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Role of Trabecular Microarchitecture in Whole-Vertebral Body
Biomechanical Behavior

Aaron J. Fields,1 Senthil K. Eswaran,1 Michael G. Jekir,1 and Tony M. Keaveny1,2

ABSTRACT: The role of trabecular microarchitecture in whole-vertebral biomechanical behavior remains
unclear, and its influence may be obscured by such factors as overall bone mass, bone geometry, and the
presence of the cortical shell. To address this issue, 22 human T9 vertebral bodies (11 female; 11 male; age
range: 53–97 yr, 81.5 ± 9.6 yr) were scanned with mCT and analyzed for measures of trabecular micro-
architecture, BMC, cross-sectional area, and cortical thickness. Sixteen of the vertebrae were biomechani-
cally tested to measure compressive strength. To estimate vertebral compressive stiffness with and without
the cortical shell for all 22 vertebrae, two high-resolution finite element models per specimen—one intact
model and one with the shell removed—were created from the mCT scans and virtually compressed. Results
indicated that BMC and the structural model index (SMI) were the individual parameters most highly
associated with strength (R2 = 0.57 each). Adding microarchitecture variables to BMC in a stepwise multiple
regression model improved this association (R2 = 0.85). However, the microarchitecture variables in that
regression model (degree of anisotropy, bone volume fraction) differed from those when BMC was not
included in the model (SMI, mean trabecular thickness), and the association was slightly weaker for the latter
(R2 = 0.76). The finite element results indicated that the physical presence of the cortical shell did not alter
the relationships between microarchitecture and vertebral stiffness. We conclude that trabecular micro-
architecture is associated with whole-vertebral biomechanical behavior and that the role of microarchitecture
is mediated by BMC but not by the cortical shell.
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INTRODUCTION

THE INABILITY OF DXA TO accurately predict osteopo-
rotic fractures(1) or fully account for decreases in

fracture risk associated with antiresorptive treatment(2,3)

has magnified clinical interest in parameters related to
bone quality.(4,5) Of particular interest is trabecular mi-
croarchitecture, given its important role in the mechanical
behavior of isolated specimens of trabecular bone.(6–9)

However, the influence of trabecular microarchitecture on
whole-vertebral strength and stiffness is not well under-
stood and may be obscured by potentially dominant
morphological factors such as vertebral size, vertebral
shape, overall bone mass, and the presence of the cortical
shell. Understanding the relationships between micro-
architectural and morphological indices and the biome-
chanical properties of the human vertebral body may
therefore help elucidate the mechanisms by which tra-
becular microarchitecture contributes to vertebral fracture
etiology.

Several factors contribute to a vertebra’s biomechanical
behavior, including BMC and BMD,(10–13) cortical shell
thickness,(14) and geometric size and shape.(15) Despite the
fact that the trabecular bone in the anterior and superior
regions of the lumbar vertebra is less dense and connected
than in the posterior and inferior regions,(16,17) it was re-
cently reported that vertebral strength could not be ex-
plained through microarchitecture analysis of one specific
region.(17) This raises questions about possible interaction
effects between trabecular microarchitecture, the cortical
shell—which has a substantial and complex load-bearing
role in the human vertebra(14,18,19)—and vertebra size
(reflected in part by overall bone mass) in terms of con-
tributions to vertebral strength. It is possible, for example,
that the role of trabecular microarchitecture in vertebral
strength is influenced by the cortical shell or by bone mass.

The overall goal of this study was to investigate the role
of trabecular microarchitecture in whole-vertebral biome-
chanical behavior, accounting also for such factors as ver-
tebral mass, cortical shell morphology, and indeed the
presence of the cortical shell itself. We addressed this issue
using a combination of cadaver biomechanical testing,
high-resolution mCT imaging, and mCT-based finite ele-
ment modeling. Specifically, our objectives were to (1)
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assess the individual effects of trabecular microarchitec-
ture, cortical shell thickness, vertebral cross-sectional area
(CSA), and bone mass on vertebral strength and stiffness;
(2) determine the combined effects of these parameters on
vertebral strength and stiffness; and (3) determine whether
the physical presence of the shell alters the relation be-
tween trabecular microarchitecture and vertebral stiffness.
This study is the first to relate the individual and combined
effects of vertebral morphology, trabecular micro-
architecture, cortical morphology, and the presence of the
cortical shell to the biomechanical behavior in which all
assays are performed on the same human vertebrae.

