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B I Vivo Assessment of Lumbar Vertebral Strength in
Elderly Women Using Computed Tomography-Based

Nonlinear Finite Element Model

Kazuhiro Imai, MD, PhD,*t Isao Ohmishi, MD, PhD,* Seizo Yamamoto, MD, PhD, 1

and Kozo Nakamura, MD, PhD*

Study Design. /n vivo study of a computed tomogra-
phy (CT)-based nonlinear finite alement model (FEM),

Objective. To establish an FEM with the optimum ele-
mant size to assess the vertebral strength by comparing
analyzed data with those obtained from mechanical test-
ing in vitro, and then to assess the sacond lumbar (L2)
vertebral strangth In vivo. S

Summary of Background Data. FEM has been re-
ported to predict vertebral strength in vitro, but has not
bean used clinically,

Methods. Comparison among the 3 models with a
different element size of 1 mm, 2 mm, and 3 mm was
performed to determine which model achieved the most
accurate prediction. Vertebral strength was assessed in
78 alderly Japanese women using an FEM with the opti-
mum element size.

Results. The optimum element size was 2 mm. The L2
vertebral strength obtained with the FEM was 2154 = 685
N, and the model could detect preexisting vertebral frac-
ture better than measuramant of bone mineral density.

Conclusion. Tha FEM could assass vertebral strength
in vive,

Key words: vartebral strength, osteoporosis, finite el-
emant modal, elderly women, in vivo assassment. Spine
2008;33:27-32

Osteoporotic vertebral fractures have become a major
social problem because the elderly population continues
ro increase. Vertebral fractures affect approximarely
25% of postmenopausal women.! Measurement of the
bone mineral density (BMD) by quantitative computed
womography (QCT) and dual energy radiograph absorp-
tiomertry (DXA) have been used to predict the risk of
vertebral fracrure. However, the correlation between
vertebral bone strength and BMD measured by QCT is
reported to be only 0.37 to 0.74,>7 while the correlation
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achieved with DXA is reported to be 0.51 1o 0.80,*
Therefore, such merhods only explain 37% to 80% of
vertebral srrength. Bone strength primarily reflects the
bone density and bone quality, which are influenced by
bone architecture, turnover, accumulation of damage,
and mineralization,'?

It has been reported thar a CT-based nonlinear finire
clement model (FEM) could predicr vertebral strength
and fracture sites accurately i vitro."" To predict quan-
rirative strengrh and fracture sites is essenrial for the clin-
ical application of an FEM because both parameters are
important indicators of vertebral fracture risk. Predic-
ton by an FEM with a smaller element size using the data
from computed tomography (CT) scans with a thinner
slice thickness and a smaller pixel size is thought to be
more accurare. On the other hand, thinner CT slices lead
to more radiation exposure in the clinical situation. To
decrease radiation exposure as much as possible during
CT scanning, optimization of the element size of the
FEM was performed by assessing the accuracy of the
FEM simularion.

The purposes of this srudy were ro establish a CT-
based nonlinear FEM with the optimum element size to
predict the vertebral fracture load by evaluating the ac-
curacy of our model from a comparison berween predic-
tions and data obtained by mechanical testing of human
cadaver specimens i vitro, and then to assess lumbar
vertebral strength in elderly women using the oprimized
CT-based nonlinear FEM.

W Materials and Methods

Optimization of the Element Size of the FEM. This study
used CT dara and mechanical resting dara obrained previous-
Iy."! Twelve thoracolumbar vertebrae (T11, T12, and 1) with
no skeletal pathology were collected within 24 hours of death
from 4 men (31, 55, 67, and 83 years old). The vertebrae were
disarticulated, and the discs were excised. Then the posterior
clement of each vertebra was removed by cutting through the
pedicles. The vertebrae were immersed in water and axial CT
scans with a slice thickness of 1 mm and a pixel width of 0.351
mm were obrained using a Lemage SX/E (GE Yokokawa Med-
ical System, Tokyo, Japan) with a calibration phantom con-
taining hydroxyaparite rods.

The 3-dimensional FEM was constructed from CT dara us-
ing Mechanical Finder software (Mitsubishi Space Software
Co., Tokyo, Japan). Three models with a different element size
were created for each vertebra using 1| mm, 2 mm, or 3 mm
tetrahedral elements. To the outer surface of the retrahedral
elements, triangular plates were attached as to form a cortical
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Figure 1. Finite element models of
a whole vertebral body con-
structed with 1 mm, 2 mm, or 3 mm
tatrahedral elements. The cortical
shell was modeled by using trian-
gular plates with a thickness of 0.4
mm. The model on the left consists
of 104,205 nodes with 585,784 tet-
rahedral elements and 15800 tri
angular plates constructed using
1-mm size elements. The middie
madel consists of 12,938 nodes
with 70022 tetrahedral elements
and 3586 triangular plates con-
structed using 2-mm elements
The model on the right consists of
3476 nodes with 18,103 tetrahedral
elements and 1330 triangular
plates constructed using 3-mm
size elements.

shell (Figure 1). The thickness of this shell was set as (.4 mm
based on the previous papers.'**

To allow for bone heterogeneity, the mechanical properties
ot each element were compured from the Hounsfield unit value.
Ash density of each voxel was determined from the linear re
gression equation created by these values of the calibration
phantom. Ash density of each element was set as the average
ash density of the voxels contained in one element. Young's
modulus and the yield stress of each terrahedral element were
caleulated from the equations proposed by Keyak ef al.'”
Young’s modulus of each triangular plate was ser as 10 GPa
and Poisson’s ratio of each element was set as 0.4,

A uniaxial compressive load with a uniform distribution
was applied on the upper surface of the vertebra and all the
elements and all the nodes of the lower surface were completely
restrained. Each model was analyzed using Mechanical Finder
software as reported previously.'!

A nonlinear FEM by Newron-Raphson method was used.
To allow for the nonlinear phase, mechanical properties of the
clements were assumed ro be bilinear elastoplastic, and the
isotropic hardening modulus was set as 0.05. Each element was
assumed ro yield when its Drucker-Prager equivalent stress
reached the element yield stress. In the postyield phase, failure
was defined as occurring when the minimum principal strain of
an element was less than —10,000 microstrain,

The predicred fracrure load was dehned as the load that
caused at least one element failure, while the measured fracrure
load was defined as the ultimate load that was achieved by
mechanical testing. Pearson’s correlation analysis was used to
evaluare correlations between the fracture load predicted by
FEM simulation and rhe measured fracture load. To optimize
the element size of the FEM, the accuracy of prediction of the
fracture load was compared among the 3 models with different
element sizes. To assess the relationship berween the models
with a different element size, linear regression analyses were
performed.

