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A B S T R A C T

Purpose: A vertebral fracture is the most common complication of osteoporosis, and various factors are involved
in its occurrence. The purpose of this study was to investigate the role of trabecular and cortical bone micro-
structure on vertebral strength using high-resolution peripheral quantitative computed tomography (HR-pQCT).
Methods: Three female cadaveric spines were investigated (average age: 80.3 years). The whole spine (T1-L4)
was scanned by second-generation HR-pQCT at a voxel size of 60.7 μm. Bone microstructure analysis and micro
finite element analysis were performed after excluding the upper and lower endplates and posterior elements of
a total of 48 vertebrae. Correlations between trabecular and cortical bone microstructure parameters and esti-
mated vertebral strength were analyzed by univariate and multivariate regression models.
Results: Cortical thickness (Ct.Th) and trabecular thickness (Tb.Th) were strongly correlated with estimated
failure load on univariate analysis (r=0.89, 0.82). Trabecular volumetric bone mineral density (Tb.vBMD),
bone volume fraction (BV/TV), trabecular number (Tb.N), and Ct.Th were correlated with estimated failure load
on multivariate regression analysis.
Conclusions: It was suggested that, in addition to trabecular bone (Tb.vBMD, BV/TV, Tb.N), cortical bone (Ct.Th)
contributed significantly to vertebral strength in elderly women.

1. Introduction

Osteoporotic vertebral fractures decrease daily activity levels and
quality of life for elderly people and increase their mortality rate. It is
reported that the incidence of vertebral fractures is five times higher in
women than in men [1–3]. Additionally, the incidence of vertebral
fractures in women in their 80s is four times that of women in their 60s
[4]. Although various factors are involved in the occurrence of these
fractures, deterioration of bone strength due to aging and menopause is
thought to be the most important factor [1–3,5].

Bone strength is defined by structural and material properties.
Structural properties include bone microstructure and geometry, and
material properties include collagen, degrees of calcification, and mi-
crodamage [6]. Furthermore, bone microstructure is composed of tra-
becular and cortical bone microstructure, which is evaluated by various
parameters, such as trabecular thickness, number, separation, con-
nectivity density, cortical thickness, porosity, and so forth.

Bone microstructure has been analyzed by histological methods.

Today, microcomputed tomography (micro-CT) enables three-dimen-
sional evaluation of microstructure non-destructively [7].

High-resolution peripheral quantitative computed tomography (HR-
pQCT) is a clinical imaging modality that can evaluate patients' bone
microstructure in vivo. It also allows us to analyze the microstructure of
bone samples ex vivo, similar to micro-CT [8]. While micro-CT is
mainly used for small experimental animals, HR-pQCT can be used for
large bone samples, such as the human cadaver spine [9–16]. It has
been reported that HR-pQCT results in fewer errors in measurements of
bone morphology compared to the histological method [17]. The latest
model second-generation HR-pQCT scanner has a wide field of view
(FOV) of 140mm and a long scan length of 200mm with one scan.

Finite element analysis (FEA) is a simulation method that enables us
to predict bone strength under various conditions using image in-
formation without doing an actual mechanical breaking test. Previous
studies have demonstrated that the predicted failure loads derived from
FEA have a high correlation with the actual mechanical breaking test
[11,12,19–21]. Micro-FEA using HR-pQCT or micro-CT images reflect
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trabecular and cortical bone structure and are able to simulate bone
strength more precisely.

Bone microstructure is considered to be an important factor in de-
fining vertebral strength. However, it is not yet fully understood how
each bone microstructural parameter is related to the bone strength of
vertebrae.

The purpose of this study was to investigate bone microstructural
parameters that are most related to vertebral mechanical strength by
analyzing bone microstructure and estimated bone strength using HR-
pQCT.

