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Introduction
Vertebral fractures are the most common osteoporotic fracture, affecting as many as half of
white women and men in their 80s in the United States.1-2 Despite their profound impact on
public health, less than one third of individuals with vertebral fractures receive medical
attention and even fewer are treated.3 Further, a large number of vertebral fractures go
undiagnosed, since many are asymptomatic, and diagnosis requires radiographic
assessments. As a result, identifying risk factors for vertebral fracture is particularly
challenging compared with fractures at other skeletal sites. Although older age and low bone
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mineral density are known to increase the risk for vertebral fracture, the strongest predictor
of a future vertebral fracture in women and men is an existing vertebral fracture.4-5 Despite
the significant morbidity and mortality associated with vertebral fracture, with costs
approaching $750 million annually in the U.S., the underlying pathogenesis of vertebral
fracture remains elusive.

Prevalence of vertebral fracture is similar in women and men in middle-age years but two to
three times greater in women than men in later years.5 Vertebral fractures occur most
commonly in the mid-thoracic region (T7-T8) and thoracolumbar junction (T12-L1) in both
women and men. Reasons for the bimodal distribution of fractures along the spine are
largely unknown. Some have suggested biomechanical factors play a role, however,
information on cortical, trabecular and whole bone volumetric BMD (vBMD), geometry,
and strength in community-based populations is scarce.6-9 Moreover, there are no
population-based studies of variation in vBMD measurements at the thoracic spine as prior
studies have been limited to the lumbar region.9-10 Lenchik and colleagues11 evaluated
trabecular vBMD in the thoracic and lumbar spine, however, this study predominately
included a selective group of individuals with diabetes, limiting the generalizability of their
findings.

To address these shortcomings in knowledge about vertebral strength, we used volumetric
QCT scans to evaluate vertebral trabecular, cortical, and integral volumetric bone density,
geometry, and strength in the thoracic and lumbar spine and determined how these
parameters varied with age, sex and spinal location in a community-based population of
women and men. Further, we estimated the loads applied to the spine during several
activities of daily living and compared these loads to the estimates of vertebral strength at
the thoracic and lumbar spine.

Methods
Participants

Participants for the current study are members of the Framingham Heart Study Offspring
and Third Generation Multi-detector Computed Tomography (MDCT) Study.12 Members of
the Offspring and Third Generation cohorts include second generation (plus spouses) and
third generation offspring of the original cohort that was established in 1948.13-15 Computed
tomography (CT) scans of the chest and abdomen were acquired in 3,529 participants in the
MDCT Study (35 to 90 years, mean 51 years) for assessment of coronary and aortic calcium
in 2002-2005.16 Exclusion criteria for the MDCT Study included pregnancy or age less than
40 years for women, age less than 35 years for men, and weight greater than 320 pounds.
The current study includes 690 participants (344 women and 346 men) 40-87 years old,
selected using sex and 5-year age group stratified random sampling.

Computed Tomography Scan
Volumetric computed tomography scans of the thoracic and lumbar spine were obtained
using an 8-slice multidetector computed tomography scanner (Lightspeed Ultra/Plus,
General Electric Medical Systems, Milwaukee, WI) operating at tube voltage 120 kVp, tube
current 320/400 mA (<220/>220 lb body weight), and gantry rotation of 500 ms. Scans had
a nominal in-plane pixel size of 0.68 × 0.68 mm and a slice thickness of 2.5 mm. Effective
radiation exposure was 1.0 to 1.25 mSv for 320 and 400 mA, respectively. Two volumetric
computed tomography scans were acquired: 1) a thoracic scan that included contiguous
slices from the carina of the trachea to the diaphragm (40 to 68 CT slices); and 2) an
abdominal scan in which the L5/S1 junction was identified, and 60 contiguous CT slices
(150 mm) were acquired superior to this point.12,17 A hydroxyapatite phantom (Image
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Analysis, Columbia, KY) was placed under each individual and scanned concurrently to
allow conversion of Hounsfield units to equivalent concentration of calcium hydroxyapatite
(g/cm3).

Since scan acquisition was based on landmarks for cardiac assessments, not all vertebral
levels were included in the scans. Typically, the scans included vertebral levels from T6 to
T11 and L2 to L5. In more than one-third of participants, however, the scan region did not
include vertebral levels T6, T7, T11, and L2. We therefore present results for T8-T10 and
L3-L5.