In addition, we also created models using 1.4 mm and 4.5
mm elements as well as | mm, 2 mm, and 3 mm elements to
investigate the model convergence. For each of the models.
total strain energy was calculated at a load of 1000 N, under
which all specimens were in the elastic phase. Data on the total

strain energy were compared among the | mm (average
403,033 tetrahedral elements). 1.4 mm (average 143,367 tet-
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rahedral elements), 2 mm (average 47,687 tetrahedral ele-
ments), 3 mm (average 11,903 tetrahedral elements), and 4.5
mm (average 2719 tetrahedral elements) models.

In Vivo Assessment of Lumbar Vertebral Strength. The
subjects were ambulatory postmenopausal Japanese women
aged 60 ro 85 vears. Excluded from participation were women
with disorders of bone and mineral merabolism other than
postmenopausal osteoporosis, those who had any recent or
current treatment with the potential to alter bone turnover or
bone metabolism, and those with a history of second lumbar
vertebral (L2) fracture. The study protocol was approved by
our ethics committee and each participant provided written
informed consent. A rotal of 78 eligible participants were en-
rolled in this study.

In all the participants, the BMD (g/em*) of the lumbar spine
(L2-1.4) was measured by DXA (DPX; Lunar, Madison, W1} in
the supine position and axial CT scans of 1.2 were obtained
with a slice thickness of 2 mm and pixel width of 0.35 mm
using Light Speed QX/i (GE Yokokawa Medical System, To-
kyo, Japan) with a calibration phantom containing hydroxy-
apatre rods. The 3-dimensional FEM was constructed from the
CT dara using Mechanical Finder with 2 mm tetrahedral ele
ments and 2 mm triangular plates, and the fracture load was
analyzed using this software as described above.

Results are expressed as the mean = standard deviation
(SD). Sratisrical analysis was performed with the Mann-
Whitney U test and the Kruskal-Wallis test. Differences were
considered significant at P < (.05.

W Results

Optimization of the FEM Element Size
There was a strong linear correlation berween the frac-
ture load predicred by the FEM with 1 mm retrahedral
elements and the measured loads (r = 0.938, P <
0.0001), and the slope of rhe regression line was (.934
(Figure 2A). Wirh 2 mm elements, the correlarion was
even stronger (r = 0.978, P < 0.0001), and the slope of
the regression line was 0.881 (Figure 2B). With 3 mm
elemenrs, the correlation was slightly weaker (r = 0,866,
P < 0.0001), and rhe slope of the regression line was
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Figure 2. The measured fracture load versus the fracture load pre-
dicted by the finite element model (FEM), A, FEM with-1 mm tetrahe-
dral elements. B, FEM with-2 mm tetrahedral elements. C, FEM with
3-mm tetrahedral elements, Strong correlations (r > 0.90) were ob-
tained with elements of 1 mm and 2 mm in size, while a moderate
correlation (r = 0.866) was obtained with 3-mm elements.
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0.937 (Figure 2C). There was a strong linear correlanion
berween the fracrure load predicted by the 1 mm element
model and that by the 2 mm (r = 0.959, P < 0.0001),
and the slope of the regression line was (.868. Wirh the |
mm and 3 mm models, the correlation was slightly
weaker (r = (0,912, P < 0.0001), and the slope of the
regression line was 0.839. With the 2 mm and 3 mm
models, the correlation was much weaker (r = 0.878,
P < 0.0001), and the slope of the regression line was
0.730.

In the convergence study, toral strain energy de-
creased by 9.1% (4.0%-=22.9%), with an increase of the
element size from 1 mm 0 1.4 mm. With an increase
from 1.4 mm ro 2 mm, it decreased by 10.0% (6.5%~
17.3%), and decreased by 9.5% (2.9%=13.2%) from 2
mim to 3 mm., With an increase from 3 mm to 4.5 mm,
rotal strain energy increased in some vertebrae although
it decreased by an average of 38.6%.

In Vivo Assessment of Lumbar Vertebral Strengtlh

The 78 women enrolled in the study had a mean age of
74.4 = 5.6 years, a mean height of 148.4 = 6.0 cm, and
a mean weight of 30.3 = 7.7 kg. The measured BMD of
the lumbar spine was 0.808 = (0,181 g/em® and the strength
of L2 predicted by the model was 2154 + 685 N.

The subjects were classified into 5-year age groups, as
summarized in Table 1. Height and vertebral strength
showed a significant decrease in the older age groups, but
weight and BMD did not change significantly (Kruskal-
Wallis test, P < 0.05).

Next, the subjects were classified on the basis of prior
verrebral fracture, Among the 78 women, 42 did not
have any vertebral fracrures (nonfracture group) and 36
subjecrs already had vertebral fracrures (fracture group).
Thus, vertebral fractures were present in 46.1% of the
total study population. The characteristics of the 2
groups are summarized in Table 2. The nonfracture
group was significantly younger than the fracrure group
(Mann-Whitney U test, P < 0.001). Height (P < 0.05)
and weight (P < 0.005) were significantly greater in the
nonfracture group than in the fracrure group.

The average spinal BMD of the nonfracture group
was 0.849 = 0.146 glem’, which was greater than thar of
the fracture group ar 0.759 £ 0.207 glem® (P < 0.05)
(Figure 3). The predicted vertebral strength of L2 was
2489 * 580 N in the nonfracture group, which was
greater than in the fracture group at 1764 + S8 N (P <
0.0001) (Figure 3). The L2 strength to weight rario was
4.80 = 1.20 in the nonfracture group, and this was sig-
nificantly greater than in the fracture group at 3.77 +
1.36 (P < 0.005) (Figure 4).

B Discussion

Assessing vertebral strength by using the FEM has been
difficult because of the complex geometry, elastoplastic-
ity, and thin cortical shell of the vertebra. The vertebrae
have an elaborate architecture and geometry with curved
surfaces, which cannor be modeled properly by using



30 Spine » Volume 33 « Number 1+ 2008

Table 1. Summary of the Subjects’ Height, Weight, BMD, and Analyzed Vertebral Strength (Mean = SD)

Age (yr) N Haight (cm) Weight {kg) BMD (g/cm?) Vertebral Strength (N)
60-64 6 15356 = 45 540 = 681 0.850 = 0,180 2592 - 497
65-69 10 1523 =78 509 = 8.2 0,848 = 0.112 2665 + 528
70-74 21 1481 = 50 51374 0.744 = 0.169 2050 = 752
5-19 Fii 1478 =~ 62 85 =87 0.800 + 0.200 2069 = T06
80-85 15 1451 =318 503 =63 0.867 = 0.191 1933 + 512

8-noded hexahedral elements. Previous mechanical rests
have shown thar there is a difference berween the tensile
and compressive strength of bone,'*™'® with compres-
sive strength showing nonlinear behavior. Therefore, a
nonlinear FEM should be used to predict the clinical
fracture load. The cortical shell of each vertebra is esti-
mated to have a thickness of approximately 0.4 mm.'**
In comparison, the resolution of clinically available CT
scanners is fairly low, with a pixel spacing of larger than
(.25 mm. This means thar the currently available CT
dara do not allow the thin cortical shell to be precisely
modeled. The cortical thickness tends to be overesti-
mated and its density is underestimated.'”*" Therefore,
It is necessary to construct a thinner model corrtical shell
from non-CT data. Shell elements of triangular plates
with a uniform rhickness of 0.4 mm were used ro con-
struct a cortical shell.

