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Abstract

Background. Several studies have already demonstrated that
lifestyle characteristics, such as physical activity, smoking, and
alcohol intake, are associated with bone mineral density
(BMD). Coffee intake was shown to be negatively associated
with BMD, whereas tea drinking was reported to be associ-
ated with increased BMD. A review of the literature, however,
revealed that few studies have described the association
between BMD and lifestyle, including characteristic Japanese
foods such as fish, natto, and Japanese green tea. The aim of
this study was to identify lifestyle factors associated with
BMD.

Merhods. A total of 632 women age 60 years were enrolled
in this study. Subjects were interviewed about their lifestyle
by means of a questionnaire regarding the consumption
pattern of dietary items. BMD was measured at the lumbar
spine by dual energy X-ray absorptiometry.

Results. The BMD was higher in subjects with the habits of
alcohol drinking, green tea drinking, and physical activity and
lower in those with the habits of smoking and cheese con-
sumption. Multiple regression analysis showed that factors
associated with BMD were smoking, alcohol consumption,
green tea drinking, and physical activity after adjusting for age
and body mass index (BMI).

Conclusions. In this cross-sectional study at an osteoporosis
outpatient clinic, patients with the habits of alcohol drinking,
green tea drinking, and physical activity had significantly
higher BMD, and those who smoked had significantly lower
BMD than patients without each habit after adjusting for age,
BMI, and other variables regarding lifestyle.

Introduction

As the population ages in Japan, osteoporosis has
become a serious threat to society. Hip fracture is the

Offprint requests to: S. Muraki
Received: March 2, 2006 / Accepted: April 11, 2007

most severe consequence of osteoporosis, leading to
reduced activities of daily living, lowered quality of life,
and increased mortality of patients.'? Studies have dem-
onstrated that lifestyle characteristics such as physical
activity,” smoking,’ and excessive alcohol intake® are
associated with bone mineral density (BMD). Coffee
drinking was shown to be negatively associated with
BMD," whereas tea drinking was reported to be associ-
ated with increased BMD.® However, few studies
described the association between BMD and lifestyle
regarding characteristic Japanese foods such as fish,
natto, and Japanese green tea. The aim of this study was
to identify lifestyle factors associated with BMD.

Subjects and methods

A total of 632 women age 260 years attending the
Osteoporosis Outpatient Clinic at the Tokyo Metro-
politan Geriatric Medical Center were enrolled in this
study. Their mean age was 71.8 + 7.5 years. The patients
and/or families were informed that data from the case
would be submitted for publication and gave their
consent. Women who had complications associated
with BMD, such as a history of hysterectomy or ovari-
ectomy before menopause, gastrectomy or colonec-
tomy, thyroid disease, parathyroid disease, severe
diabetes mellitus, and/or steroid and bisphosphonate
usage were excluded from the study.

Upon entry into the study, body height and weight
were measured, and the body mass index (BMI) was
calculated. Subjects were interviewed about their life-
style by means of a questionnaire regarding the con-
sumption pattern of nine dietary items including milk,
cheese, yogurt, fish, vegetable, tofu, natto (which con-
tains a large amount of vitamin K), coffee, and green
tea as well as their history of smoking and alcohol con-
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sumption and their level of physical activity. For each
dietary item, subjects were divided into two groups:
those consuming the food item =5 days per week and
those consuming it <5 days per week. Subjects were
categorized according to their history of smoking as
nonsmokers or smokers, their history of alcohol con-
sumption as nondrinkers or drinkers, and their level of
physical activity as exercising 21 day a week or <1 day
a week.

The BMD was measured at the lumbar spine by dual-
energy X-ray absorptiometry with the Expert-5000
instrument (<1% CV; Lunar, Madison, WI, USA).
Measurements were obtained from anteroposterior
projections of the second to fourth lumbar vertebrae.
Bone turnover markers and other serum levels such as
serum osteocalcin, alkaline phosphatase, calcium (Ca),
phosphorus (P), intact parathyroid hormone (iPTH),
1,25-vitamin D, and urine deoxypyridinoline were
measured.