2. Materials and methods

2.1. Specimens

Three formalin-fixed cadavers of Japanese women with a mean age
of 80.3 years (Sample 1: 76, Sample 2: 81, and Sample 3: 84 years) were
selected. Cadavers with a history of bone metabolic disorders, vertebral
fracture, spinal metastasis of a malignant tumor, and spinal implant
insertion were excluded. The spine was separated from the skull and
fifth lumbar vertebra, and the ribs were excised. Soft tissues were re-
moved.

The study protocol was approved by the Institutional Review Board
of Nagasaki University Graduate School of Biomedical Sciences (regis-
tration number: 15082033) and complied with the Declaration of
Helsinki of 1975, revised in 2000.

2.2. HR-pQCT scan

The spine was scanned by a second-generation HR-pQCT (XtremeCT
II, Scanco Medical, Brüttisellen, Switzerland).

Whole spines were sealed in a plastic bag and fixed to an acrylic
plate, then scanned in four regions: cervical, upper thoracic, lower
thoracic, and lumbar spine (Fig. 1a).

Scan settings were as follows: voltage 68 kVp, current 1470 μA, in-
tegration time 150ms, FOV 140mm, matrix 2304×2304, voxel size
60.7 μm, scan length 194mm, total number of slices 3192, and scan
time 95min.

Cervical vertebrae were excluded from the analysis because osteo-
porotic vertebral fractures are unlikely to occur at these levels. Sixteen
vertebrae (T1–12 and L1–4) were analyzed in each sample, for a total of
48 vertebrae.

Image data of each vertebra were extracted from the full scan data,

and analysis models were created. In this study, the superior and in-
ferior endplates and posterior elements were removed following the
procedures described by Pahr et al. [11] and Dall'Ara et al. [16]
(Fig. 1b–d).

2.3. Measurements of bone microstructure

Each vertebra was separated into trabecular and cortical regions,
and then the bone mineral density and microstructure were analyzed
using bone microstructure analysis software (TRI/3D-BON, Ratoc
System Engineering Co., Ltd., Tokyo, Japan) (Fig. 1e–g).

The process of segmentation is shown in Fig. 2. First, the image was
binarized with a threshold value of 320mg/cm3 (a). Then, the whole
bone region was obtained by closing the bone marrow space (b). Next,
only the bone marrow space was extracted with the same threshold
value (c). The trabecular region is obtained by filling all trabecular
bones in the bone marrow space (d). Trabecular bone microstructure
was analyzed with the binarized images in the region (e). Finally, by
subtracting the trabecular region from the whole bone region, the
cortical region was obtained (f).

Measured trabecular bone parameters were: trabecular volumetric
bone mineral density (Tb.vBMD), bone volume fraction (BV/TV), tra-
becular number (Tb.N), trabecular thickness (Tb.Th), trabecular se-
paration (Tb.Sp), structure model index (SMI), connectivity density
(Conn.D), and degree of anisotropy (DA). SMI is a parameter that
evaluates trabecular bone morphology; when it is close to 0, it appears
plate-like in structure, whereas when it is close to 3, it appears rod-like
[22,23]. Conn.D provides data about the connectivity of the trabecular
bone network by calculating the number of closed loops in a trabecular
network [24,25]. DA is determined by the ratio between the primary
and tertiary axes of the mean intercept length (MIL) ellipsoid (DA=a/
c); a DA of 1.0 indicates that there is no anisotropy, and anisotropy
increases as the value increases [10].

Cortical bone parameters were: cortical volumetric bone mineral
density (Ct.vBMD), cortical thickness (Ct.Th), and cortical porosity
(Ct.Po).

BMD (mg/cm3) was calculated from the X-ray attenuation value and
a calibration curve obtained from a BMD phantom. Bone micro-
structural parameters were measured with an image binarized by
320mg/cm3, and Tb.Th, Tb.Sp, and Ct.Th were analyzed by the direct
measurement method.

