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Abstract
Summary The vertebral trabecular bone has a complex
three-dimensional (3D) microstructure, with inhomoge-
neous morphology. A thorough understanding of regional
variations in the microstructural properties is crucial for
evaluating age- and gender-related bone loss of the
vertebra, and may help us to gain more insight into the
mechanism of the occurrence of vertebral osteoporosis and
the related fracture risks.
Introduction The aim of this study was to identify regional
differences in 3D microstructure of vertebral trabecular
bone with age and gender, using micro-computed tomog-
raphy (micro-CT) and scanning electron microscopy
(SEM).
Methods We used 56 fourth lumbar vertebral bodies from
28 women and men (57–98 years of age) cadaver donors.
The subjects were chosen to give an even age and gender

distribution. Both women and men were divided into three
age groups, 62-, 77- and 92-year-old groups. Five cubic
specimens were prepared from anterosuperior, anteroinfe-
rior, central, posterosuperior and posteroinferior regions at
sagittal section. Bone specimens were examined by using
micro-CT and SEM.
Results Reduced bone volume (BV/TV), trabecular number
(Tb.N) and connectivity density (Conn.D), and increased
structure model index (SMI) were found between ages 62
and 77 years, and between ages 77 and 92 years. As
compared with women, men had higher Tb.N in the 77-
year-old group and higher Conn.D in the 62- and 77-year-
old groups. The central and anterosuperior regions had
lower BV/TV and Conn.D than their corresponding poster-
oinferior region. Increased resorbing surfaces, perforated or
disconnected trabeculae and microcallus formations were
found with age.
Conclusion Vertebral trabeculae are microstructurally het-
erogeneous. Decreases in BV/TV and Conn.D with age are
similar in women and men. Significant differences between
women and men are observed at some microstructural
parameters. Age-related vertebral trabecular bone loss may
be caused by increased activity of resorption. These
findings illustrate potential mechanisms underlying verte-
bral fractures.
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Introduction

Osteoporosis and its associated bone fractures have become
an increasingly important public health problem due to
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rapidly aging population [1]. It is important to identify the
possible pathological mechanisms underlying bone fragility
in old age. To this end, it is of interest to consider the age
and gender differences in bone fracture rates in terms of
sexual dimorphism in age-related skeletal changes. Human
vertebral trabecular bone is one of the primary sites for age-
related bone loss. Osteoporotic vertebral fractures are a
serious health problem that can lead to disabling pain,
kyphotic deformity and decreased quality of life [2]. The
etiology of vertebral fractures remains obscure, despite the
fact that they are the most common osteoporotic fracture.
Moreover, they are associated with significant morbility
and increased mortality.

Measurement of bone mineral density (BMD) has
traditionally been used as a method for diagnosis of
vertebral osteoporosis. However, this method does not fully
account for the influence of changes in trabecular bone
quality, such as three-dimensional (3D) microstructure,
microdamage accumulation and mineralization, on the
strength of the vertebra [3–6]. With the improvement in
spatial resolution of 3D imaging systems, such as micro-
computed tomography (micro-CT), it has become possible
for unbiased 3D quantities of microstructural parameters,
such as model-independent assessment of mean trabecular
thickness (Tb.Th), trabecular number (Tb.N), trabecular
separation (Tb.Sp), structure model index (SMI), connec-
tivity density (Conn.D), degree of anisotropy (DA). All
these parameters are related to changes with age and
diseases [7–9]. With this newly developed technique,
studies have been conducted to measure the changes of
3D microstructural parameters with age [7, 8]. For lumbar
vertebral trabeculae, a thorough understanding of the
regional variations in the microstructural properties is
crucial for diagnosis and treatment of age-related degener-
ation, and may help us to gain more insight into the
mechanism of the occurrence of vertebral osteoporosis and
the related fracture risks [10, 11].

Regional vertebral microstructure has been examined
using histological method [10–12] or micro-CT measure-
ment [13–15]. It was reported that the anterior third of the
vertebral body had a 20% lower bone volume (BV/TV),
16% fewer Tb.N and 28% greater Tb.Sp compared with the
posterior third using histomorphometric method [11]. It was
well accepted that there were pronounced age-related
changes in human vertebral trabecular bone density and
microstructure. The magnitude of these changes seemed to
be dependent on regional location in the vertebral body. By
using static histomorphometric method, Thomsen et al. [12]
showed that BV/TV, Tb.N and Conn.D decreased signifi-
cantly faster with age in the zone adjacent to the endplates
than in the central zone. Both Tb.Th and Tb.Sp were higher
in the central zone than in the sub-endplate zone. Recently,
Gong et al. [13] analyzed vertebral trabecular microstruc-

ture of six cadavers using micro-CT measurement. They
found that BV/TV and Tb.N decreased, while the aniso-
tropic parameters increased significantly with age. Hulme et
al. [15] analyzed the regional variations of vertebral bodies
from 22 osteoporotic cadavers aged 63–80 years. They
found that the posterior region of the vertebral body had
greater BV/TV, more connections, reduced Tb.Sp and more
plate-like isotropic structures than the corresponding ante-
rior region. Significant heterogeneity also existed between
superior and inferior regions. There are conflicting views
about the gender-related differences of lumbar vertebral
trabeculae. Some studies suggested that there were no
gender-related differences of the vertebral trabecular bone
morphometrically [5, 16]. Others showed that women had
lower trabecular density [17, 18].

