was determined by a self-reported questionnaire and was
reported as ounces of alcohol per week.

Statistical analyses

Results

Baseline characteristics were compared between incident vertebral fracture cases and
controls using a two-sample T-test for continuous variables and a chi-square test of
independence for categorical variables. We determined the associations between prediction
variables and incident fracture case status using conditional logistic regression, computing
odds ratios (OR) and 95% confidence intervals, for 1 standard deviation (SD) change.
Models were adjusted for age, BMI, and/or prevalent vertebral fracture status. An additional
adjustment for CT-based aBMD was added to vertebral strength models. We observed the
receiver operating characteristic (ROC) curves for CT-based aBMD, BMC, integral vBMD,
and vertebral strength in models adjusted for age and BMI. Area under the curve (AUC) of
the ROC curve was determined, and statistical comparison between AUCs was assessed. We
also performed stratified analyses including only moderate/severe (SQ2+) fracture cases and
their controls. Sensitivity, specificity, positive predictive value, and negative predictive value
were calculated using CT-based aBMD, trabecular vBMD and vertebral strength thresholds
[32]. Confidence intervals and p-values for significance were calculated for these
parameters. Statistical analyses were performed using SAS 9.3 (SAS Institute, Inc., Cary,
NC, USA) and R version 3.2.5 (R Foundation for Statistical Computing, Vienna, Austria).

Individuals with incident vertebral fracture had similar height, weight, smoking status, and
alcohol intake as non-fracture controls, but were more likely to have a prevalent vertebral
fracture (Table 1). Integral vBMD, trabecular vBMD, CT-aBMD, BMC, and vertebral
strength were significantly lower in the VF cases than controls (p<0.05). Deficits in vertebral
bone density and strength in cases versus controls tended to be greater when including
incident moderate and severe vertebral fractures only (Table 1).

Lower vertebral strength was significantly associated with incident VF, and remained so
after adjustment for age and BMI (OR = 3.8, 95% CI: 1.5 - 9.2) and further adjustment for
prevalent VF (OR = 5.2, 95% CI: 1.3 — 19.8, Supplemental Table 1). Of note, after
additional adjustment for CT-aBMD, lower vertebral strength remained associated with
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incident VF (OR =5.1, 95% CI: 1.5 - 17). Lower integral vBMD, trabecular vBMD, and
CT-based BMC were also associated with incident VF, and remained so after adjusting for
age and BMI (Table 2). The association between incident vertebral fracture and CT-based
aBMD was weaker than the CT-derived volumetric measures (OR = 1.6, 95% CI: 0.9 — 2.6,
p = 0.1). Associations between CT-aBMD and incident VVF were weaker in all models,
regardless of adjustment by covariates. AUC comparisons showed that vertebral strength
was a significantly better predictor of incident VF than CT-based spine aBMD (AUC =
0.804 vs. 0.715, p = 0.05). However, it not better than CT-based BMC (AUC = 0.804 vs.
0.794), or integral vBMD (AUC = 0.804 vs. 0.815). AUC comparisons revealed integral
vBMD performed statistically better than CT-based aBMD (p = 0.03) while BMC did not,
but was borderline (p = 0.07).

When only considering moderate and severe incident fractures (SQ2+), all predictors were
significantly associated with incident VVF after adjusting for age and BMI. Trabecular vBMD
(p=0.053) and CT-aBMD (p=0.08) were no longer significantly associated with incident VF
after adjustment for prevalent VF status. Of note, odds ratios for moderate and severe
vertebral fractures were generally higher than when considering all incident fractures. After
adjustment for CT aBMD, lower vertebral strength remained associated with incident
vertebral fracture (OR = 6.64, 95% CI: 1.2 -37.8, p = 0.03).

Clinical thresholds and Diagnostic Performance

Classification of incident fracture cases with FEA-based fragile bone strength thresholds
mostly exhibited similar diagnostic metrics to osteoporosis thresholds for CT-based aBMD
and vertebral trabecular vBMD (Table 3). However, osteoporosis (t-score < —2.5) from
aBMD trended towards lower sensitivity than fragile bone strength (0.23 vs. 0.46, p = 0.09)
while maintaining similar values for specificity, positive, and negative predictive value.
Additionally, osteoporosis classification from vertebral trabecular vBMD (< 80 mg/cm3)
tended to show lower diagnostic metrics than FEA-derived vertebral strength; however, no
significant differences were found.

Discussion

Our results indicate that vertebral strength estimates from finite element analysis of lumbar
spine CT scans predict incident vertebral fracture risk in older men and women as well as or
better than CT-based areal BMD. Furthermore, proposed fragile bone strength thresholds
exhibit at least equivalent diagnostic performance compared to osteoporosis thresholds
based on CT-based aBMD or vertebral trabecular vBMD.