The reproducibility of the microstructural parameters was analyzed
by measuring three samples three times. The intraclass coefficient (ICC)

Fig. 1. Scanning and bone microstructure analysis. The whole spine was scanned by HR-pQCT in four regions (a). The superior and inferior endplates and posterior
elements are removed from the vertebra (b, c, d). The bone microstructure is analyzed in trabecular and cortical regions (e, f, g).
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of Tb.vBMD was 1.00, BV/TV 0.99, Tb.N 0.99, Tb.Th 1.00, Tb.Sp 0.99,
SMI 0.89, Conn.D 1.00, DA 1.00, Ct.vBMD 0.99, Ct.Th 1.00, and Ct.Po
1.00.

2.4. Micro-FEA

Micro-FEA was performed on all 48 vertebrae using FEA software
(TRI/3D-FEM, Ratoc System Engineering Co. Ltd.). The voxel size of the
images was converted to 120 μm, and unconnected trabeculae were
deleted for voxel-based FEA. Young's modulus was applied to each
voxel based on the BMD value [26], and Poisson's ratio was 0.3.

A linear FEA model was used for each vertebra with the following
boundary and load settings: the inferior plane of a vertebra was fixed in
all directions, and a uniaxial compression force corresponding to strain

for 10% of vertebral height was applied to the superior plane (Fig. 3).
Then, failure load and stiffness were calculated. A fracture was defined
as occurring when 2% of the bone tissue was strained beyond a critical
limit of 7.5% strain [27,28].

Additionally, this FEA was performed in the model without trabe-
cular bone in order to calculate failure load and stiffness of the cortical
bone alone.

2.5. Statistical analysis

Univariate analysis was performed to analyze the correlations be-
tween all bone microstructural parameters and estimated vertebral
strength using Pearson's correlation coefficients. Furthermore, multi-
variate regression analysis was performed to elucidate the bone

Fig. 2. Segmentation of trabecular and cortical regions. The image is binarized with a threshold value of 320mg/cm3 (a). The whole bone region is obtained by
closing the bone marrow space (b). The bone marrow space is extracted with the same threshold value (c). The trabecular region is obtained by filling all trabecular
bones in the bone marrow space (d). Trabecular bone microstructure is analyzed with the binarized images in the area (e). By subtracting the trabecular region from
the whole bone region, the cortical region is obtained (f).

Fig. 3. Conditions of finite element analysis. The lower end is fixed in all directions, and the uniaxial compression force is loaded to the vertebra from the upper end.
A color bar means the distribution of von Mises equivalent stress.
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microstructural parameters most strongly related to estimated bone
strength by Ridge regression analysis (JMP® 13, SAS Institute Inc., Cary,
NC, USA).

3. Results

3.1. Bone microstructure and estimated bone strength

The results of trabecular and cortical bone microstructure and es-
timated bone strength are shown in Table 1.

Regarding trabecular parameters, Tb.N was low at 0.4/mm, and
Tb.Sp was wide at 837 μm, showing disappearance of trabeculae. As a
result, Tb.vBMD and BV/TV were remarkably low. SMI (0 to 3) was 2.3,
meaning a rod-like structure. As to cortical parameters, Ct.Th was ex-
tremely thin at 512.7 μm, and Ct.Po was high at 16.3%.

The results of the uniaxial compression simulation showed a mean
failure load of 2774 N and estimated stiffness of 8617 N/mm. As to the
cortical FEA model, the mean failure load was 1114 N, and estimated
stiffness was 3220 N/mm.

3.2. Correlation analysis

Table 2 shows the Pearson's correlation coefficients between

trabecular and cortical bone microstructural parameters and estimated
vertebral strength. The parameters that were strongly correlated with
estimated failure load were Tb.Th, Ct.Th, and Ct.vBMD (r=0.82, 0.89,
0.67). The parameters that were strongly correlated with estimated
stiffness were also Tb.Th, Ct.Th, and Ct.vBMD (r=0.81, 0.78, 0.79).

Table 3 shows the results of multivariate regression analysis by the
Ridge regression model. The bone microstructural parameters that
correlated with estimated failure load were Tb.vBMD, BV/TV, Tb.N,
and Ct.Th. The parameters that were correlated with estimated stiffness
were Tb.vBMD and BV/TV. Linear regression models of these para-
meters and failure load are shown in Fig. 4.