S. Muraki et al.: Lifestyle and BMD

Table 1. Characteristics and the ratio of subjects with habits
of each variable regarding lifestyles among 632 women aged °
260 years

Age (years) 71.8+7.5
Body height (cm) 1485+ 6.7
Body weight (kg) 48.7+7.7
BMI (kg/m?) 221+32
BMD (g/cm’) 0.802 +0.198
T score -1.634 £1.633
Smoking (%) 20.6
Alcohol (%) 19.7
Milk (%) 309
Cheese (%) 16.8
Yogurt (%) 36.8
Fish (%) 31.0
Vegetables (%) 70.9
Tofu (%) 30.2
Natto (%) 242
Coffee (%) 28.3
Green tea (%) 91.8

BMI, bone mass index; BMD, bone mineral density

Table 2. Bone mineral density of lumbar spine according to lifestyle

BMD at lumbar spine

No

Lifestyle item BMD (g/cm?) T score BMD (g/cm?) T score

Smoking 0.772 £0.176** -1.89+1.45** (.808+0.194 -1.59+1.60
Alcohol 0.842 £ 0.199* -1.31 £ 1.65* 0.792+0.198 -1.72+1.64
Milk 0.802 + 0.191 -1.64 £ 1.58 0.802 £ 0207 -1.64%1.71
Cheese 0.767 £ 0.209* -1.93 + 1.72* 081210191 -156+1.58
Yogurt 0.800 £ 0.205 -1.66 +1.70 0.805+0.195 -1.61+1.61
Fish 0.791 £ 0.192 -1.73+1.59 0.809£0.201 -1.58+1.66
Vegetables 0.793 £ 0.191 -1.71 £ 1.58 0818+ 0208 -150+1.71
Tofu 0.799 £ 0.186 -1.66 + 1.54 0.804 £ 0204 -1.62%1.69
Natto 0.797 £0.191 -1.68 £ 1.58 0.803+0.201 -1.63%1.66
Coffee 0.809 + 0.199 -1.62 + 1.64 0.805+0.198 -1.58+1.65
Green tea 0.807 £ 0.187* -1.59 + 2.70* 0.733£0.182 -217+2.08
Physical activity ~ 0.856 + 0.203* -1.19 + 1.68* 0.794 £ 0.198 -1.70 + 1.64

Student’s -test was used to compare BMD between subjects with the habit and without the habit

of each variable

*P<0.05
**P<0.1

Table 3. Lifestyles associated with BMD in women aged 260 years

Coefficient of variation SE P
Age (year) -0.002 0.001 <0.05
BMI (kg/cm?) 0.017 0.003 <0.0001
Smoking (yes vs. no) -0.058 0.034 <0.05
Alcohol (yes vs. no) 0.054 0.022 <0.05
Cheese (yes vs. no) —-0.032 0.024 NS
Green tea (yes vs. no) 0.004 0.033 <0.05
Physical activity (yes vs. no) 0.060 0.030 <0.05

SE, standard error

Variables were chosen according to the results of Student’s ¢-test (Table 2, P < 0.01)

Multiple regression analysis was used to determine the lifestyles associated with BMD after

adjusting for age and BMI
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Table 4. Bone turnover markers according to the lifestyles associated with BMD

Alcohol Green tea Physical activity

Smoking

Yes No

No
8.86 + 3.60
275.1 + 98.9

Yes
8.95 +5.09
268.8 + 106.6
6.89 +3.28
32.0+23.0
9.58 +0.69
3.59+£0.49
50.6 £ 16.3

No

Yes

8.38+3.82
271.8+90.3

No
9.08 £ 5.31

264.5 £ 93.8

Yes

Marker

9.13+524
2732+ 1075

7.51+£2.93
243.1£79.9

9.00+£5.12

2682 £103.1

865 +3.71

Osteocalcin

7.07 £3.38
32.8+25.1
9.59 + 0.69
3.58 £ 0.50
50.5+15.8

5.76 £ 1.81
269 + 8.7

9.55 +0.38
3.63 £ 0.45
493 +15.3

7.28+2.34
31.0+ 168

6.95 +3.36
324+247
9.59+0.71
3.59+0.50
502 +159

6.81 +2.66
323 +187

691 +3.32
317+£222
9.56 £ 0.72
3.59+£ 049
50.7 £ 164

308.0 + 153.2*
7.11+£322
43.1 £ 35.7*
9.65 +0.47
3.59 £ 0.55
51.5x19.2

Intact PTH

Alkaline phosphatase
Ca
P

Deoxypyridinoline

9.55+0.59
3.57 £ 045
504 +£152

9.50 £ 0.69
3.56 £ 0.51
5221183

1,25-Vitamin D
PTH, parathyroid hormone

Student’s t-test was used to compare bone turnover markers between subjects with the habit and without the habit for each variable