Although finite element analysis of CT scans to estimate bone strength was first introduced
more than two decades ago [33, 34], few prospective studies have tested the ability of FEA-
estimated bone strength to predict vertebral fracture risk [12, 17, 35]. In the current study,
we found odds ratios similar to previous studies. In particular, our unadjusted model showed
an OR of 2.8 per 1SD decrease in vertebral strength, which was comparable to prior studies
that reported odds ratios for vertebral fracture between 2.1 and 7.6 [12, 17]. These
associations remained similar in models adjusting for additional covariates including age
and BMI. Also, we found that vertebral strength was associated with incident VF after
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adjustment for prevalent VF, which itself is a very strong predictor of a new vertebral
fracture [36]. Odds ratios seen in our study were generally lower than those reported by
Wang et al [12], who reported ORs for vertebral strength ranging from 7.2 to 9.6 across
models adjusted for differing covariates. The heightened ORs are likely due to the use of
clinical vertebral fractures in that study, which are likely more severe than those identified
via radiographic review. Thus, it is probably more appropriate to compare our results from
moderate and severe incident VF with the clinical fractures from that study. The age-
adjusted OR for vertebral strength in our moderate and severe VF cases was 6.8, closer in
magnitude to the odds ratio of 7.2 reported by Wang et al [12].

Our study is the first to demonstrate the viability of CT-based FEA strength measures in the
L3 vertebra for prediction of incident vertebral fracture. Prior studies have used different CT
protocols and have examined different vertebrae. Namely, prior studies in the spine utilized
L1 and L2 imaging data. Additionally, slice thickness for the CT images in our study were
higher (2.5mm) than previous studies (1mm) [12, 17]. Taken together, this demonstrates the
efficacy of CT-based FEA for prediction of incident vertebral fracture risk across different
lumbar spine levels and different scanning protocols.

We examined the efficacy of proposed CT-based FEA thresholds of vertebral strength [17] in
a new and independent cohort of men and women. Our data suggest that these thresholds
provide equivalent or better sensitivity identifying those at risk for VF compared to BMD
thresholds of osteoporosis, both in aBBMD t-score (<-2.5) and trabecular vBMD (80mg/
cm?3). Specifically, we found that 23% of our fracture cases were osteoporotic by CT-based
aBMD. This closely matches recent literature [3] from NHANES 2013-2014 participants
that found that 26% of fracture cases aged 50 and older were osteoporotic by CT-based
aBMD. In comparison, 46% of our fracture cases met the criteria for fragile bone strength by
FEA without much loss in specificity. Due to the limited number of fracture cases in our
study, further studies are needed to verify the promising diagnostic capability of these
thresholds as an alternative clinical tool to DXA for fracture risk assessment.

Although we found that FE vertebral strength was significantly more associated with
incident vertebral fracture than our CT-based aBMD measure, vertebral strength did not
predict fracture better than integral vBMD or CT-based BMC measures in our cohort. This is
not all that surprising given the high correlation between these parameters (Supplemental
Table 2) and small sample size. Still, FE vertebral strength estimates may be beneficial.
First, FE produces an estimated strength value that can be used to calculate a factor-of-risk
when loading can also be estimated or measured. Second, FE can take into account structure
and material properties in a way that other summary measures do not. Additionally,
advances in modeling techniques, simulated loading conditions, and boundary conditions
could further improve strength approximations and ultimately fracture prediction.

Our study also demonstrates that it may be of interest to conduct studies aimed at
determining interventional thresholds of integral vBMD or CT-based BMC given that they
yield similar ORs to vertebral strength, particularly in the spine. Thresholds for these
measures may provide equivalent or better sensitivity than DXA aBMD thresholds, but
future studies would be needed to develop the thresholds and confirm this.
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Of note, to date, CT-based FEA (including the current study) has relied on a hydroxyapatite
phantom for calibration of CT-based X-ray attenuation values (Hounsfield units) to
equivalent BMD values. While this limits the widespread use of CT scans acquired for other
purposes in the assessment of fracture risk, recent studies have demonstrated utility of CT
scans acquired for inflammatory bowel disease [37] and colorectal cancer screening [38] for
assessment of bone density and strength. Further, methods are now published for
phantomless calibration of CT scans [39], and a recent study showed that FEA of routine
clinical CT scans is feasible for assessment of hip bone density t-scores and femoral
strength, and that femoral strength values derived from these CT scans via FEA are as
effective as DXA-hip BMD in predicting hip fracture risk [40]. Additionally, a recent cost-
effectiveness study [41] suggests it may be cost-effective to use a new hip CT for assessing
osteoporosis. Given the results of our study, it may be worth examining use of routine
abdominal CT scans for osteoporosis assessment, and further, whether the use of a dedicated
spine CT for osteoporosis assessment would be cost-effective.