Bone density, cross-sectional area and compressive strength
Vertebral integral and trabecular volumetric bone density (vBMD; g/cm3) and vertebral
cross-sectional area (cm2) were determined from the CT scans using previously published
algorithms,18-19 modified to assess multiple vertebral levels. Individual vertebrae were
identified from reconstructed thoracic and abdominal CT scans, in combination with the
lateral scout views.

The volume of interest for integral vBMD included the entire vertebral body (both cortical
and trabecular compartments), but excluded the transverse and posterior processes.20 The
volume of interest for trabecular vBMD measurements was an elliptical region
encompassing the anterior vertebral body, centered at the midvertebral level and
encompassing 70% of the volume between vertebral endplates. The volume of interest for
cortical vBMD measurements encompassed approximately the outer 1 mm of the peripheral
bone of the vertebral body. The average cross-sectional area of the mid-vertebral body (cm2)
was calculated from a central 10 mm thick slice.

Vertebral compressive strength (in Newtons, N) was computed as the linear combination of
integral vBMD and cross-sectional area, according to beam theory assuming that the
vertebral body is loaded in compression.9

Inter- and intra-reader reliability for the QCT-based bone outcomes was determined by
having two readers analyze 16 participants (8 men, 8 women) two times each, and
computing intraclass correlation coefficients (ICC's). Overall, reproducibility of the QCT
analysis methods was good, with inter- and intra-reader ICC's consistently greater than 0.85
for compressive strength, integral vBMD and trabecular vBMD, whereas ICC's for vertebral
cross-sectional area were greater than 0.70. ICC's for cortical vBMD were lower and more
variable, ranging from 0.57 to 0.95.

Vertebral loading
A quasi-static biomechanical model was used to estimate compressive force on the spine21

was used to estimate compressive force on the vertebral bodies for two different body
positions: 1) 90° of forward flexion with arms hanging down and a 10 kg weight in each
hand, and 2) twisting combined with forward flexion, each at 30°, with arms hanging down
and a 10 kg weight in each hand. The biomechanical model is similar to previously
published biomechanical models of the lumbar spine22-24 but also takes into account the
mechanical contribution of the ribs and sternum in the thoracic region.21 Briefly, the body
was modeled as a series of linked-segments, and the weight, length, and center of mass
position of each body segment was estimated using each individual's height and weight
together with published anthropometric data.25-29 Trunk muscle morphologies (cross-
sectional area and location relative to the vertebral body) were measured from QCT scans in
a sample of 100 individuals selected from the current study. These measurements were used
to develop regression equations to estimate trunk muscle morphologies for participants in
the current study based on the age, sex, height, and weight for each individual.30 Muscle
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forces required to maintain static equilibrium were determined using a static optimization
algorithm.21

Factor of Risk
The factor of risk was computed as the ratio of applied compressive forces to vertebral
strength for each activity.9 Theoretically, when the applied force exceeds the bone strength a
fracture would occur, thus higher values of the factor of risk indicate greater risk of fracture.

Exclusion of vertebral levels with fracture
Because prevalence of fracture prohibits valid bone density and geometry measurements,
vertebrae with fracture grades 1 and higher (n=74), assessed using Genant's semi-
quantitative method31 from lateral CT scout images by experienced skeletal radiologists,
were excluded.

Statistical Analysis
General linear models were used to evaluate the association between age, sex, and spinal
region and each vertebral bone parameter. Because our study involved some correlated data
due to familial relations and multiple measures within a person, a generalized estimating
equation approach with robust standard errors was employed to adjust for this correlation
(Proc GENMOD, SAS Institute Inc., Cary, NC, USA.). The association of age with each
bone measure was evaluated for the thoracic region and the lumbar region in women and
men, separately. Values for each bone parameter were averaged for T8 to T10 for the
thoracic region and averaged for L3 to L5 for the lumbar region.

To examine whether the association between age and each bone measure varied by sex, we
tested sex-by-age interaction terms at each vertebral level or region. To evaluate whether the
association between age and each bone measure varied by spinal region, we tested region-
by-age interaction terms in women and men, separately. We calculated absolute and percent
differences in predicted values of each bone measure for individuals 40 years of age
compared to those 75 years.

We performed initial analysis without adjustment for covariates, and repeated analysis
adjusting for body weight. Because unadjusted results and results adjusted for weight did not
differ, we present unadjusted results. In analysis of vertebral cross-sectional area, we
adjusted for height in order to account for differences in bone size.