MATERIALS AND METHODS

Fresh-frozen human spine segments were obtained from
willed-body programs subject to exclusion of any donors
having a documented history of metabolic bone disease
(e.g., metastatic cancer or hyper- and hypothyroidism).
Anterior–posterior and lateral view radiographs of ac-
cepted specimens were examined (M.G.J.) to identify and
exclude any T9 vertebrae showing evidence of preexisting
vertebral fractures or scoliosis. Twenty-two T9 vertebrae
(n = 11 male; n = 11 female; age range: 53–97 yr, mean ± SD =
81.5 ± 9.6 yr) were thus obtained.

After removing the posterior elements, each isolated T9

vertebral body was mCT scanned using a 30-mm voxel size
(Scanco 80; Scanco Medical, Brüttisellen, Switzerland),
and a number of bone morphology and microarchitecture
variables were measured from these scans. BMC for each
vertebra was estimated based on the measured bone vol-
ume and the assumption of constant tissue density (2.05
g/ml(20)), a technique that performs well compared with
DXA-derived BMC.(21) Model-independent trabecular
microarchitecture parameters were measured for the
largest internal cuboid region of trabecular bone, typically
;15 3 15 3 10 mm (Fig. 1). The microarchitecture varia-
bles studied were measured using the Scanco software and
comprised bone volume fraction (BV/TV), mean trabecu-
lar thickness (Tb.Th), mean trabecular number (Tb.N),
mean trabecular separation (Tb.Sp), structural model in-
dex (SMI),(22) connectivity density (Conn.D),(23) and de-
gree of anisotropy (DA).

To characterize biomechanical properties, destructive
compressive tests were performed after mCT scanning for a

subset of 16 specimens (n = 10 male; n = 6 female; age
range: 53–97 yr, 77.5 ± 10.1 yr; the remaining six vertebrae
were unavailable because they were used in a different type
of biomechanical testing experiment). The specimens were
cleared of soft tissues, placed between molds of poly-
methylmethacrylate (PMMA) bone cement to ensure
plano-parallel ends,(24–26) and tested at room temperature
to failure in displacement control at either 0.50(26) or
0.06% strain/s(27) after preconditioning(26). Saline-soaked
gauze was used to keep the samples moist throughout
the experiments. Our main outcome parameter, vertebral
strength (Fult), was defined as the peak force achieved
during the loading cycle,(26) which occurred typically at a
strain of ;1.8%. Vertebral stiffness was not measured
because we did not use specimen-attached extensometers,
and thus machine compliance effects would confound the
resulting deformation measures. Although the strength
behavior of both cortical and trabecular bone depend on
strain rate when strain rate is varied over many orders of
magnitude,(28,29) the effect of strain rate is negligible in the
range used here (p = 0.91; 0.1 versus 1.0% strain/s(28)).
Thus, our data were not adjusted for any differences in
applied strain rate.

In addition to this biomechanical testing, we performed
finite element (FE) analysis on each of the n = 22 speci-
mens to estimate vertebral compressive stiffness with and
without the cortical shell. For each vertebra, two FE
models—one intact and one with the cortical shell virtually
removed—were created using previously reported meth-
ods.(14,30,31) Briefly, the scans were region-averaged to
60-mm voxel size and segmented using a global threshold
value. A custom algorithm (IDL 6.2; ITT Visual Informa-
tion Solutions, Boulder, CO, USA) using moving aver-
ages(14,30) was used to identify the cortical shell. Each
60-mm cubic voxel was converted into an eight-noded
element to create an FE model of the entire vertebral
body. Because the cortical shell is often described as con-
densed trabeculae,(32–34) all cortical and trabecular bone
elements in the models were assigned the same hard tissue
properties (elastic modulus 18.5 GPa and Poisson’s ratio
of 0.3). Polymethylmethacrylate (elastic modulus 2.5 GPa
and Poisson’s ratio of 0.3(35)) layers were added to the in-
ferior and superior endplates of the vertebral body to
mimic experiments. To determine how the presence of
the shell influences the role of trabecular microarchitecture