4. Discussion

The purpose of this study was to investigate bone microstructural
parameters that define the bone strength of the vertebra. It was found
that both trabecular and cortical factors were significantly correlated
with the estimated failure load in elderly women.

As shown in Table 1, bone samples that were analyzed in this study
had deteriorated bone microstructure, with an average Tb.vBMD of
63.7 mgHA/cm3 and Ct.vBMD of 499mgHA/cm3. It has been reported
that the average Tb.vBMD and Ct.vBMD at the distal radius of typical
80-year-old women are approximately 100mgHA/cm3 and
760–850mgHA/cm, respectively [3,29,30]. Considering that the distal
radius is not a weight-bearing bone, it can be said that both trabecular
and cortical bone in this series had remarkably low vBMD.

As shown in Table 2, on univariate analysis, bone microstructural
parameters that had particularly strong correlations with estimated
failure load were Tb.Th and Ct.Th (r=0.82 and 0.89, respectively). On
the other hand, when looking at the correlations between trabecular
and cortical bone parameters, some of them had strong correlations
with each other, and Tb.Th was strongly correlated with Ct.Th
(r=0.86). To identify the bone microstructural parameters that were
authentically correlated with vertebral strength, multivariate regression
analysis was necessary, and Ridge regression analysis was performed to
eliminate multicollinearity.

As shown in Table 3, on multivariate regression analysis, Tb.vBMD,
BV/TV, Tb.N, and Ct.Th were significantly correlated with estimated
failure load.

First, these results mean that the trabecular component is definitely
the primary factor to explain vertebral strength. Previous studies have
proven that vertebral strength is mainly dependent on trabecular bone
[14,31–33]. Lu et al. conducted mechanical compression tests of T12
vertebrae in elderly women (N=20, average age: 80 years), and they
reported that the factor that was most correlated with failure load was
Tb.vBMD (Pearson's correlation coefficient, r=0.66), whereas the
correlation with Ct.Th was low (r=0.35) [14]. Similarly, Wegrzyn

Table 1
Summary of trabecular and cortical bone microstructure and estimated bone
strength (N=48).

Mean SD Min Max

Tb.vBMD (mgHA/cm3) 63.7 31.3 31.9 158.1
BV/TV (%) 12.6 5.9 6.7 30.7
Tb.N (1/mm) 0.40 0.12 0.27 0.68
Tb.Th (μm) 232.1 31.1 178 328.1
Tb.Sp (μm) 836.8 195.9 461.5 1197.5
SMI 2.3 0.3 1.3 2.8
Conn.D (1/mm3) 1.3 0.8 0.5 3.5
DA 1.5 0.2 1.1 1.9
Ct.vBMD (mgHA/cm3) 499.1 75.8 344.2 631.1
Ct.Th (μm) 512.7 130 327.7 913.6
Ct.Po (%) 16.3 3.2 9.1 24.7
Failure Load (Ct.

alone)
(N) 2774

(1114)
1927
(1017)

471
(121)

9833
(4249)

Stiffness (Ct.
alone)

(N/mm) 8617
(3220)

6261
(3396)

1133
(251)

21610
(12255)

Tb.vBMD: trabecular volumetric BMD, BV/TV: bone volume fraction, Tb.N:
trabecular number, Tb.Th: trabecular thickness.
Tb.Sp: trabecular separation, SMI: structure model index, Conn.D: connectivity
density, DA: degree of anisotropy.
Ct.vBMD: cortical volumetric BMD, Ct.Th: cortical thickness, Ct.Po: cortical
porosity.

Table 2
Correlation coefficients between trabecular and cortical bone microstructure and estimated bone strength.