Results
Mean age of participants (N=690; 344 women, 346 men) was 61 years and ranged from 40
to 87 years. The number of vertebral levels (T8-10, L3-L5) included in the analysis was
3,826 (1,918 vertebrae in women and 1,908 vertebrae in men). Body mass index was 28 kg/
m2 in women and 29 kg/m2 in men (Table 1). Seven percent of women and 9% of men were
current smokers. Among women, 80% were post-menopausal, and 9% used hormone
replacement therapy.

The decline in integral vBMD with increasing age was twice the magnitude in women than
men for the lumbar spine (women, β=-0.0024; men, β=-0.0011; interaction, p<0.01) and
more than four times greater in women than men for the thoracic spine (women, β=-0.0017,
men, β=-0.0003; interaction, p<0.01; Figure 1A and Table 2). Integral vBMD declined more
at the lumbar spine than at the thoracic spine in both women and men (interaction, p<0.01).
For example, integral vBMD at the thoracic spine decreased 29% in women from 40 to 75
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years of age compared to a 6% decrease in men (Table 2). At the lumbar spine, integral
vBMD decreased 36% from 40 to 75 years in women and decreased 18% in men.

The decline in trabecular vBMD with increasing age was significantly greater in women
than men (interaction, p<0.01). For example, trabecular vBMD decreased 47% from 40 to
75 years in women versus a 26-29% decline in men (Table 2). However, trabecular vBMD
declined with increasing age similarly for the thoracic and lumbar regions in women
(thoracic, β=-0.0026, lumbar β=-0.0025; interaction, p=0.37) and in men (thoracic,
β=-0.0013, lumbar, β=-0.0014; interaction, p=0.24; Figure 1B and Table 2).

Similar to integral and trabecular vBMD, cortical vBMD declined with age more in women
than men (Figure 1C and Table 2). Between 40 and 75 years of age, cortical vBMD
decreased at the thoracic spine 14% in women and increased 7% in men, whereas at the
lumbar spine, cortical vBMD decreased 20% in women compared to a 6% decline in men
(Table 2). In women, cortical vBMD declined with increasing age more at the lumbar spine
(β=-0.0016, p<0.01) than the thoracic region (β=-0.0009, p<0.01; interaction, p<0.01). In
men, cortical vBMD at the lumbar spine also declined with increasing age (β=-0.0004,
p<0.01) but increased at the thoracic region (β=0.0004, p<0.01; interaction, p<0.01).

In both women and men, mean vertebral cross-sectional area increased with age at the
thoracic spine but did not change at the lumbar spine (Figure 1D and Table 2). For example,
cross-sectional area increased 12% at the thoracic spine compared to no significant change
(0 to 1%) at the lumbar spine.

The decline in vertebral compressive strength with increasing age was twice the magnitude
in women (β=-59.4859, p<0.01) than men (β=-30.6220, p<0.01; interaction, p<0.01) for the
lumbar spine (Figure 2A and Table 3). At the thoracic spine, vertebral strength also declined
significantly with increasing age in women (β=-22.6385, p<0.01), whereas in men, vertebral
strength did not change (β=1.9305, p=0.66; interaction, p<0.01). Thus, vertebral
compressive strength declined with increasing age more at the lumbar than the thoracic
spine for both women and men. From 40 to 75 years of age, for example, compressive
strength in men decreased 19% at the lumbar spine compared to no significant change
(+2%) at the thoracic region, whereas in women, compressive strength declined on average
41% at the lumbar spine and 28% at the thoracic spine.

At the lumbar spine, compressive force for twisting and flexion (Figure 2B) and for forward
flexion (Figure 2C) declined modestly from 40 to 75 years of age similarly for women (7%)
and men (4-5%, Table 3). In contrast, at the thoracic spine, compressive force did not
change with increasing age in women or men.

The factor-of-risk for twisting and flexion (Figure 2D) and for forward flexion (Figure 2E)
increased with age more in women than men (interaction, p<0.01), and more for the lumbar
than the thoracic spine (interaction, p<0.01). In men, there was no increase in the factor-of-
risk for the thoracic spine (twisting and flexion, β=0.0005, p=0.18; forward flexion,
β=0.0004, p=0.06).