The characteristics of the present FEM in this study
were as follows: adoption of the terrahedral elements ro
model the surface curvarure of the entire vertebra, utili-
zarion of nonlinear analysis to match the elastoplasticity
of the verrebra during compression, and construction of
a cortical shell as the surface of the model. It has been
reported that the thin cortex of a vertebra conrribures
12%-75% to its overall strength and the contriburion of
the cortex is estimared to be significantly larger in osteo-
porotic individuals.>**? Thus, the importance of the
strength of the cortical shell should be taken into consid-
eration when predicting the fracture load for osteoporo-
sis patients.

The limitation of our model is thar the corrical shell
was treated as a homogenous material because the pixels
of CT scans were too large ro model the thin correx. In
addirion, with the limited resolution of currently avail-
able CT scanners, the microarchitecrure of the bone can-
not be precisely assessed. Micro-CT and synchrotron mi-
cro-CT can visualize bone microstructure.”” Therefore,
an FEM based on micro-CT data may show more accu-
rate simulation because it would be possible to model a
cortical shell with heterogeneous properties and also to
assess the microarchitecture. However, obtaining mi-

Table 2. Background of the Subjects in No Fracture
Group and Fracture Group

Group N Age fyr) Haight {cm) Waight (kg}
No fracture group 42 T3=57 1499 = 67 526=74
Fracture group 36 768+ 46 146.6 = 6.0 47813

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

cro-CT scans of a whole vertebra m tivo would be im-
possible with the currently available scanners. Also, use
of thinner CT slices to obrain images leads to more radi-
ation exposure. To decrease radiation exposure for
clinical use, somewhar thicker slices would be mare
appropriate.

We assessed 3 models each with a different element
size of 1 mm, 2 mm, and 3 mm. With an element size of
1 mm and 2 mm, the correlation between the fracrure
load predicted by the FEM and thar measured experi-
mentally was very strong (r > 0.90). With an element size
of 3 mm, the correlation was slightly weaker (r < 0.90).
Although all of 3 FEM were generated using CT data
obtained with a 1 mm slice thickness, these results sug-
gested thar the elements with a size of 1 mm or 2 mm
could be used to accurarely predicr the fracrure load.
There was a stronger correlation (r = 0.978) with 2 mm
tetrahedral elements than with either 1 mm or 3 mm
elements. The correlation of the fracture load between
the prediction and the experiment was better than that in
the previous FEM srudies (r = 0.89-0.95).>*"7 The
slope of the regression line obrained with 2 mm retrahe-
dral elements was 0.881, which was also better than that
in the previous FEM studies (0.569-0.86).>*=*" The
previous FEM studies had failed to model the surface
curvarure of the verrebra, march the elastoplasticity of
the vertebra, or model a cortical shell. These results
indicared thar our FEM predicted compressive verte-
bral strength more accurately.

The correlarion berween the fracture load with 1 mm
and 2 mm elements (r = 0.959) was stronger than both
of the correlarions berween 1 mm and 3 mm (r = 0,912),
and berween 2 mm and 3 mm (r = 0.878). The slope of
the regression line relating | mm and 2 mm (0.868) was
also betrer than thar relating 1 mm and 3 mm (0.839),
and thar relating 2 mm and 3 mm (0.730). These results
indicared thar the prediction by the FEM with the 1 mm
and 2 mm elements achieved more accurare result than
the 3 mm elements.

The results obrained by the convergence study with
the 1 mm, 1.4 mm, 2 mm, 3 mm, and 4.5 mm models
suggested the model with 1 mm elements was the most
accurate among the § models. However, the 2 mm model
was thoughr ro achieve sufficiently accurare predicrion
compared with the 1 mm model. In the previous FEM
study using the models with 8-noded hexahedral ele-
ments, stiffness of the model with 3 % 3 x 3 mm? ele-
ments was on average only 4% grearer than thar with
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Figure 3. Bone mineral density of

the lumbar spine (L2-14) and pre- 20 |

dicted vertebral strength of the *

L2 vertebra in the nonfracture 2= 0.05

group (n = 42) and in the frac- 18k
ture group (n = 36). The error
bars represent one standard de-

viation from the mean. Bone min- Lo |
eral density of the nonfracture
group was greater than that of 05 }

the fracture group. The differ-
ence was significant (P < 0.05).

Predicted vertebral strength in 0.0

the nonfracture group was also Min ensity a Vertebral
significantly (P < 0.0001) greater Tne D Frescceye S
than that of the fracture group. (z/cm?) (kN)

I % 1 % 1.5 mm® elements, and there was a high corre-
lation berween the stiffness and the experimenrally mea-
sured ultimare strength values in both 3 x 3 x 3 mm’
element model (r* = 0.94)and 1 % 1 % 1.5 mm’ elemenr
model (r* = 0.92).%

Based on these i wvitro data, an in vivo study was
performed using CT scans with a 2-mm slice thickness
and a nonlinear FEM with an element size of 2 mm.
There have been few reports abour predicting vertebral
strength m vivo, although some authors have assessed
vertebral strength in zatro by mechanical testing. In the
elderly, McBroom et al reported thar among 10 speci-
mens from subjects with an average age of 78 years, the
average failure load for the L1 vertebral body was
3160 = 424 N and it was 3385 + 485 N for L.3." Eck-
srein et al reported that the average failure load for L3
was 3016 = 149 N when they tested 102 specimens from
the subjects with an average age of 80.6 years.”” These 2
reports included both men and women. In the present
study, however, all of the subjects were Japanese women.

Vertebral Strength / Weight Ratio

No Fracture Group
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Fracture Group

This might be one of the reasons why our predicred ver-
tebral strengrh was smaller than that reported elsewhere.

The limitation in our study was that the prediction
was made under a uniaxial compressive loading condi-
tion. In an i vivo situation, the loading and boundary
conditions are completely different. However, one of the
advantages of FEM simularion is thar it allows us to ser
an arbitrary load magnitude or direction to simulate
loading in various activities of daily living, If predicred
strength by FEM was proved to be accurate in a uniaxial
compressive loading condition, we could assume that we
might be able ro apply this method to predict accurarely
the strengrh under various other loading and boundary
condirions. Nevertheless, the accuracy of our method in
predicting strength under different loading and bound-
ary conditions should be validared by conducting an-
other mechanical testing and it would be one of our as-
signments in the furure study.