Tb.vBMD BV/TV Tb.N Tb.Th Tb.Sp SMI Conn.D DA Ct.vBMD Ct.Th Ct.Po Failure Load Stiffness

Tb.vBMD 1
BV/TV 0.99⁎⁎ 1
Tb.N 0.90⁎⁎ 0.93⁎⁎ 1
Tb.Th 0.68⁎⁎ 0.63⁎⁎ 0.33⁎ 1
Tb.Sp −0.92⁎⁎ −0.93⁎⁎ −0.90⁎⁎ −0.57⁎⁎ 1
SMI −0.85⁎⁎ −0.88⁎⁎ −0.92⁎⁎ −0.25 0.76⁎⁎ 1
Conn.D 0.95⁎⁎ 0.97⁎⁎ 0.98⁎⁎ 0.44⁎⁎ −0.93⁎⁎ −0.90⁎⁎ 1
DA −0.41⁎⁎ −0.39⁎⁎ −0.23 −0.59⁎⁎ 0.47⁎⁎ 0.15 −0.30⁎ 1
Ct.vBMD 0.37⁎ 0.32⁎ 0.08 0.76⁎⁎ −0.39⁎⁎ 0.12 0.20 −0.54⁎⁎ 1
Ct.Th 0.36⁎ 0.31⁎ 0.05 0.86⁎⁎ −0.32⁎ 0.09 0.13 −0.52⁎⁎ 0.85⁎⁎ 1
Ct.Po −0.25 −0.24 −0.11 −0.34⁎ 0.26 0.07 −0.18 0.37⁎⁎ −0.67⁎⁎ −0.39⁎⁎ 1
Failure Load 0.45⁎⁎ 0.40⁎⁎ 0.17 0.82⁎⁎ −0.40⁎⁎ −0.07 0.23 −0.49⁎⁎ 0.67⁎⁎ 0.89⁎⁎ −0.17 1
Stiffness 0.48⁎⁎ 0.43⁎⁎ 0.19 0.81⁎⁎ −0.46⁎⁎ −0.07 0.30⁎ −0.58⁎⁎ 0.79⁎⁎ 0.78⁎⁎ −0.34⁎ 0.86⁎⁎ 1

⁎ Pearson's correlation coefficient: P < 0.05.
⁎⁎ Pearson's correlation coefficient : P < 0.01.
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et al. performed a compression breaking test of the lumbar spine
(N=17, average age: 76 years) and reported that BV/TV was strongly
correlated with vertebral strength (Pearson's correlation coefficient,
r=0.69), but the correlation with Ct.Th was low (r=0.24) [34].
Fields et al. carried out micro-CT-based FEA of T9 vertebrae in elderly
people (N=22, average age: 81 years) and reported that vertebral
strength was strongly correlated with SMI of trabecular bone (Pearson's
correlation coefficient, r=−0.76), and Ct.Th was also correlated
(r=0.50) [33].

Second, the results of the present study mean that the cortical
component is also an important factor contributing to vertebral
strength. Some previous studies reported that the contributions of tra-
becular and cortical bone to vertebral strength differed depending on
the age of the subjects. Rockoff et al. performed compression tests on
the lumbar vertebrae (N=50, age: 10s to 80s), compared with a cor-
tical bone-removed model and a trabecular bone-removed model, and
they reported that cortical bone contributed approximately 65% of
vertebral body strength in persons ≥40 years old [35]. Blaine et al.
performed QCT-based FEA of vertebrae (T10 and L3), compared be-
tween younger people (N=30, average age: 38 years) and elderly
people (N=30, average age: 78 years), and they reported that the

percentage of contribution of the cortical bone to vertebral strength was
approximately 40% for younger people, but over 50% for elderly people
[36]. In this study, the estimated failure loads of the total and cortical
bone were 2774 N and 1114 N, respectively. It was considered that
cortical bone contributed to almost 40% of the bone strength of the
vertebral body.