FIG. 1. Example mCT rendering of a hu-
man T9 vertebral body (left) with largest
internal cuboid of trabecular bone isolated
for microarchitecture analysis (right).
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in vertebral biomechanical behavior, a second FE
model without the cortical shell was created for each
specimen, and stiffness was computed for this model while
keeping all other model inputs the same as in the intact
model.

The resulting FE models had up to 80 million elements
and >300 million degrees of freedom and required highly
specialized software and hardware for analysis.(36) To
simulate compressive loading, the superior surface of each
model was displaced to 1.0% apparent level strain in the
inferior–superior direction. The inferior surface was fixed
to mimic experimental testing protocols. All analyses were
run using custom code—including parallel mesh partitioner
and algebraic multigrid solver(36)—on an IBM Power4 su-
percomputer (Datastar, San Diego, CA, USA) and re-
quired a maximum of 880 processors in parallel and 1800 GB
of memory. These analyses provided a number of outcome
parameters. Vertebral stiffness (Kintact) was defined as the
ratio of the reaction force generated at the inferior surface
to the applied displacement. A similar calculation was used
to define the stiffness of the trabecular compartment
(Ktrab) but using instead the results from the vertebra
model without the shell. The contribution of the trabecular
compartment to whole-vertebral stiffness, an indicator of
load sharing between the cortical and trabecular bone, was
quantified by the ratio Ktrab/Kintact. The region-averaged 60-
mm models were also used to calculate the average thickness
of the cortical shell (Ct.Th) in the transverse region excluding
the endplates,(14) as well as a ratio of cortical shell mass to
whole bone mass—cortical mass fraction (Ct.M). Minimum
vertebral CSA was determined using a moving average for
1-mm-thick transverse slices.

The independent roles of trabecular microarchitecture,
cortical shell thickness, and vertebral morphology in the
biomechanical outcomes were quantified by the Pearson
correlation coefficient. All explanatory variables were also
correlated with each other to explore cross-correlation ef-
fects. The combined roles of trabecular microarchitecture,
morphology, and BMC in strength and stiffness were
quantified using stepwise multiple linear regressions (JMP
7.0; SAS Institute, Cary, NC, USA), which sequentially add
the most significant explanatory variable to the model until
the unexplained variability in the dependent parameter
cannot be reduced. To determine whether the presence
of the cortical shell alters the role of microarchitecture,
stiffness–architecture relationships were determined using
intact and trabecular stiffness as the outcome. The statisti-
cally significant intact and trabecular stiffness–architecture
relationships were compared using a t-test on the regression
slopes. All regressions and tests were taken as significant at
p < 0.05.

RESULTS

The average value of bone volume fraction was <10%
(Table 1), indicating the low-density nature of the vertebrae
analyzed. Consistent with this, strength values (1420–6570
N) were typical of an elderly cohort with low bone mass.(10)

Of all measured explanatory variables, BMC (r = 0.76)
and SMI (r = 20.76) showed the highest associations
with vertebral strength, whereas BMC was most highly
associated with vertebral stiffness (r = 0.90; Table 2). Over-
all, the remaining trabecular microarchitecture parameters
showed modest correlations with either vertebral strength

TABLE 1. Donor, Whole Bone Mophometry, Cortical Shell, Trabecular Microarchitecture, and Biomechanical Data for the 22
Human T9 Vertebral Bodies Included in This Study