*P < 0.05

319

Statistical analyses were performed using the statisti-
cal software package Statview 5.0 (Abacus Concepts,
Berkeley, CA, USA). Student’s i-test was used to
compare the BMD and bone turnover markers between
subjects with habits of each variable and those without
the habit. The effects of the lifestyles associated with
BMD by using Student’s r-test (P < 0.1) were subse-
quently analyzed using multiple regression analysis
after adjusting for age and BMI. Statistical significance
was defined as P < 0.05.

Results

Table 1 shows the characteristics and lifestyles of the
subjects. The BMD was higher in subjects with the
habits of alcohol drinking, green tea drinking, and phys-
ical activity; it was lower in those with the habits of
smoking and cheese consumption (Table 2). Table 3
shows the result of multiple regression analysis of
BMD with age, BMI, and the aforementioned variables
regarding lifestyle. Factors associated with BMD were
age, BMI, smoking, alcohol consumption, green tea
drinking, and physical activity. No significant associa-
tions were found between any serum or urinary levels
and the aforementioned factors regarding lifestyle,
except alkaline phosphatase and iPTH, between smokers
and nonsmokers (Table 4).

Discussion

In this study, lifestyle habits such as smoking, alcohol
consumption, green tea drinking, and physical activity
were associated with increased BMD. According to
multiple regression analysis, smoking was associated
with low BMD, which agreed with findings in previous
studies. In contrast, alcohol consumption was associ-
ated with an increased BMD. Excessive alcohol
consumption was reported to lower BMD,’ although
moderate alcohol consumption has been shown to be
associated with increased BMD.’ The amount of alcohol
consumption was not examined, although it may be
moderate in most alcohol drinkers. Japanese green tea
was also associated with increased BMD.

To the best of the authors’ knowledge, this study
is the first to investigate the relation between con-
sumption of Japanese green tea and BMD. An epide-
miological case-control study suggested that Japanese
green tea drinking was a factor in protecting against
hip fracture.” The reason was unclear, although flavo-
noids that are contained in Japanese green tea have
been shown to have a weak estrogenic effect,! which
may increase BMD. Recent evidence suggests that (~)-
epigallocatechin-3-gallate, which is one of the major
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flavonoids contained in green tea, induces apoptosis of
osteoclasts.” This inhibits bone resorption, which may
lead to increased BMD.

In this study, however, subjects were recruited only
at one osteoporosis outpatient clinic and interviewed
not about their history of green tea consumption but
about the current level of their green tea consumption.
Hence, this study did not indicate that green tea drink-
ing increased BMD among a general Japanese popula-
tion, but that green-tea drinkers had higher BMD than
non-green-tea drinkers among subjects at one osteopo-
rosis outpatient clinic. To clarify the effect of green
tea drinking on BMD, a prospective randomized study
regarding the quantity of green tea drinking and BMD
among population-based cohorts is necessary.

In this study, BMD was measured at the lumbar
spine. Degenerative spinal diseases are reported to be
associated with increased lumbar spine BMD measure-
ments in the elderly.”” Lumbar spine BMD is currently
the gold standard for estimating osteoporosis.

There are many kinds of Japanese green tea that may
have different effects on bone metabolism, but this
study was not performed on the basis of different types
of green tea. However, the results of multiple regression
analysis showed that the effect of green tea on BMD
was independent of age, BMI, and other variables. Up
to now, there have been no reports relating green tea
drinking and BMD, so this is the first study to indicate
the possible effect of green tea drinking on BMD.