In this study, the vertebral strength predicted by FEM
could derect preexisting verrebral fracrures berter than

Figure 4. The ratio of L2 verte-
bral strength to weight in the
nonfracture group (n = 42) and
in the fracture group (n = 36).
The difference was alse signifi-
cant (P < 0.005),
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BMD. CT-based FEM assesses bane geometry and her-
erogeneous bone mass distribution as well as the BMD. Ir
is hoped thar CT-based FEM will become useful for es-
timating the risk of vertebral fracrure in osteopororic
individuals.

m Key Points

e I[n vivo assessment of lumbar vertebral strength
in elderly Japanese women was performed using a
CT-based nonlinear finite element model thar was
established and inirially evaluated in vitro.

¢ The average L2 vertebral strength of the 78 sub-
jects was 2154 + 685 N according to this model.
¢ The present FEM could detect preexisting verte-
bral fracture more accurately than measurement of
the bone mineral density.
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Abstract

Summary A QCT-based nonlinear FEM was used to assess
vertebral strength and mechanical parameters in postmen-
opausal women. It had higher discriminatory power for
vertebral fracture than aBMD and vBMD. Alendronate
effects were detected at 3 months, and marked bone density
increases were noted in juxta-cortical areas compared to
inner trabecular areas,

Introduction QCT-based finite element method (QCT/FEM)
can predict vertebral compressive strength ex vivo. This
study aimed to assess vertebral fracture risk and alendronate
effects on osteoporosis in vivo using QCT/FEM,

Methods Vertebral strength in 104 postmenopausal women
was analyzed, and the discriminatory power for vertebral
fracture was assessed cross-sectionally. Alendronate
effects were also prospectively assessed in 33 patients
with postmenopausal osteoporosis who were treated with
alendronate for | year.

Results On the age and body weight adjusted logistic
regression, vertebral strength had stronger discriminatory
power for vertebral fracture (OR per SD change: 6.71) than
areal BMD and volumetric BMD. The optimal point for the
vertebral fracture threshold was 1.95 kN with 75.9%
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sensitivity and 78.7% specificity. At 3 months, vertebral
strength significantly increased by 10.2% from baseline.
The minimum principal strain distribution showed that the
area of high fracture sk decreased. At 1 year, the density
of the inner cancellous bone increased by 8.3%, while the
density of the juxta-cortical area increased by 13.6%.
Conclusions QCT/FEM had higher discriminatory power
for vertebral fracture than BMD and detected alendronate
effects at 3 months. Alendronate altered density distribu-
tions, thereby decreasing the area with a high fracture risk,
resulting in increased vertebral strength.

Keywords Alendronate - Bone mechanics - Finite element
method - Fracture risk - Osteoporosis - Vertebral strength

Introduction

Osteoporosis is defined as a skeletal disorder characterized by
decreased bone strength and increased risk of fracture, Bone
strength primarily reflects bone density and bone quality,
which are influenced by bone architecture, turnover, accumu-
lation of damage, and mineralization [1]. Measurements of
areal bone mineral density (aBMD) using dual energy X-ray
absorptiometry (DXA) and bone turnover markers have been
the standard methods for diagnosing osteoporosis, in
addition to assessing fracture risk and therapeutic effects.
However, spinal aBMD only explains 50-80% of vertebral
srength [2-6], and the application of aBMD measurements
in isolation cannot identify individuals who eventually
experience bone fracture because of the low sensitivity of
the test [7]. Levels of bone wmover markers may identify
changes in bone remodeling within a relatively short interval
before aBMD changes can be detected, but do not predict
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bone strength or fracture risk and are only weakly associated
with changes in bone strength [1].

The finite element method (FEM), an engineering
computational method of mechanical analysis for complex
structures, has been used to study the mechanics of human
bone. A FEM based on data from quantitative computed
tomography (QCT) has been applied to predict proximal
femoral fracture [R-12]. QCT-based FEM appears more
predictive of femoral strength than QCT or DXA alone [8]
and can predict proximal femoral fracture location [10].
Nonlinear FEM demonstrated improved predictions of
femoral strength [11]. For the spine, QCT-based nonlinear
FEM was clinically applied to assess vertebral strength
[13], and cadaver studies have been performed to evaluate
the accuracy of QCT-based FEM [I14-19]. The cadaver
studies have verified that QCT-based FEM predicts failure
loads and fracture pattens for |0-mm-thick vertebral
sections [14] and can predict ex vivo vertebral compressive
strength better than BMD [15, 16] and QCT alone [17].

QCT-based nonlinear FEM ean accurately predict vertebral
strength, fracture sites, and distribution of minimum principal
strain ex vivo [19]. Based on verification by the cadaver
studies, FEM has been applied clinically to the assessment of
chronic glucocorticoid treatment at the hip [20], as well as
teriparatide and alendronate sodium (alendronate) treatment
for osteoporosis at the lumbar spine [21], proving useful for
assessing medication effects on bone strength. A recent
paper showed that FEM is a significant parameter of
vertebral fracture risk [22]. However, little data is available
about the optimal value of vertebral strength for the vertebral
fracture threshold. In addition, little information is available
about FEM assessment of medication effects in a short
interval before aBMD changes can be detected.

The purpose of this study was to analyze vertebral strength
in postmenopausal Japanese women using a QCT-based
nonlinear FEM (QCT/FEM) in vivo and then to evaluate the
discriminatory power for vertebral fracture. The relationship
between analyzed vertebral strength index and the incidence
of previous vertebral fractures was evaluated in a cross-
sectional manner, and a cutoff point for vertebral fracture
threshold was determined. We also prospectively assessed the
cffects of alendronate for patients with postmenopausal
osteoporosis from analyzed vertebral strength index and
mechanical parameters and then examined the mechanism of
alendronate treatment from a biomechanical perspective.

Materials and methods
Study design and participants

This study was conducted at Tokyo Metropolitan Geriatric
Medical Center in Tokyo, Japan. The study protocol was
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approved by the ethics committee, and each participant
provided written informed consent in accordance with the
Declaration of Helsinki.

The inclusion critena included ambulatory postmeno-
pausal Japanese women aged between 49 and 85 years old.
Exclusion criteria included women with any disorders of
bone and mineral metabolism other than postmenopausal
osteoporosis, those who had any recent or current treatment
with the potential to alter bone tumover or bone metabolism,
and those with a history of second lumbar vertebral (L2)
fracture. Osteoporosis was diagnosed based on the lumbar
spine aBMD measured using DXA as <70% of the average
aBMD of young healthy Japanese women or by the presence
of radiographic vertebral fracture [23]. Vertebral fracture
was diagnosed based on lateral spine radiography. Radio-
graphic vertebral fracture was defined if either the anterior
or central height was >20% less than postenor height.