Our study has a number of limitations. The number of individuals with incident vertebral
fracture was small, and thus limited our ability to detect significant differences in the
associations between different bone measurements and incident VF. The small number of
fractures is likely due to the younger age of the Framingham Heart Study cohort relative to
other cohorts where VVF have been examined. The mean age for our cases and controls were
68 and 66 years respectively, with ages ranging from 50 to 85 years. In comparison, previous
studies included only those aged 65 or older with a mean of around 75 years. This age
difference is also reflected in vertebral trabecular BMD differences between our study and
the Icelandic population-based cohort (AGES). Mean vertebral trabecular density values in
the AGES cohort were 64 and 79 mg/cm3 for cases and controls, respectively. These values
are notably lower than the 89 and 110 mg/cm3 mean values for vBMD in the cases and
controls in the current study. Regardless, we have shown vertebral strength predicts vertebral
fracture risk even in a younger and, perhaps, healthier cohort. This complements previous
studies by offering a wider age range and highlighting the robustness of CT-based FEA
strength estimates in their ability to predict fracture risk.

One limitation of this study is use of vertebral strength and CT-based aBMD at a single
vertebral level (L3), whereas spine DXA for osteoporosis diagnosis averages over a number
of lumbar vertebrae to get a more robust measure of overall aBMD [30]. However, given the
high correlation between vertebral strength measures at adjacent vertebrae, the prediction of
vertebral fracture is likely to be similar if FE strength or CT-based aBMD were averaged
over multiple lumbar vertebral levels.

Another potential limitation is the use of lumbar strength and BMD measurements to predict
vertebral fractures anywhere in the spine. We previously reported that single level lumbar
vertebral strength measures are associated with prevalent fracture anywhere in the spine and
that thoracic vertebral strength measures were not better at predicting prevalent thoracic
fractures [42]. That observation, coupled with the strong associations seen between L3
vertebral strength and incident fracture in our study, provides evidence for the robustness of
single-level lumbar FE strength measures for prediction of VF anywhere in the spine.
However, future studies examining the ability of site-specific measurements to predict site-
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specific incident VF could be of interest — though they may not be of significant clinical
relevance given the increased radiation exposure associated with more extensive spine
imaging.

Related, we determined sensitivity of fragile strength thresholds based on scaled L3 data.
Scale factors between L1/L2 and L3 were determined in a small cohort of mostly women.
Thus, we acknowledge the potential error incurred by using this scale factor to determine
threshold sensitivity. Additional validation of scale factors across the spine, or specific
fragile strength thresholds at each vertebral level, would help the broader applicability of
spine CT-FEA as a diagnostic tool. A further limitation is that these vertebral strength
thresholds are specific to the specific modeling approach used here (VirtuOst, O.N.
Diagnostics). A different modeling approach likely could be used in conjunction with these
thresholds, given that approach was externally validated against cadaver experiments
conducted under the same conditions. However, future studies could look at comparing
approaches or establishing thresholds specific to other modeling techniques.

An additional shortcoming of our study was the lack of spine aBBMD measurements by

DXA. DXA is the clinical standard for the diagnosis of osteoporosis and low BMD [31]. To
overcome this limitation and compare with previous studies [12], we developed a robust
approach to estimate aBMD from CT images. Though we demonstrated our CT-based
measure was highly correlated with aBMD measures by DXA (r = 0.92) in a separate cohort,
some variation between CT-based aBMD and measured DXA aBMD is still unexplained that
may be related to inherent differences in scanning modalities. So, it is important to note that
even though calibrated CT-based aBMD does a good job of approximating DXA aBMD, we
are making an assumption that they are equivalent measures in order to use the aBMD
osteoporosis threshold (i.e. T-score < -2.5).

In conclusion, our study has demonstrated the utility of CT-based vertebral strength
estimates for prediction of vertebral fracture risk in men and women from a community-
based cohort. Though we were limited by a small sample size, our findings suggest
equivalent or better performance of diagnostic thresholds for vertebral strength by CT-based
FEA compared to those of CT-based aBMD and trabecular vBMD in identifying those who
suffered a vertebral fracture. Considering all available reports so far, CT-based FEA-strength
estimates consistently identify patients at high risk for vertebral fracture and therefore may
be an important diagnostic tool.
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Figure 1:
a) Contoured CT image including posterior elements b) CT-based aBMD image from

projection of CT surfaces c) linear regression between measured Lunar L3 aBMD and CT-
based aBMD d) Bland-Altman plot looking at Lunar aBMD and estimated CT-based aBMD
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Table 1:

Baseline characteristics of cases and controls (mean + SD, or n, %).
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Any Incident VF Incident M oder ate/Severe VF
Control (n=62) Case(n=26) pValue Control (n=46) Case(n=20) p Value
Men 36 (58) 13 (50) - 27 (59) 10 (50) -
Women 26 (42) 13 (50) - 19 (41) 10 (50) -
Age (Years) 66.3 (8.4) 68.1 (9.9) 0.381 66.3 (8.9) 68.2(10.4)  0.451
Height (cm) 169.8 (9.8) 167.5(9.2)  0.310 170.1 (9.9) 167.5(9.5)  0.333
Weight (kg) 83.3 (16.9) 83.1(18.6) 0.973 83.3(18.2) 83.4(20.0) 0.974
BMI 28.9 (6.0) 29.7 (7.0) 0.612 28.8 (6.4) 29.8 (7.6) 0.585
Current smoker (yes/no) 4 (6.5) 5(19.2) 0.117 2 (4.3) 3(15) 0.159
Total alcohol intake (0z/wk) 24 (3.3) 2.0(3.1) 0.584 2.4 (3.5) 1.75 (3.4) 0.511
Prevalent VVF, any (yes/no) 3(4.8) 14 (53.9) <0.001 3(6.5) 10 (50) <0.001
Prevalent VVF, moderate/severe (yes/no) 1(1.6) 3(11.5) 0.076 1(2.2) 2 (10) 0.216
Vertebral Strength, CT-FEA (N) 8706 (2914) 6552 (2391)  0.001 8843 (3178) 6168 (2076) < 0.001
L3 Trabecular vBMD (mg/cm3) 107.3(35.3)  86.0(30.9)  0.009 108.8(38.8)  84.9(296)  0.017
L3 Integral vVBMD (mg/cm3) 2002 (38.3)  165.9(33.8) <0.001  200.3(42.1)  160.9(30.6) <0.001
L3 CT-based aBMD (g/cm2) 1.08 (0.21) 0.97 (0.23)  0.032 1.08 (0.21) 0.92(0.19)  0.006
L3 CT-based BMC (g) 9.16 (2.57) 7.31(1.96) <0001  9.28(2.73) 6.95(1.74)  <0.001
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Risk of incident mild (SQ1+) and moderate (SQ2+) vertebral fracture per 1 SD decrease in bone measures at

L3 vertebral level, expressed as odds ratio (OR) with 95% confidence intervals.

Unadjusted

Adjusted for age & BMI

Any Incident Vertebral Fracture (26 VF Cases, 62 Controls)

Integral vBMD 2.8(1.4-5.5)
Trabecular vBMD 21(1.1-4.1)
CT-based aBMD 1.6 (0.9-2.6)
CT-based BMC 3.3(L4-7.9)

FEA \Vertebral Strength 28(1.3-6.2)

3.6(1586)
24(1.1-53)
1.8(1.0-33)
3.8(16:9.2)
3.8(159.2)

Incident Moderate or Severe Vertebral Fracture (20 VF Cases, 46 Controls)

Integral vBMD 3.6(1.4-9.3)
Trabecular vBMD 25(1.1-5.9)

CT-based aBMD 22(1.1-45)

CT-Based BMC 6.2 (1.5-25.6)

FEA \Vertebral Strength 4.9 (1.5-16.0)

5.7 (1.6-20.1)
29(11-7.9)
3.7(1.4-10.0)
7.4(1.7-31.8)
8.4 (1.9-36.6)

Bold indicates significance (p < 0.05)

_*
Model did not converge to proper solution
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Table 3:

Sensitivity and specificity for identification of incident vertebral fracture according to L3 Vertebral strength,
CT-based aBMD, and trabecular vBMD thresholds (95% confidence intervals in parentheses)

Vertebral Strength  CT-based aBMD  Trabecular vBMD

(from CT-FEA) [17] (from CT) (from CT) [17, 29]
p Women: < 4500N
Threshold/cut point Men: < 6500N t-scores -2.5 VBMD < 80 mg/en?®
Sensitivity 0.46 (0.27-0.67) 0.23 (0.09-0.44) 0.27 (0.12-0.48)
Specificity 0.87 (0.76-0.94) 0.94 (0.84-0.98) 0.81 (0.69-0.90)

Pos. Predictive Value  0.60 (0.36-0.81) 0.60 (0.26-0.88) 0.37 (0.16-0.62)
Neg. PredictiveValue  0.79 (0.68-0.88) 0.74 (0.63-0.84) 0.72 (0.60-0.83)
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