Discussion
The current work provides novel information on age-related changes in volumetric bone
density and strength in the thoracic spine in comparison to the lumbar spine. Clinical
assessment of vertebral bone density by DXA is limited to the lumbar spine due to the
overlying sternum and ribs in the thoracic spine. Thus, little is known about the
pathophysiology of bone loss at the thoracic spine. Further, incidence of vertebral fracture
has a bimodal distribution with peak frequencies occurring at vertebral bodies T7-T8 and
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T12-L1.32-34 Therefore, full understanding of the etiology of fracture requires
characterization of bone strength in vertebrae from the thoracic as well as the lumbar spine.

Our results indicate that in both women and men, bone density and vertebral strength
declined with age more in the lumbar than thoracic spine, and cross-sectional area increased
less with age in the lumbar than thoracic spine. In particular, bone density and vertebral
strength in the thoracic spine appear to be preserved with increasing age in men. We also
found marked differences between the lumbar and thoracic spine in age-related patterns of
vBMD by bone compartment. Trabecular vBMD declined with age similarly for the lumbar
and thoracic regions, whereas cortical vBMD (and integral vBMD) decreased more at the
lumbar spine than the thoracic spine. Notably, in men, cortical vBMD at the thoracic spine
did not decline but increased with age, and the magnitude of the decline at the lumbar region
was small.

These results are consistent with previous work, conducted in a small sample of participants
in the current study, which showed that strength of the peripheral vertebral compartment
was maintained with age in men, but not women. 35 The mechanism is not clear as to how
cortical vBMD would be maintained or even increase with age in men. It is possible that
cortical vBMD is influenced by degenerative changes in the spine, such as osteophytes or
syndesmophytes, though it is unknown whether these conditions are more common in men
than women.

The decline in cortical vBMD with age in the lumbar region is likely due to a combination
of cortical thinning as well as an increase in porosity within the cortex. The resolution of the
clinical CT scans in the current study does not allow accurate assessment of the thin cortex
of the vertebral body, reported to range from 250 – 400 μm,36-37 nor the cortical porosity.

Compressive forces applied to the vertebral body did not decline with increasing age at the
thoracic spine, and the decline at the lumbar region was small (7% in women and 4-5% in
men). Thus, differences by spinal region in the factor-of-risk are attributable to greater
decline with age in vBMD in the lumbar compared to the thoracic spine, rather than a
greater increase with age in vertebral load at the lumbar region relative to the thoracic spine.

In addition to evaluating differences by spinal region in age-related changes in QCT derived
bone parameters, we also examined differences by sex. We found that integral, trabecular,
and cortical vBMD declined with age more in women than men. In contrast, there was no
difference between women and men with respect to the association between age and cross-
sectional area. Specifically, cross-sectional area increased with age at the thoracic spine and
did not change with age at the lumbar spine in women or men. Accordingly, vertebral
strength, estimated from integral bone density and cross-sectional area, declined more with
age in women than men. In contrast, we found little or no age-related changes in the forces
applied to the vertebrae in either women or men. The factor-of-risk, however, increased (i.e.,
worsened) with age 2 to 8-fold more in women than in men. Thus, the marked increase in
the factor-of-risk in women was due to a decline in vertebral strength, rather than an
increase in vertebral loading over life. Further, we found that there were sex-specific
differences in the pattern of age-related bone loss at the thoracic versus lumbar spine.
Whereas women lost bone density and strength at both the thoracic and lumbar spine, in
men, vertebral strength declined only at the lumbar spine.

These results are largely consistent with previous findings from the Rochester, MN
Epidemiology Project Cohort,6,9 as well as with the well-established increase in the female-
to-male ratio of vertebral fractures with aging.32,38-40 Riggs et al.6 found greater age-related
declines in integral and trabecular vBMD (cortical vBMD was not assessed) at the lumbar
spine in women than men, but no difference in age-related increases in vertebral cross-
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sectional area between women and men. Whereas we observed similar patterns for bone
density, we did not observe an age-related increase in vertebral cross-sectional area at the
lumbar spine in women or men.

This is the first study to provide volumetric QCT bone density and morphometry measures
for both the thoracic and lumbar spine in a community-based population of women and men.
In addition to integral bone density, we evaluated compartment specific measures of vBMD
and biomechanical measures of vertebral strength, force, and the factor-of-risk. Our results
are representative of patterns expected for the general Caucasian population, rather than
limited to clinical patient groups.