A total of 123 eligible participants were enrolled in this
cross-sectional study, Among these, 70 patients were
diagnosed with osteoporosis, and 37 patients were enrolled
in the prospective study assessing the therapeutic effects of
alendronate. All 37 participants were treated using oral
alendronate at a dose of 5 mg/day.

DXA, QCT, and QCT/FEM

For all participants, aBMD of the anteroposterior (AP)
lumbar spine (L2-4) and total hip were measured by DXA
(DPX: Lunar, Madison, W1, USA). Axial QCT scans of L2
were obtained with a slice thickness of 2 mm and a pixel
width of 0.35 mm using Light Speed QX/i (GE Yokokawa
Medical System, Tokyo, Japan; 120 kV, 360 mA, 512x512
matrix) with a calibration phantom containing hydroxyapatite
rods. In these central sections, mid-vertebral trabecular
volumetric BMD (vBMD) was measured. A cylindrical
region of interest (ROI) with a radius of 10 mm and a
thickness of 10 mm was placed manually in the vertebral
body, excluding the cortical bone. Hounsfield unit values in
the ROI were transformed into equivalent density.

A three-dimensional FEM was constructed from QCT
data using Mechanical Finder software (Mitsubishi Space
Software, Tokyo, Japan) [12, 19] with 2-mm tetrahedral
elements and 2-mm triangular plates. The Young’s modulus
and the thickness of each triangular plate were assigned
values of 10 GPa and 0.4 mm, respectively. However, these
plate elements model only the outer surface of the cortical
shell, If the cortical shell was thicker than the plate element,
the whole cortical area was modeled. incorporating the
tetrahedral elements adjacent to the triangular plates, as
well as the plate elements.

To allow for bone heterogeneity, mechanical properties
of each element were computed from the Hounsfield unit
value. Ash density was derived from the phantom BMD,
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which is almost equivalent to that of the hydroxyapatite as
shown in our previous paper [12]. Ash density of each
voxel was determined using the linear regression equation
created from values of the calibration phantom. Ash density
of each element was set as the average ash density of the
voxels contained in one element. Young's modulus and
yield stress of each tetrahedron element were calculated
from the equations proposed by Keyak et al. [9]. Poisson’s
ratio of each element was set as 0.4.

Boundary conditions were applied with all the elements
and all the nodes of the lower end of the vertebral model
completely restrained. A uniaxial compressive load with a
uniform distribution and a uniform load increment was
applied, and the fracture load was analyzed using Mechan-
ical Finder as previously reported [19]. Each element was
assumed to yield when its Drucker- Prager equivalent stress
reached the element yield stress. Failure was defined as
occurring when the minimum principal strain of the first
element was less than —10,000 microstrain. Vertebral yield
was defined as occurring when at least one element yielded
while vertebral fracture was defined as being when at least
one element failed. Fracture load was defined as the
vertebral strength index. Characteristics of our model
included adoption of the tetrahedral elements to model
surface curvature of the entire vertebra, utilization of
materially nonlinear analysis to match elastoplasticity of
the vertebra during compression, construction of a cortical
shell as the surface of the model, and the adoption of
Drucker—Prager equivalent stress instead of von-Mises
stress as a criterion of element yield. Accuracy of the
calculated vertebral strength, fracture site, and minimum
principal strain at the vertebral surface throughout the
loading process has been verified in a cadaver study [19].
On repeating the FE analysis five times for each of the 12
QCT data in our previous cadaver study, the coefficient of
variation (CV) for the measurement of vertebral compres-
sive strength was 0.96%. The accuracy of QCT/FEM with
an element size of 2 mm has been verified in a convergence
study [24].

Assessment of alendronate effects

In patients who were enrolled in the study for assessing the
therapeutic effects of alendronate, axial QCT scans of L2
were obtained at baseline and 3, 6, and 12 months. The
vBMD was measured and vertebral strength was analyzed
using the QUCT/FEM. The aBMD of the AP lumbar spine
(L2-4) and the total hip were measured by DXA at baseline
and 6 and 12 months. Measurement of urinary N-telopeptide
of type-collagen (NTx) as a biochemical marker of bone
resorption was performed at baseline and 3 months. In the
follow-up period, four subjects were excluded due to the
occurrence of adverse events (n=2) or L2 fracture (n=2).

The 33 remaining patients [mean (+SD) age, 76.5+5.4 years]
were included in the prospective study for assessment of the
therapeutic effects of alendronate. The control group
comprised eight postmenopausal women without any drug
therapy for osteoporosis (mean age, 76.3+6.4 years).

To assess the effects of alendronate therapy on biome-
chanical behaviors, distribution of minimum principal strain
within vertebrae was analyzed using the QCT/FEM with an
applied load of | kN, under which all specimens were in the
elastic phase. Density distribution was also analyzed by
QCT/FEM. Density of the cancellous bone, removing the
outer 2 mm of each vertebra, and density of the cortical and
juxta-cortical bone of the outer 2 mm were calculated
separately.

Statistical analysis

For statistical analysis, the Kruskal-Wallis test and Mann-
Whimey test were used to compare L2-4 aBMD measured
by DXA, total hip aBMD measured by DXA, L2 vBMD
measured by QCT, and L2 vertebral strength index
analyzed by QCT/FEM among the different subject groups.
Logistic regression analysis was performed 1o estimate risk
factors for vertebral fracture. L2-4 aBMD, total hip aBMD,
vBMD, and vertebral strength index were assessed using
sensitivity and specificity curves to determine the optimal
cutoff point as the vertebral fracture threshold.

Paired f tests were used to evaluate alendronate effect by
comparisons between baseline and each time-point regarding
L2-4 aBMD, total hip aBMD, vBMD, vertebral strength
index, and urinary NTx. Friedman rests were used to evaluate
mean percent changes from baseline in L2-4 aBMD and
vertebral strength index. For each statistical analysis, differ-
ences were considered significant at p<0.05. Statistical
analysis was performed using StatView for Windows version
5.0 software (SAS Institute, Cary, NC, USA).

Hesults
Assessment of vertebral fracture risk

The 123 women enrolled in the study had a mean age of
71.8+7.4 years, mean height of 149.4+5.6 cm, and mean
weight of 50.2+7.4 kg, L2-4 aBMD was 0.816+0.191 g/em’,
wtal hip aBMD was 0.693+0.103 g/em®, L2 vBMD was
72.8+26.0 mg/cm’, and L2 vertebral strength index was
2.26+0.80 kN.