Mean SD CV* (%) Range

Donor

Age (yr) 81.5 9.6 11.8 53–97

Body mass (kg) 59.9 12.2 20.3 38.6–86.4

Whole bone morphology

BMC (g) 8.16 3.01 36.9 3.7–13.5

CSA (cm2) 8.49 1.59 18.7 5.8–11.3

Cortical shell

Ct.Th (mm) 0.38 0.09 24.5 0.25–0.54

Ct.M (%) 14.5 3.3 22.9 8.9–21.5

Trabecular microarchitecture

BV/TV (%) 9.8 1.8 18.9 7.2–14.1

Tb.N (mm21) 0.99 0.10 10.3 0.78–1.14

Tb.Sp (mm) 0.98 0.11 11.5 0.82–1.21

Tb.Th (mm) 0.16 0.02 13.8 0.12–0.22

DA 1.42 0.08 5.7 1.27–1.60

Conn.D (mm23) 3.02 0.80 26.6 1.16–4.48

SMI 2.19 0.30 13.6 1.34–2.72

Biomechanical properties

Vertebral strength, Fult (N)† 3250 1420 43.7 1420–6570

Vertebral stiffness, Kintact (kN/mm) 44.9 17.6 39.2 19.4–79.6

Trabecular stiffness, Ktrab (kN/mm) 26.4 13.7 51.9 8.4–57.1

Ktrab/Kintact (%) 56.6 10.8 19.1 35.7–73.2

* CV = SD/mean.
† Vertebral strength measured only for 16 vertebrae.
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or stiffness (|r|= 0.21–0.66), with significant correlations
only occurring for SMI and BV/TV. As expected from
previous studies,(37) FE-computed whole–vertebral stiff-
ness and compression test–measured vertebral strength
were highly correlated (r = 0.87). Vertebral strength and
stiffness were weakly correlated with donor age (r = 20.50
and r = 20.66, respectively) but not with donor body mass.

Results from the multiple regression analyses indicated
that trabecular microarchitecture was strongly associated
with vertebral strength and stiffness, but its role was me-
diated by BMC (Fig. 2). Combined measures of trabecular
microarchitecture (SMI and Tb.Th)—when considered
without data on BMC and cortical morphology—could
explain an appreciable degree of variability in vertebral
strength (R2 = 0.76) and stiffness (R2 = 0.62). However,
when BMC was added to the model, the architecture var-
iables in the multiple regression model changed (strength:
DA and BV/TV; stiffness: DA) and the degree of corre-
lation increased (strength and stiffness: R2 = 0.85). Scat-
terplots of the regression models with BMC alone and with
BMC plus microarchitecture as predictors of vertebral
strength (Fig. 3) and a comparison between the changes in

the residuals for the weaker one half (n = 8) versus the
stronger one half (n = 8) of the specimens showed signifi-
cantly greater reductions for the weaker group (Wilcoxon
rank–sum test, p = 0.04). This indicates that including mi-
croarchitecture parameters in the model had a greater ef-
fect on the low-strength specimens. Variations in cortical
morphology were not associated with vertebral strength
after accounting for either microarchitecture or BMC.

One-way correlations between the explanatory variables
showed a number of moderately strong cross-correlation
effects (Table 3). For example, BMC was correlated (|r| >
;0.5) with the structure and density of trabecular bone
(SMI and BV/TV, respectively), cortical shell morphology
(Ct.Th and Ct.M), and vertebral size (CSA).

Relationships between each of the microarchitecture
parameters and vertebral stiffness with the shell removed
were similar to those with intact vertebral stiffness (t-test
on regression slopes, p = 0.09–0.63), indicating that the
physical presence of the cortical shell did not alter the re-
lationships between trabecular microarchitecture and ver-
tebral stiffness. The unique mechanical contribution of the
trabecular bone, Ktrab/Kintact, varied from 36% to 73% of
the intact vertebral stiffness and was most significantly
associated with the relative amounts of cortical and tra-
becular bone (Ct.M, r = 20.85). Of the microarchitecture
parameters, there was an association between the stiffness
contribution of the trabecular compartment and the plate-
like nature of the trabeculae (SMI, r = 20.54).