It is obvious that the age-related changes of bone microstructure are
different between trabecular and cortical bones [29,30,37]. Blaine et al.
compared BMD of the vertebral bone in younger people (N= 30,
average age: 38 years) and elderly people (N= 30, average age:
78 years) and reported that the decrease of cortical bone was approxi-
mately 30%, while that of trabecular bone was approximately 40%
[36]. The deterioration of the trabecular bone with age would cause a
relatively increased contribution of the cortical bone to vertebral
strength. This might be one of the reasons why a cortical factor (Ct.Th)
correlated with estimated failure load, as did trabecular factors
(Tb.vBMD, BV/TV, Tb.N).

4.1. Limitations

This study has several limitations. A total of 48 vertebrae were

Table 3
Multivariate analysis of trabecular and cortical bone microstructure with estimated bone strength.

Failure Load Stiffness

Coefficient 95%CI P value Coefficient 95%CI P value

Tb.vBMD 404.3 184.4, 624.2 0.0003⁎⁎ 1036.5 253.8, 1819.2 0.009⁎⁎

BV/TV −2008.3 −3235.2, −781.5 0.0013⁎⁎ −5406.8 −9991.6, −822 0.02⁎

Tb.N 14,697.5 2215.5, 27,179 0.0210⁎ 29,329.1 −19,427, 78,085.2 0.23
Tb.Th −17.3 −58.7, 24 0.41 1.8 −187.9, 191.6 0.98
Tb.Sp −1.1 −6.1, 3.9 0.67 −1.9 −20, 16.2 0.83
SMI 54.6 −5520.1, 5629.2 0.98 −9300.5 −30,333.2, 11,732 0.38
Conn.D −2211.5 −5713.3, 1290.1 0.21 −6304.9 −17,736, 5126 0.27
DA −729.5 −1911.4, 452.4 0.22 −5243.9 −11,721.3 1233.3 0.11
Ct.vBMD −4.66 −25.7, 16.4 0.66 78.8 −12.5, 170.3 0.09
CtTh 12.1 3.4, 20.8 0.0063⁎⁎ −11.1 −44.7 22.4 0.51
Ct.Po 49.4 −149.2, 248.1 0.62 624.4 −252.8, 1501.8 0.16

⁎ Ridge regression analysis: P < 0.05.
⁎⁎ Ridge regression analysis: P < 0.01.

Fig. 4. Linear regression models between bone microstructural parameters and estimated failure load (a: Tb.vBMD, b: BV/TV, c: Tb.N, d: Ct.Th).
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obtained from only three cadavers. T1–12 and L1–4 vertebrae were
analyzed in each cadaver because osteoporotic fractures occur at var-
ious levels. However, different cross-sectional areas and heights of
vertebrae would affect estimated bone strength.

Samples were fixed in formalin. Lochmüller et al. [38] reported that
the effect of formalin fixation on BMD was<9%. Baum et al. [39]
performed QCT-based FEA using human frozen specimens and for-
malin-fixed specimens and reported that there was no effect of formalin
fixation on trabecular microstructure and vertebral strength.

Since the voxel size of the CT images was 60 μm, trabecular
bones< 60 μm were ignored in this study.

Endplates, posterior elements, intervertebral discs, ligaments, and
muscles were excluded in the FEA model. Although the quality of col-
lagen is also an important factor, it cannot be evaluated by CT. Due to
the limitations of the software, FEA was performed by a linear model
with voxel size of 120 μm in the present study. Also, because of the
ethical limitations of our facility, mechanical tests were not performed
to verify the FEA model.

It is necessary to apply bending forces in addition to compression
force under various conditions, because the global balance of the whole
spine changes due to its degeneration, which affects load vectors to the
vertebrae [40].

5. Conclusion

The relationship between vertebral bone microstructure and esti-
mated bone strength was analyzed in cadaveric spines using second-
generation HR-pQCT. Bone microstructural parameters that were cor-
related with the failure load were Tb.vBMD, BV/TV, Tb.N, and Ct.Th. In
addition to trabecular bone, cortical thickness also contributes sig-
nificantly to vertebral strength in elderly women with highly deterio-
rated bone microstructure.
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