This study is limited by the cross-sectional design, and our results may have been affected
by secular trends in bone health. However, it is unlikely that secular trends would have
differed by sex or spinal region, the main parameters of interest of this study. Nevertheless,
investigations to determine age-specific longitudinal changes in vertebral bone density,
geometry, and strength are warranted.41

This study is also limited by a lack of information for the thoracolumbar vertebral levels due
to exclusion from scan acquisitions. However, values for each bone parameter were
averaged for 3 thoracic (T8-T10) and 3 lumbar levels (L3-L5) reducing random
measurement error. Further, the association between age and each bone measure was the
same for each vertebral level within the thoracic region and within the lumbar region,
validating the use of mean values for each spinal region. The study is also limited in its
ability to measure the very thin vertebral cortex. Rather the values for cortical vBMD likely
represent the peripheral bone, rather than an accurately segmented cortex.

Our findings suggest that deterioration in the spine is greater in the lumbar than the thoracic
region and greater in women than men. These results help explain the greater frequency of
vertebral fracture in women than men, and also, the high predictive value of lumbar spine
bone density for predicting fracture. The relative lack of decline in thoracic vBMD and
strength with age in men observed in our study suggests that vertebral fracture would be less
frequent in men for the thoracic spine. However, incidence of fracture is highest at the mid-
thoracic region (T7-T8) and thoracolumbar junction (T12-L1) for both women and men,
although few studies have compared the distribution of fracture along the spine in women
and men.5,39,42-43 Misclassification of fracture has been shown to be higher for the thoracic
spine than the lumbar spine,31,44-47 in part due to poorer image quality, but also due to
degenerative spinal disease or short vertebral height unrelated to osteoporosis.48 Moreover,
some studies found that discordance in methods to identify vertebral fracture relates mainly
to differential classification of mild deformities in the thoracic spine.48-50 Prospective
studies are needed to directly compare the association between bone loss and fracture at the
thoracic and lumbar spine in women and men.

In conclusion, decreases in vertebral strength with aging were greater in the lumbar than the
thoracic spine and greater in women than men. Both trabecular and cortical vertebral bone
declined with increasing age in the thoracic and lumbar spine in women. In men, trabecular
bone density also declined with age in both the thoracic and lumbar regions, however,
cortical bone loss was restricted to the lumbar spine. Our study confirms the importance of
evaluating the determinants of vertebral strength in both the thoracic and lumbar spine and
in both women and men to understand the mechanisms underlying structural failure of
vertebral bodies with aging.
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Figure 1.
Association between age and integral, trabecular, and cortical vBMD, and cross-sectional
area for the thoracic (T8-T10) and lumbar (L3-L5) spine in women and men. Mean values
for the thoracic and lumbar spine, averaged for T8-T10 and L3-L5, respectively, are shown.
Integral and trabecular vBMD declined with increasing age for the lumbar and thoracic
spine in women and men. Cortical vBMD declined with increasing age for the lumbar and
thoracic spine in women. In men, cortical vBMD declined with increasing age in the lumbar
spine but increased with increasing age in the thoracic spine. Cross-sectional area increased
with increasing age in the thoracic spine but did not change with increasing age at the
lumbar spine in women and men.
Women on left, men on right.
X-axis, age in years.
Y-axis, QCT bone measures, (A) Integral vBMD, (B) Trabecular vBMD, (C) Cortical
vBMD, (D) Cross-Sectional Area. Solid line, values for lumbar spine, averaged for L3-L5
vertebral levels.
Dotted line, values for thoracic spine, averaged for T8-T10 vertebral levels.
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Figure 2.
Association between age and compressive strength, compressive force, and factor-of-risk for
the thoracic (T8-T10) and lumbar (L3-L5) spine in women and men. Mean values for the
thoracic and lumbar spine, averaged for T8-T10 and L3-L5, respectively, are shown.
Compressive strength declined with increasing age for the lumbar and thoracic spine in
women. In men, compressive strength declined with increasing age for the lumbar spine but
did not change with increasing age for the thoracic spine. Compressive force declined with
increasing age for the lumbar spine in women and men but did not change with increasing
age at the thoracic spine. Factor-of-risk increased with age for the lumbar and thoracic spine
in women, whereas the factor-of-risk increased with age only for the lumbar spine and not in
the thoracic spine in men.
Women on left, men on right.
X-axis, age in years.
Y-axis, QCT bone measures, (A) Compressive strength (B) Compressive force, twisting and
flexion, (C) Compressive force, standing and flexion, (D) Factor-of-risk, twisting and
flexion (E) Factor-of-risk, standing and flexion.
Solid line, values for lumbar spine, averaged for L3-L5 vertebral levels.
Dotted line, values for thoracic spine, averaged for T8-T10 vertebral levels.
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