DISCUSSION

Taken together, these results showed that trabecular
microarchitecture was associated with vertebral strength
and that its role was mediated by bone mass but not by
CSA or the cortical shell. This mediation effect was caused
in part by significant cross-correlations between bone
mass and trabecular microarchitecture. As a result of
these cross-correlation effects, different microarchitecture
parameters were associated with measured vertebral
strength when included in a multiple regression model with
bone mass (DA and BV/TV) than when included in a
model without bone mass (SMI and Tb.Th). Bone volume
fraction is related to porosity (=1 2 BV/TV) and can be
considered a surrogate of volumetric bone density rather
than a strict measure of microarchitecture. Thus, whereas
SMI and Tb.Th together seem to be the most impor-
tant microarchitecture parameters when bone mass and

TABLE 2. Independent Role (Pearson’s Correlation Coefficient, r) of Trabecular Microarchitecture, Cortical Shell Thickness, and
Vertebral Morphology on Biomechanical Properties (n = 22, Unless Noted)

BMC CSA Ct.Th Ct.M BV/TV Tb.N Tb.Sp Tb.Th DA Conn.D SMI

Fult* 0.76† 0.48 0.50‡ 20.45 0.66x 20.28 0.21 0.31 0.46 20.35 20.76†

Kintact 0.90† 0.66† 0.66† 20.49‡ 0.61x 20.36 0.28 0.39 0.35 20.38 20.67†

Ktrab 0.87† 0.69† 0.46‡ 20.64x 0.62x 20.31 0.24 0.33 0.35 20.31 20.73†

Ktrab/Kintact 0.53‡ 0.50‡ 20.10 20.85† 0.40 20.02 <0.01 0.01 0.13 0.07 20.54x

* Vertebral strength measured only for 16 vertebrae.
† p < 0.001.
‡ p < 0.05.
x p < 0.01.

FIG. 2. R2 values for combined contributions of micro-
architecture, morphology, and BMC in stepwise multiple regres-
sion models for FE-predicted vertebral stiffness (n = 22) and
experimentally measured vertebral strength (n = 16). Micro-
architecture considers all BV/TV, Tb.N, Tb.Sp, Tb.Th, DA,
Conn.D, and SMI. Morphology considers all CSA, Ct.Th, and
Ct.M. See text for nomenclature.
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trabecular density are not available, the degree of anisotropy
seems to be the most important microarchitecture parameter
when bone mass and density data are available. Furthermore,
our findings suggest that the role of microarchitecture may be
more important in low-strength vertebrae.

One unique feature of this study was our use of the FE
modeling technique to virtually remove the cortical
shell—a task that would have been difficult to perform
experimentally—to test whether its physical presence al-
ters the role of trabecular microarchitecture on whole-
vertebral stiffness. This provided mechanistic insight into

the multiple regression analyses. We also performed all
assays on the same specimens, thereby eliminating scatter
caused by the use of neighboring vertebrae or peripheral
sites for microarchitecture and biomechanical analyses. In
addition, model-independent microarchitecture parame-
ters were determined from mCT scans at 30-mm resolution
to reduce partial volume effects on measurement accur-
acy.(38) In terms of external validity, this elderly cohort
spanned a range of equivalent QCT-BMD values for tra-
becular bone (determined using a linear relationship be-
tween apparent density and QCT-BMD(39)) both above
(n = 11) and below (n = 11) a reported clinical fracture
threshold of 110 mg/ml,(40) and thus represented a popu-
lation at risk for vertebral fracture.