Conclusions

This cross-sectional study was performed at an osteopo-
rosis outpatient clinic. The results indicated that patients
with the habits of alcohol drinking, green tea drinking,
and physical activity had significantly higher BMD and

S. Muraki et al.: Lifestyle and BMD

those who were smokers had significantly lower BMD
than patients without each habit after adjusting for age,
BMI, and other variables regarding lifestyles.
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[ ] In Vivo Assessment of Lumbar Vertebral Strength in
Elderly Women Using Computed Tomography-Based

Nonlinear Finite Element Model

Kazuhiro Imai, MD, PhD,*f Isao Ohnishi, MD, PhD,* Seizo Yamamoto, MD, PhD,t

and Kozo Nakamura, MD, PhD*

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

Obijective. To establish an FEM with the optimum ele-
ment size to assess the vertebral strength by comparing -
analyzed data with those obtained from mechanical test-
ing in vitro, and then to assess the second Iumbar (L2)
vertebral strength in vivo.

Summary of Background Data. FEM has been re-
ported to predict vertebral strength in vitro, but has not
been 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 elderly 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 measurement of bone mineral density.

Conclusion. The FEM could assess vertebral strength
in vivo.

. Key words: vertebral strength osteoporosw, fmlte eI-
ement model, elderly. women, in vivo assessment. Spme
2008;33:27-32

Osteoporotic vertebral fractures have become a major
social problem because the elderly population continues
to increase. Vertebral fractures affect approximately
25% of postmenopausal women.! Measurement of the
bone mineral density (BMD) by quantitative computed
tomography (QCT) and dual energy radiograph absorp-
tiometry (DXA) have been used to predict the risk of
vertebral fracture. However, the correlation between
vertebral bone strength and BMD measured by QCT is
reported to be only 0.37 to 0.74,>” while the correlation
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achieved with DXA is reported to be 0.51 to 0.80.%~°
Therefore, such methods only explain 37% to 80% of
vertebral strength. 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 that a CT-based nonlinear finite
element model (FEM) could predict vertebral strength
and fracture sites accurately i vitro.’! To predict quan-
titative strength and fracture sites is essential for the clin-
ical application of an FEM because both parameters are
important indicators of vertebral fracture risk. Predic-
tion 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 accurate. 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 simulation.

The purposes of this study were to 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 between predic-
tions and data obtained by mechanical testing of human
cadaver specimens in vitro, and then to assess lumbar
vertebral strength in elderly women using the optimized
CT-based nonlinear FEM.

B Materials and Methods

Optimization of the Element Size of the FEM. This study
used CT data and mechanical testing data obtained previous-
ly.!! Twelve thoracolumbar vertebrae (T11, T12, and L1) 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
element 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 obtained using a Lemage SX/E (GE Yokokawa Med-
ical System, Tokyo, Japan) with a calibration phantom con-
taining hydroxyapatite rods.

The 3-dimensional FEM was constructed from CT data 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 tetrahedral
elements, triangular plates were attached as to form a cortical

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohiBfted.
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Figure 1. Finite element models of
a whole vertebral body con-
structed with 1 mm, 2 mm, or 3 mm
tetrahedral 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 15,800 tri-
angular plates constructed using
1-mm size elements. The middle
model consists of 12,938 nodes
with 70,022 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 0.4 mm
based on the previous papers.’>*

To allow for bone heterogeneity, the mechanical properties
of each element were computed 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 tetrahedral element were
calculated from the equations proposed by Keyak et al.'®
Young’s modulus of each triangular plate was set 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 Newton-Raphson method was used.
To allow for the nonlinear phase, mechanical properties of the
elements were assumed to be bilinear elastoplastic, and the
isotropic hardening modulus was set as 0.05. Each element was
assumed to 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 predicted fracture load was defined as the load that
caused at least one element failure, while the measured fracture
load was defined as the ultimate load that was achieved by
mechanical testing. Pearson’s correlation analysis was used to
evaluate correlations between the fracture load predicted by
FEM simulation and the 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 between 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 1 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 1 mm (average
403,033 tetrahedral elements), 1.4 mm (average 143,367 tet-

Cortical Shell

Ly

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 to 85 years. Excluded from participation were women
with disorders of bone and mineral metabolism 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 total of 78 eligible participants were en-
rolled in this study.