Micro-CT provides a tool for obtaining both 2D
histomorphometric data and measurement of 3D connec-
tivity. However, the detailed morphology of trabecular bone
surfaces can not be identified by this method. Scanning
electron microscopy (SEM) has proven effective in inves-
tigating the activity states of the bone surfaces [19, 20]. Our
objective in this study was to confirm and extend these
previous observations by estimating 3D microstructure,
using micro-CT and SEM, from 56 cadaver donors to
identify regional variations of vertebral trabecular bone
with age and gender.

Materials and methods

Fifty six fourth lumbar (L4) vertebral bodies were obtained
during dissection in a gross anatomy course. We used 28
women (age range 57–98 years; mean age 77.4±13.0 years)
and 28 men (age range 57–98 years; mean age 77.6±
12.8 years). The subjects were chosen to give an even age
and gender distribution. Both women and men were divided
into three groups: 62-year (age range 57–68 years; N=9),
77-year (age range 72–82 years; N=9), and 92-year-old
groups (age range 87–98 years; N=10). Causes of death
included cardiac failure, cerebral hemorrhage, pneumonia,
multisystem organ failure and liver failure. Effects of these
conditions on bone are various and were not controlled.
The vertebral bodies were cleaned of soft connective tissue
with a scalpel. They were checked with conventional
histology, to rule out other bone diseases than osteopenia
or osteoporosis. An 8-mm-thick sagittal section was cut
close to the midline of the vertebral body using a water-
cooled low-speed diamond saw (Buehler Isomet, Illinois,
USA). Each section was divided into nine sectors (Fig. 1).
Five cubes of 8×8×8 mm3 were prepared from anterosu-
perior (AS), anteroinferior (AI), central (C), posterosuperior
(PS), posteroinferior (PI) sectors. The cortical shell and the
endplate were not included in each bone specimen.
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The trabecular bone microstructure was analyzed by
using cone-beam X-ray micro-CT system (MCT-CB100MF,
Hitachi Medical Corporation, Kashiwa, Japan) as described
by Washimi et al. [21]. The bone specimens were scanned
continuously with increments of 15 μm thickness for 512
slices with a tube voltage of 50 kV, tube current of 0.1 mA.
The voxel size was 15×15×15 μm3.

After scanning, the micro-CT image data were trans-
ferred to a workstation and the microstructural parameters
were calculated using 3D trabecular bone analysis software
TRI/3D-BON (Ratoc System Engineering Co. Ltd., Tokyo,
Japan). TRI/3D-BON builds 3D models from serial
tomographic datasets for visualization and morphometric
analysis as described by Joo et al. [22]. Briefly, the 3D
images were segmented into voxels identified as bone and
marrow. A histogram of the image gray scale values of a
typical vertebral body is shown in Fig. 2a. A median filter

was used to remove noise and a single threshold value was
used to segment the images for all specimens. A sagittal
section viewed from the lateral aspect of a typical vertebral
body before segmenting is shown in Fig. 2b. The same
section after segmentation is shown in Fig. 2c. The
resulting image is the gray scale representation of the
mineralized tissue. Subsequently, the isolated small par-
ticles in marrow space and the isolated small holes in bone
were removed using a cluster-labeling algorithm [23]. The
trabecular bone was then analyzed for microstructural
indices. Bone volume (BV) was calculated using tetrahe-
drons corresponding to the enclosed volume of the
triangulated surface [24]. Trabecular BV/TV was calculated
with bone volume (BV) and total tissue volume (TV). Tb.
Th, Tb.Sp and Tb.N were based on direct measures by a
distance transformation method [25]. SMI is a parameter
that quantified the characteristic form of a 3D described
structure in terms of the number of plates and rods that
compose the structure [25]. Conn.D is a topological
parameter that estimates the number of trabecular connec-
tions per cubic millimeter [26]. DA defines the direction
and magnitude of the preferred orientation of trabeculae and
uses the ratio between the maximum and minimum radii of
the mean intercept length ellipsoid [27]. All the above
parameters were computed in 3D without model assump-
tions required for 2D-based analysis [28].