The most important limitation of this study was the
modest sample size, which may prevent the extension of
our findings to a wider range of bone phenotypes, including
younger individuals with higher bone volume fractions.
Additionally, the loading conditions used for the biome-
chanical assays were chosen to provide controlled bound-
ary conditions common in laboratory cadaver testing, but
as a result were not fully representative of in vivo loading.
Under more physiological loading conditions, the end-
plates should experience larger strains than those observed
here,(31,41) and thus it is not clear how our results would
change if the vertebrae were compressed by intervertebral
discs. However, a previous study(17) on functional spine
units (which allowed loading by a disc) reported only a
moderate correlation (R2 = 0.38; p = 0.003) between yield
strength and endplate thickness. Moreover, because the
cortical shell is loaded less during compression through the
disc, the role of the shell in vertebral strength, including
any tendency to obscure trabecular contributions, may be
even smaller than reported here. Associated with this issue
is the effect of any added bending moment—possibly
arising as a result of forward flexion—on the relative con-
tributions of the trabecular and cortical compartments
compared with the case of uniform compression. Although
in vivo loads on the vertebral body during flexed postures
are not well understood, preliminary studies suggest pe-
ripheral bone has a greater role under bending loads(42)

and that less optimal stress transfer may occur in osteo-
porotic trabecular bone.(19) Further study is needed to
address this issue.

A more technical caveat of our approach is that the
absence of stiffness data from the mechanical tests pre-
vented us from correlating FE predictions with experi-
mental results. Unlike in our models, stiffness is difficult to
measure in the experiments for several reasons. First, the
force–deformation curve is not linear; therefore, experi-
mental measures of stiffness are highly sensitive to the
region of the curve analyzed. Second, because of machine
compliance and the possible presence of soft tissue or gaps
between the PMMA and endplates, stiffness measured
from cross-head displacement is not reflective of the actual
stiffness of the vertebra—a challenge because the FE
models contain an idealized interface between the PMMA
and bone. However, the high correlation between FE-
predicted and experimentally measured stiffness(7) found
previously for trabecular cores lends support to the validity

FIG. 3. Fitted vs. measured vertebral strength. (A) BMC as a
single predictor of strength (Strength = BMC 3 376 – 196). (B)
BMC, DA, and BV/TV as predictors of strength (Strength = BMC
3 244 + DA 3 7660 + BV/TV 3 29,700 – 12,900).
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of our models. Additionally, element size was determined
from a numerical convergence analysis.(14) Because we
applied the same linear modeling technique to all speci-
mens, relative predictions of stiffness and the role of mi-
croarchitecture should be robust.

One clinical limitation is that a lack of DXA or QCT
data for this cohort did not allow us to compare against
those modalities. At the time of these scans, we did not
have a standard calibration of the tissue density detected
by the mCT scanner. However, a recent study comparing
DXA-derived BMC with mCT estimates using the as-
sumption of constant tissue density showed excellent
agreement (R2 = 0.96, slope of 1) between these two
techniques.(21) Moreover, the CV in mean tissue mineral
density for human trabecular bone is <2.1%,(43) and thus,
the error in BMC estimates associated with our assumption
of constant tissue density should not be appreciable. Be-
cause we did not have DXA scans, we have no information
on the role of microarchitecture in the presence of DXA-
derived areal BMD data for the spine. Clinically, such
BMD data would likely be combined with trabecular mi-
croarchitecture measurements from the spine or from pe-
ripheral sites, both at lower resolutions. Our findings are
consistent with results from a previous study that found
trabecular microarchitecture parameters in the spine,
particularly SMI and BV/TV, were highly indicative of
vertebral fracture risk.(44) At peripheral sites, trabecular
microarchitecture is weakly correlated with that of the
spine,(45) and clinical studies using architecture from pe-
ripheral sites to differentiate vertebral fracture patients from
nonfracture controls have had mixed success.(46,47) Addi-
tional research is needed to elucidate the role of micro-
architecture from peripheral sites in vertebral fracture risk.

The results of this study are consistent with and com-
plementary to previous studies on the role of microarchi-
tecture in vertebral strength,(17,21,48) and taken together,
suggest that improvements in vertebral strength predic-
tion are best achieved through considering the trabec-
ular microarchitecture of the vertebra of interest. One-way
strength–architecture relationships were in close agree-
ment with those found by others,(17) indicating that a ver-
tebra’s strength does indeed depend on its trabecular