Subjects were classified into 5-year age groups, summa-
rized in Table 1. Among the S-year age groups, significant
decreases were identified in vBMD (Kruskal-Wallis test,
p=0.001) and analyzed vertebral strength index (p=0.001)
in the older age groups. However, L2-4 aBMD (p=0.410)
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Table 1 Summary of the subjects” height, weight, [.2—4 aBMD, toal hip aBMD, L2 vBMD, and L2 vertebral strength index

Age (years) 49-59 {(n=8) 6064 (n=12) 6569 (n=20) T0-74 (n=31) 75-79 (n=3T) B0-85 (n=15)
Height {cm) 155.0£3.5 150.8£5,1 152.3£6.2 148.724.7 148.4£5.6 1451438
Weight (kg) 49428 49.9469 50.7£6.4 51.7£8.7 48.9=8.0 503263
L2-4 aBMD (g/em?) 0.87420.135 0.850£0.180 0.835=0.115 0.744=0.169 0.824+0.232 0.86740,191]
Total hip aBMD (g/em®) 0.708£0.071 0.762£0.083 0.738=20.080 0.701=0.107 0.653£0.105 0.68840.103
L2 vBMD (mg/cm®) 11142223 8864235 74.7216.3 T2 7152 66.5:24.6 524£18.9
Vertebral strength index (kN) 3d1=0.11 2.3120.67 2.64£0.68 2.10£0.75 2.05£0.70 1.9320.5]

Values are mean+=SD.

QCT L2 vBMD mnd vertebral strength index decreased significantly in the older age groups, p<0.05 (Kruskal-Wallis test),

and total hip aBMD (p=0.112) did not show any significant
differences.

Next, subjects were classified on the basis of prior
vertebral fracture. Among the 123 women, 75 subjects did
not have any vertebral fractures (nonfracture group), and 48
subjects already had vertebral fractures (fracture group).
Vertebral fractures were present in 39.0% of the total study
population, Among the fracture group, vertebral fractures
spontaneously developed in 29 women (spontancous
fracture group) and were caused by trauma in 19 women
(traumatic fracture group). Among the 19 subjects in the
traumatic fracture group, 18 women developed fracture
following a fall from standing height, and one woman
developed fracture following a fall down stairs.

Group characteristics are summanzed in Table 2. To
exclude factors of trauma, 75 subjects in the nonfracture
group and 29 subjects in the spontaneous fracture group
were compared. L2-4 aBMD (Mann-Whitney test, p=
0.0033) and total hip aBMD (p=0.0105) were significantly
decreased in the spontaneous fracture group compared with
the nonfracture group. L2 vBMD and vertebral strength
index showed greater significance (p<0,0001). Logistic
regression analysis after adjustment for age and body
weight revealed vBMD reduction and vertebral strength
index reduction as risk factors associated with spontaneous
vertebral fracture (Table 3).

L2-4 aBMD, total hip aBMD, vBMD, and vertebral
strength index were assessed by sensitivity and specificity

curves, The nonfracture group and spontaneous fracture
group (104 women in total) were assessed in a cross-
sectional manner. The optimal point on the sensitivity and
specificity curves used as the fracture threshold to predict
spontaneous vertebral fractures for L2 vertebral strength
index was 1.95 kN with 75.9% sensitivity and 78.7%
specificity (Fig. 1). The optimal point for L2—4 aBMD was
0.816 g/em® (—2.62 SD compared to young healthy
Japanese women) with 69.0% sensitivity and 72.0%
specificity, and the optimal point for total hip aBMD was
0.664 g/cm® with 55.1% sensitivity and 58,7% specificity.
The optimal point for L2 vBMD was 60.8 mg/em® with
75.9% sensitivity and 76.0% specificity. The area under the
receiver operator characteristic (ROC) curve for the
vertebral swrength index was 0.822, which was significantly
larger than that for L2-4 aBMD (area=0.713, p=0.0010), hip
aBMD (area=0.682, p<<0.0001), and L2 vBMD (area=
0.767, p=0.0129; Fig. 2).

Assessment of alendronate effects

Subjects comprised 33 women with postmenopausal oste-
oporosis receiving alendronate therapy for 12 months and
eight postmenopausal women without any drug therapy for
osteoporosis as controls.

In the alendronate treatment group, significant increases
from baseline in L2-4 aBMD (paired r-test, p<0.0001) and
vBMD (p=0.0013) were seen at 12 months (Table 4).

Table 2 Chamcteristics of participants in nonfracture, spontaneous fracture, and tmumatic fracture groups

Nonfracture (1=75)

Spontaneous fracture (n=29) Troumatic fracture (n=19})

Age (years) 69.5£7.7
Height (cm) 150.6+£5.1
Weight (kg) 515473
L2—4 aBMD (g/em®) 01.860£0.166
Total hip aBMD (glem®) 0.710£0.092
L2 vBMD (mg/icm’) 8032242
Vertebra! strength index (kN) 2.55£0.78

T6.0=4.8 74.7+5.6
147554 147 4z6.6
47869 48.727.6
0.719£0.200* 0.83120.190
0.634:0.102% 0.72320.111
3,5£220%* 75.72218
1.59=0.51** 21220.56

Values are mean=SD.

*p<0.05 and **p<0.0001 (Mann-Whimey test), between spontaneous fracture group and nonfracnure group.
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Table 3 Risk factors associnted with spontaneous vertebral fracture
adjusted for age and body weight

Variable Odds mtio 95% Cl p Value
L2-4 aBMD (per SD) 1.83 1.13-3.26 0.0238
Total hip aBMD (per SD) L.73 0.69-4.71 0.2554
L2 vBMD (per SD) 3.57 1.73-8.64 0.0017

Vertebral strength index (per SD) 671 285-19.46 <0.0001

Significant increases in vertebral strength index from
baseline were noted at 3, 6, and 12 months (p<0.0001), A
significant decrease from baseline was seen in urinary NTx
at 3 months (p<0.0001). All 33 subjects showed decreased
urinary NTx at 3 months from baseline. Regarding vertebral
strength index, 29 patients showed increases at 3 months,
32 patients showed increases at 6 months, and all patients
showed increases at 12 months. Regarding 1.2-4 aBMD, 24
patients showed increases at 6 months, and 28 patients
showed increases at 12 months. The mean percentage increase
in vertebral strength index from baseline to 3 months was
10.2%. At 6 months, mean percentage increase from baseline
was 16.7% in vertebral strength index and 3.7% in L2-4
aBMD. At 12 months, mean percentage increase from
bascline was 26.9% in vertebral strength index and 7.5%
in L2-4 aBMD (Fig. 3). Percentage increases in the vertebral
strength index were significant at baseline, 3, 6, and
12 months (Friedman test, p<0.0001), and the percentage
increases in L2-4 aBMD were significant at baseline, 6, or
12 months (7=0.0278), although the percentage increases in
vBMD were not significant at baseline, 3, 6, or 12 months
(p=0.0731).