In all the participants, the BMD (g/cm?) of the lumbar spine
(L2-L4) was measured by DXA (DPX; Lunar, Madison, WI) in
the supine position and axial CT scans of L2 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-
apatite rods. The 3-dimensional FEM was constructed from the
CT data 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). Statistical analysis was performed with the Mann-
Whitney U test and the Kruskal-Wallis test. Differences were
considered significant at P < 0.05.

8 Resuits

Optimization of the FEM Element Size
There was a strong linear correlation between the frac-
ture load predicted by the FEM with 1 mm tetrahedral
elements and the measured loads (r = 0.938, P <
0.0001), and the slope of the regression line was 0.934
(Figure 2A). With 2 mm elements, the correlation was
even stronger (r = 0.978, P < 0.0001), and the slope of
the regression line was 0.881 (Figure 2B). With 3 mm
elements, the correlation was slightly weaker (r = 0.866,
P < 0.0001), and the slope of the regression line was

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

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

0.937 (Figure 2C). There was a strong linear correlation
berween the fracture 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 0.868. With the 1
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, total strain energy de-
creased by 9.1% (4.0%-22.9%), with an increase of the
element size from 1 mm to 1.4 mm. With an increase
from 1.4 mm to 2 mm, it decreased by 10.0% (6.5%~
17.3%), and decreased by 9.5% (2.9%-13.2%) from 2
mm to 3 mm. With an increase from 3 mm to 4.5 mm,
total strain energy increased in some vertebrae although
it decreased by an average of 38.6%.

In Vivo Assessment of Lumbar Vertebral Strength

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 50.3 + 7.7 kg. The measured BMD of
the lumbar spine was 0.808 + 0.181 g/cm? 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
vertebral fracture. Among the 78 women, 42 did not
have any vertebral fractures (nonfracture group) and 36
subjects already had vertebral fractures (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 fracture 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 fracture group.

The average spinal BMD of the nonfracture group
was 0.849 * 0.146 g/cm?, which was greater than that of
the fracture group at 0.759 + 0.207 g/cm? (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 + 588 N (P <
0.0001) (Figure 3). The L2 strength to weight ratio 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).

8 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 cannot be modeled properly by using
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Table 1. Summary of the Subjects’ Height, Weight, BMD, and Analyzed Vertebral Strength (Mean + SD)

Age (yr) N Height {cm) Weight (kg) BMD {g/cm?) Vertebral Strength (N)
6064 6 1535 £ 45 54.0 = 6.1 0.850 = 0.180 2592 + 497
65-69 10 1523 =18 509 + 8.2 0.848 = 0.112 2665 + 528
70-74 21 148.1 =50 51374 0.744 + 0.169 2050 = 752
7579 26 147.8 £ 6.2 485 =87 0.800 = 0.200 2069 = 706
80-85 15 145.1 +38 503 +6.3 0.867 = 0.191 1933 = 512

8-noded hexahedral elements. Previous mechanical tests
have shown that there is a difference between 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.'>1*
In comparison, the resolution of clinically available CT
scanners is fairly low, with a pixel spacing of larger than
0.25 mm. This means that the currently available CT
data 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 cortical shell
from non-CT data. Shell elements of triangular plates
with a uniform thickness of 0.4 mm were used to con-
struct a cortical shell.

The characteristics of the present FEM in this study
were as follows: adoption of the tetrahedral elements to
model the surface curvature of the entire vertebra, utili-
zation of nonlinear analysis to match the elastoplasticity
of the vertebra 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 contributes
12%-75% to its overall strength and the contribution of
the cortex is estimated 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 that the cortical shell
was treated as a homogenous material because the pixels
of CT scans were too large to model the thin cortex. In
addition, with the limited resolution of currently avail-
able CT scanners, the microarchitecture 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 (yr) Height {cm) Weight (kg)
No fracture group 42 723 57 1499 £ 5.7 526 + 174
Fracture group 36 76.8 * 46 146.6 = 6.0 478 173
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cro-CT scans of a whole vertebra in vivo would be im-
possible with the currently available scanners. Also, use
of thinner CT slices to obtain images leads to more radi-
ation exposure. To decrease radiation exposure for
clinical use, somewhat thicker slices would be more
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 fracture
load predicted by the FEM and that 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 that the elements with a size of 1 mm or 2 mm
could be used to accurately predict the fracture 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 studies (r = 0.89-0.95).24727 The
slope of the regression line obtained with 2 mm tetrahe-
dral elements was 0.881, which was also better than that
in the previous FEM studies (0.569-0.86).247?7 The
previous FEM studies had failed to model the surface
curvature of the vertebra, match the elastoplasticity of
the vertebra, or model a cortical shell. These results
indicated that our FEM predicted compressive verte-
bral strength more accurately.