microarchitecture. However, the role of trabecular micro-
architecture was only marginal in the strength of a neigh-
boring vertebra.(48) These results can thus be thought of as
a best-case scenario for the use of microarchitecture mea-
sures to predict vertebral strength. Volume fraction ac-
counts for the fact that larger vertebrae are less dense than
smaller specimens with the same BMC; after bone size and
quantity effects, the remaining differences in vertebral
strength were most significantly associated with variations
in the degree of trabecular anisotropy. Pooled results from
a recent monkey study showed a comparable increase
(from 67% to 88%) in prediction of measured strength by
including Tb.Sp, SMI, and bone surface-to-volume ratio
with BMC of the same specimens.(21) Bone volume frac-
tions were ;26–32% in that study. It remains to be seen
whether the microarchitecture parameters most associated
with human vertebral strength after accounting for bone
mass are the same for both low- and high-density vertebrae.

Our results showed that the physical presence of the
shell does not seem to change the role of trabecular
microarchitecture in vertebral stiffness. One implication of
this unexpected result is that the insight gained from
studying the effects of microarchitecture in isolated speci-
mens of trabecular bone may extend to whole-vertebral
behavior. Along with the stiffness–architecture relation-
ships, strength–architecture relationships may too be unaf-
fected by the presence of the shell because microarchitecture
and cortical morphology had similar independent effects on
both vertebral stiffness and strength. Another interesting
finding was that cortical morphology was not associated with
vertebral strength in multiple regression. One hypothesis is
that the failure behavior of the vertebra is more sensitive to
differences in trabecular microarchitecture that reflect the
bone’s susceptibility to buckling (e.g., Tb.Th and SMI)(49)

rather than to differences in cortical shell morphology.
Given the shell’s substantial contribution to vertebral
strength(50,51) and stiffness(14,19,30) and that a recent clinical
study using FE analysis of QCT scans indicated a poten-
tially important role of the peripheral bone on vertebral
fracture risk,(46) further research is recommended into the
independent role of the cortical shell for vertebral strength
prediction and clinical fracture risk assessment. These data

TABLE 3. Pearson’s Correlation Coefficient (r) Between BMC, Trabecular Microarchitecture, and Morphological Parameters as
Measured by mCT (n = 22)

BMC CSA Ct.Th Ct.M BV/TV Tb.N Tb.Sp Tb.Th DA Conn.D

BMC —

CSA 0.83* —

Ct.Th 0.66* 0.33 —

Ct.M 20.48† 20.44† 0.16 —

BV/TV 0.58‡ 0.31† 0.50† 20.17 —

Tb.N 20.23 20.34 20.10 0.08 0.28 —

Tb.Sp 0.19 0.34 0.06 20.06 20.37 20.98* —

Tb.Th 0.30 0.29 0.28 0.07 0.29 20.52† 0.45† —

DA 0.18 0.06 0.08 20.24 20.05 20.69* 0.65* 0.45† —

Conn.D 20.26 20.32 20.21 < 0.01 0.10 0.91* 20.85* 20.71* 20.76* —

SMI 20.65‡ 20.47† 20.42 0.34 20.69* 0.11 20.08 0.04 20.19 0.08

* p < 0.001.
† p < 0.05.
‡ p < 0.01.
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are not inconsistent with those findings; instead, they sug-
gest that the roles of the cortical shell and trabecular mi-
croarchitecture are largely independent. We also note that
the plate-like nature of the trabeculae was individually
predictive of the stiffness contribution of the trabecular
compartment (Ktrab/Kintact) but that the effect was sec-
ondary compared with the relative mass of the cortical and
trabecular bone. Whereas this supports the argument that
compressive load sharing may primarily involve vertically
aligned bone tissue,(30) additional research is needed to
understand the contributions of horizontal and vertical
trabeculae to whole-vertebral biomechanical behavior.(52)

In summary, our findings show that trabecular micro-
architecture was associated with whole-vertebral biome-
chanical behavior and that its role was mediated by BMC but
not by vertebral CSA or the cortical shell. Furthermore, it
seems that the role of trabecular microarchitecture, when
considered in conjunction with information on bone mass and
density, was more accentuated in low-strength vertebrae and
involves mostly the degree of anisotropy.
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