In the untreated control group, the average L2-4 aBMD
was 0.822+0.136 g/em” at baseline and 0.817+0.166 g/cm?
at |2 months, The average total hip aBMD was 0.701+
0.085 g/em® at baseline and 0.696+0.091 g/cm® at
12 months. The average L2 vBMD was 61.1+16.8 mg/cm’
at baseline and 60.9+13.5 mg/em’ at 12 months. The
average L2 vertebral strength index was 2.26+0.70 kN at

baseline and 2.24+0.67 kN at 12 months. The average
urinary NTx was 58.8+18.2 nmol BCE/mmol Cr at
baseline and 59.3+14.6 nmol BCE/mmol at 3 months.
None of the values showed significant changes (Table 4).

In the alendronate treatment group, comparison of change
from baseline to 3 months for each subject indicated a low
correlation between percentage change in vertebral strength
index and percentage change in urinary NTx (r=0.295, p=
0.0955). The correlation between percentage change in
vertebral strength index and percentage change in L2-4
aBMD at 12 months was moderate (r=0.481, p=0,0046),

The distribution of minimum principal strain analyzed
by QCT/FEM at the midsagittal section with an applied
load of 1 kN showed that the area with less than —10,000
microstrain of minimum principal strain at baseline, where
a high risk of fracture exists [19], had decreased during
alendronate therapy (Fig. 4). In five of the 33 patients, L.2-
4 aBMD decreased, although vertebral strength index in all
33 patiemts increased from baseline at 12 months. In one
patient with a discrepancy between changes in L2-4 aBMD
(3.7% decrease) and vertebral strength index (23.3%
increase), density distribution showed increased density in
the juxta-cortical bone and distribution of minimum
principal strain showed improved strain in the area with
less than —10,000 microstrain of minimum principal strain
during alendronate therapy (Fig. 5). Mean percentage
increase from baseline to 12 months in density of inner
cancellous bone with a distance of =2 mm from the outer
surface was 8.3% (paired ¢ test, p=0.0013), while the
density of cortical and juxta-cortical bone with a thickness
of 2 mm increased by 13.6% (p=0.0004).

Discussion
In the treatment of osteoporosis, the target is to assess

fracture risk, and the end-point is to prevent fractures. The
World Health Organization (WHO) set the criterion for
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Fig. 2 ROC curves showing |-specificity (false-positive rate) vs.
sensitivity (true positive rate) for the verebral strength index, L2-4
aBMD, hip aBMD, and vBMD

diagnosing osteoporosis in Caucasian women as aBMD at
225 SDs below the normal aBMD for young healthy
Caucasian women, based on data that this criterion
identified 30% of all postmenopausal women as having
osteoporosis, more than half of whom would have sustained
a prior fracture [25]. However, meta-analysis of prospective
cohort studies concluded that measurements of aBMD
could not identify individuals who would have future
fractures due to a low sensitivity of <50% and high false-
positive rate of 15% [7].

The present results show that QCT/FEM had higher
sensitivity and specificity for spontaneous vertebral fracture
discrimination than L2-4 aBMD, total hip aBMD, and L2
vBMD. A recent paper on the cross-sectional assessment of
vertebral fracture risk using a CT-based FEM reported that
the odds ratio (OR) per SD decrease was 2.2 with 1.1-4.3
of 95% confidence interval (CI), and the area under the
ROC curve was 0.80 for vertebral compressive strength,
while the OR per SD decrease was 0.7 (95% CI, 0.4-1.2)
and the area under the ROC curve was 0,75 for spinal
aBMD measured using DXA [22]. The results of our study

showed a higher OR (6.71: 95% CI, 2.85-19.46) and a
greater area under the ROC curve (0.822) for vertebral
compressive strength than for spinal aBMD (OR, 1.83;
95% CI, 1.13-3.26; area, 0.713). However, it would be
difficult to directly compare the results of our study with
those of another study because they were different cohorts
in terms of size, age, and geographic location.

The cutoff value of vertebral strength index for predicting
vertebral fractures without trauma was 1.95 kN, equivalent
to 3.94 times the mean subject body weight of 50.5 kg. Low
trauma fractures such as a fall from a standing height are due
to osteoporosis. The present assessment excluded the
traumatic fracture group. Therefore, the threshold value
was not for diagnosing osteoporosis, but for assessing
spontaneous vertebral fracture risk.

Alendronate is a bisphosphonate that potently inhibits
bone resorption and is widely used for the treatment of
osteoporosis. Alendronate produces a sustained reduction in
levels of biochemical markers of bone remodeling, return-
ing these to the premenopausal range, and also increases
aBMD and decreases the risk of osteoporotic fracture in
postmenopausal women [26-32]. The results in this study
show that QCT/FEM can detect the therapeutic effects of
alendronate at 3 months. All 33 patients who received
alendronate therapy showed increased vertebral strength
index at 12 months from baseline, indicating that all
patients gained therapeutic effects. At 3 months, four
patients did not show therapeutic effects on vertebral
strength index, although all patients showed decreased
urinary NTx. On L2-4 aBMD, five patients did not show
therapeutic effects at 12 months. These results indicate that
therapeutic effects of alendronate can be detected first in the
biochemical markers of bone resorption, then in vertebral
strength index, and then finally in L2-4 aBMD. A low
correlation existed between percentage change in vertebral
strength index and that in urinary NTx. Vertebral strength
index analyzed by QCT/FEM thus does not incorporate
effects on bone tumover. The correlation between percent-
age change in vertebral strength index and that in L2-4
aBMD was moderate. As QCT/FEM was a better predictor

Table 4 Mean percentage changes from baseline values at 6 and 12 months

Alendronate 5 mg/day (n=33)

Untreated control group (n=8)

6 months 12 months 6 months 12 months
L2—4 aBMD 3.7 15" 0.3 -0.9
Total hip aBMD 02 0.9 0.1 0.7
L2 vBMD 5.1 88" -0.2 0.7
Vertebral Strength index 16.7%* 26.9%* 03 0.8
lnner cancellous bone density 53 8.3* 0.3 0.7
Juxta-cortical bone density 8.0 13.6* 03 0.8

*p<0.05 and **p<0.0001 (paired  test), compared with baseline.
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than 1.2-4 aBMD, vertebral strength index might incorpo-
rate the effects on other factors as well as aBMD.