The correlation between the fracture load with 1 mm
and 2 mm elements (r = 0.959) was stronger than both
of the correlations between 1 mm and 3 mm (r = 0.912),
and between 2 mm and 3 mm (r = 0.878). The slope of
the regression line relating 1 mm and 2 mm (0.868) was
also better than that relating 1 mm and 3 mm (0.839),
and that relating 2 mm and 3 mm (0.730). These results
indicated that the prediction by the FEM with the 1 mm
and 2 mm elements achieved more accurate result than
the 3 mm elements.

The results obtained 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 5 models. However, the 2 mm model
was thought to achieve sufficiently accurate prediction
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 X 3 X 3 mm? ele-
ments was on average only 4% greater than that with



In Vivo Assessment of Lumbar Vertebral Strength in Elderly Women ¢ Imai etal 31

38 ¢

Figure 3. Bone mineral density of
the lumbar spine (L2-14) and pre-
dicted vertebral strength of the =
L2 vertebra in the nonfracture

group (n = 42} and in the frac- 1.5 |
ture group {n = 36). The error
bars represent one standard de- L0

viation from the mean. Bone min-
eral density of the nonfracture
group was greater than that of 0.5 |
the fracture group. The differ-
ence was significant (P < 0.05).

fANo Fracture Group (n=42)

Fracture Group (n=36)

1p< 0.0001
—

Predicted vertebral strength in 0.0
the nonfracture group was also

significantly {P < 0.0001) greater

than that of the fracture group.

1 X 1 X 1.5 mm?> elements, and there was a high corre-
lation between the stiffness and the experimentally mea-
sured ultimate strength values in both 3 X 3 X 3 mm?
element model (r* = 0.94) and 1 X 1 X 1.5 mm? element
model (r* = 0.92).28

Based on these in vitro 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 about predicting vertebral
strength in vivo, although some authors have assessed
vertebral strength in vitro by mechanical testing. In the
elderly, McBroom et al reported that 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 L3.> Eck-
stein 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.

Bone Mineral Density
(z/cm?)

Predicted Vertebral Strength
(&N)

This might be one of the reasons why our predicted ver-
tebral strength 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 #n vivo situation, the loading and boundary
conditions are completely different. However, one of the
advantages of FEM simulation is that it allows us to set
an arbitrary load magnitude or direction to simulate
loading in various activities of daily living. If predicted
strength by FEM was proved to be accurate in a uniaxial
compressive loading condition, we could assume that we
might be able to apply this method to predict accurately
the strength under various other loading and boundary
conditions. Nevertheless, the accuracy of our method in
predicting strength under different loading and bound-
ary conditions should be validated by conducting an-
other mechanical testing and it would be one of our as-
signments in the future study.

In this study, the vertebral strength predicted by FEM
could detect preexisting vertebral fractures better than
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Figure 4. The ratio of L2 verte-
bral strength to weight in the
nonfracture group {n = 42} and
) in the fracture group (n = 36).

No Fracture Group

" Fracture Group

The difference was also signifi-
-cant (P < 0.005).
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BMD. CT-based FEM assesses bone geometry and het-
erogeneous bone mass distribution as well as the BMD. It
is hoped that CT-based FEM will become useful for es-
timating the risk of vertebral fracture in osteoporotic
individuals.

u Key Points

e Invivo assessrnent of lumbar vertebral strength5
in elderly: ]apanese women was performed using a.
CT-based noilinear finite element model that was

established and initially evaluated in vitro. =

e The averageL.2 vertebral'strength of the 78.sub-

jects was 2154 + 685 N according to this model.

o The present FEM could detect preexisting verte=
bral fracture more accurately than measurement of

.the bone mmeral density.
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