Another recent study investigating the effects of teripara-
tide and alendronate on vertebral strength using a CT-based
FEM reported that the mean percentage increase in
vertebral compressive strength with alendronate therapy was
4.9% at 6 months and 3.7% at 18 months, which suggests that
vertebral strength reached a plateau after 6 months of
alendronate therapy [21]. There is a discrepancy between
the above results and our results, in which vertebral strength
continued to increase from 6 to 12 months of alendronate
therapy. In addition, our result showed that after alendronate
therapy, there was a moderate correlation between the
percentage change in vertebral strength on FEM and that
on spinal aBMD using DXA (p=0.0046), although Keaveny
et al. reported there was no significant correlation between
these two (p=0.895) [21]. Our FEM differs from that of
Keaveny in many aspects. But both of these analysis
techniques have been shown to provide estimates of
vertebral compressive strength that correspond closely with
direct ex vivo biomechanical measurements for cadaveric
vertebrae. Therefore, the differences in the finite element
analysis technique might not greatly affect the results. In our
results, the increase of the strength was larger and persistent
throughout a year. Conversely, the increase of strength in
Keaveny's study plateaued from 6 to 18 months, This might

Baseline 3 Months

10,000

microsirain

Fig. 4 Distribution of minimum principal strain at the midsagiral
section with an applied Joad of 1 kN as analyzed by QCT/FEM. The
area displaying less than -10.000 microstrmin of minimum principal

be due to the difference in patient background. The patients
treated with alendronate in our study were older, with a mean
age of 76.5 years, compared to 62.5 years in Keaveny's study.
Then, in our study, the average baseline spine trabecular
vBMD was 56.2 mg/em’, but it was 85.7 mg/em’ in
Keaveny's study. The lower spine vBMD at baseline could
contribute to the larger increase of the vBMD and the
predicted strength in our study.

The QCT/FEM result revealed that density of the cortical
and juxta-cortical bone with a thickness of 2 mm from the
outer surface increased more than that of the inner
cancellous bone with a distance of >2 mm, indicating that
alendronate treatment was more effective in cortical and
Jjuxta-cortical areas compared to the inner trabecular
compartment. Changes in cortical and juxta-cortical areas
were not incorporated into changes in vBMD, which
reflected only the inner trabecular compartment. The
correlation between vertebral strength index and vBMD
was r=0.757 (p<0.0001). In this study, the precision of
vBMD was relatively poor with manual placement of the
ROI, the inclusion of only a single vertebral level and the
exclusion of the outer trabecular bone. In contrast, our
QCT/FEM included cortical areas by construction of a
cortical shell to the model. As a result, vBMD might fail to
accurately assess spontaneous vertebral fracture risk and
detect the therapeutic effects of alendronate. With a more
optimized vBMD analysis, its accuracy for assessing
vertebral fracture risk and detecting alendronate effects
might have more closely matched that of QCT/FEM.

An in vivo study to assess the effects of teriparatide and
alendronate therapy for osteoporosis reported that after
I8 months of alendronate treatment, trabecular VBMD
measured by QCT in the femoral neck increased by 2.2%
from baseline and cortical vBMD increased significantly by
7.7%, supporting our result [33]. In the teriparatide group,
trabecular vBMD increased significantly by 4.9%, but
cortical vBMD decreased by 1.2% [33]. In contrast, another
in vivo study reported that after 12 months of alendronate
weatment, the trabecular vBMD measured by QCT at the
spine (L1 and L2) increased by 10.5% from baseline, but
the integral density (cortical and trabecular bone) at the
spine changed much less [34]. With the cumrently available

6 Months 12 Months

strain at baseline (ermows), with high risk of fracture, is decreased after
6 and 12 months of alendronate therapy
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CT resolution, at a pixel spacing larger than 0.25 mm, the
thin cortical shell of vertebral bone cannot be precisely
evaluated, and its density tends to be underestimated [35,
36]. Therefore, we constructed a cortical shell, which would
contribute to the assessment of the cortical density.
However, it may be necessary to investigate this further
using QCT with improved resolution.

Secondary mineralization in cortical and cancellous
bone was reportedly prolonged after alendronate therapy
in osteoporotic women [37]. Porosity in cortical bone was
also markedly decreased after alendronate therapy in
osteoporotic women [38]. Increased bone density in
cortical and juxta-cortical areas might be attributable to
prolonged secondary mineralization and decreased cortical
porosity.

In the patient with decreased L2-4 aBMD, density in the
juxta-cortical arca was increased, and the area where a high
risk of fracture existed had decreased during alendronate
therapy. Alendronate might alter the distribution of density,
thereby improving the distribution of minimum principal
strain, increasing vertebral strength. Alterations in the

distribution of density would therefore represent one of

the factors incorporated by QCT/FEM. A meta-analysis
study reported that improvements in spinal aBMD explain
only 16% of the reduction in the risk of vertebral fracture
with alendronate [39]. QCT/FEM might supply a portion of

deficit that aBMD cannot explain regarding vertebral

fracture reduction with alendronate therapy,

Bone remodeling is regulated by signals due to both
mechanical strain and microdamage when damage is below a
certain threshold, but causes osteocyte apoptosis when
damage is above a critical level, so that a remodeling response
occurs to remove the dead osteocytes [40]. Whether
alendronate effects are regulated by various mechanical
parameters is unknown. Investigating mechano-sensors and
mechano-receptors that regulate therapeutc effects is a target

for future study

‘Q Springer

Baseline

6 Months 12 Months

Some limitations are apparent regarding the analysis in
this study. First, QCT/FEM cannot detect microdamage and
bone turnover. In clinical application, other parameters such
as age and bone tumover markers should be included to
assess the risk of fracture and therapeutic effects. Second,
analysis was performed under a simple compressive loading
condition, Analysis under a fall loading condition will be
one of the assignments in a future study. Third, the risk of
fracture was assessed cross-sectionally, although the ulti-
mate goal is to assess the risk of fracture prospectively
Large-scale, prospective cohort studies over a long time
period are needed to assess the threshold for discriminating
the risk of vertebral fracture. Fourth, we used the same
criteria throughout the alendronate therapy, assuming that
none of the mechanical properties were altered. This
assumption is based on a smdy which found that, in
ovariectomized baboons, 2 years of alendronate treatment
did not alter the mechanical properties of cortical tissue or
the nonlinear strength-density correlation for trabecular
bone [41]. In addition, a study on healthy male dogs
showed that 23 weeks of alendronate treatment did not alter
Other
limitations were that this study was a nonrandomized drug

mechanical properties of trabecular bone [42].

study, and only eight subjects were included in the
untreated group. A randomized controlled clinical trial is
required to confirm our results.

In conclusion, QCT/FEM had higher discriminatory
power for vertebral fracture than L2-4 aBMD, total hip
aBMD, and L2 vBMD.
strength index for predicting vertebral fractures without

The cutoff value of vertebral
trauma was 1.95 kN, equivalent to 3.94 times body weight,
In addition, QCT/FEM could detect the therapeutic effects
of alendronate at 3 months. The distribution of density
revealed that alendronate treatment was more effective in
cortical and juxta-cortical areas than in the inner trabecular
compartment. Alendronate might alter distributions of
density, thereby improving the distribution of minimum
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principal strain and resulting in increased vertebral strength.
QCT/FEM is useful for assessing the risk of vertebral
fracture and therapeutic effects on osteoporosis and
provides unique theories from a biomechanical perspective.
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