After micro-CT scanning, the trabecular bone specimens
were cleaned with a fine jet of water to remove bone
marrow. They were then treated with 5% sodium hypo-
chlorite solution to remove residual marrow. The specimens
were dehydrated in acetone and critical-point dried,
mounted on stubs and coated with gold/palladium using
an ion sputter. The vertebral trabeculae were examined with
a scanning electron microscope (Hitachi S-3500 N SEM).

The trabecular resorbing surfaces, showing depressions
or pits with bright scalloped edges, indicative of osteoclas-

Fig. 2 The frequency distribu-
tion of the voxel gray scale
values (a) for a typical vertebral
image, showing the separation
between the marrow and bone.
A typical sagittal section before
segmenting (b) and after seg-
mentation (c) with a single
threshold value in the frequency
histogram is shown

Fig. 1 Stereomicroscopic image of the sagittal section from the fourth
lumbar vertebral body. Five regions (AS, AI, C, PS and PI) of the
vertebral body for micro-CT scanning are shown
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tic resorptions, have been described extensively [19, 20,
29]. In the present study, the percentage area occupied by
the resorbing surface was estimated, by using an image
measuring system (Finetec, Tokyo, Japan) as reported
previously [29]. Measurements were carried out from all
trabecular bone specimens examined at a magnification of
100 under the SEM.

All data are presented as mean ± SD. Statistical analysis
was done using SPSS version 14 (Chicago, IL, USA). One-
way analysis of variance (ANOVA) was used to compare
the trabecular microstructural parameters overall in the
three different age groups. Statistical analysis of differences
between women and men of the same age group was made
by Student’s t-test. Correlation between BV/TV, Conn.D
and age for both women and men was studied by linear
regression analysis. Regional variations of the microstruc-
tural parameters were examined using repeated-measures
analysis of variance (ANOVA). Fisher’s protected least
squares differences test was used for post hoc multiple
comparisons. The same statistical analysis was performed
for the percentage area of the trabecular bone resorbing
surface. Differences were considered significant at p<0.05.

Results

Table 1 shows the mean values of microstructural param-
eters in three age groups of women and men. As is evident,
among three age groups, the 62-year-old group had the
highest values of BV/TV and Tb.N for both women and
men. BV/TV decreased by 11% and 12% (p<0.05) between
ages 62 and 77 years, between ages 77 and 92 years for
women. The change pattern of Tb.N was quite similar with
that of BV/TV. Consistently, Tb.Sp increased by about 9%

(p<0.05) between ages 62 and 77 years, between ages 77
and 92 years for women. The vertebral body displayed rod-
like trabecular bone structure in the 92-year-old group. SMI
increased by 10% and 7% between ages 62 and 77 years,
between ages 77 and 92 years for women. Conn.D was the
highest in the 62-year-old group, and it decreased by 20%
and 22% between ages 62 and 77 years, between ages 77
and 92 years for women. The above microstructural
parameters changed very similarly in women and men
among three age groups. As compared with women, BV/
TV, Tb.N and Conn.D had a tendency to be higher, while
Tb.Sp and SMI had a tendency to be lower in men. Tb.N
and Conn.D in the 77-year-old group were significantly
higher (p<0.05) in men than those of women (Table 1). We
did not find any significant differences for Tb.Th and DA
between women and men among three age groups. The
lineal regression analysis showed that BV/TV and Conn.D
decreased significantly with age for both women and men
(Fig. 3a,b).

Table 2 shows the mean values of microstructural
parameters in five different regions of vertebral body. The
posteroinferior region had the highest BV/TV, Tb.N and
Conn.D, and the lowest Tb.Sp. As compared with poster-
oinferior region, BV/TV, Tb.N and Conn.D were signifi-
cantly low, while Tb.Sp was significantly high in the central
and anterosuperior regions (p<0.05). We did not find any
significant differences among five regions with regard to
Tb.Th, SMI and DA (Table 2).

Table 3 lists the mean values of microstructural
parameters and their relative differences in women and
men of three age groups. BV/TV in the anterior and
posterior regions was decreased with age for both women
and men. No significant difference was found for BV/TV in
the central region among three age groups of both women

Table 1 Microstructural parameters overall in three age groups of women and men

Women Men

62-year-old group
(N=9)

77-year-old group
(N=9)

92-year-old group
(N=10)

62-year-old group
(N=9)

77-year-old group
(N=9)

92-year-old group
(N=10)

BV/TV (%) 14.8±2.3 13.2±1.7b 11.6±1.5c 15.7±1.9 13.9±1.6b 12.0±1.5c

Tb.Th (mm) 115.4±13.8 111.0±13.1 104.3±11.2 119.1±14.4 114.3±13.0 106.3±11.9
Tb.N (/mm) 1.22±0.15 1.13±0.14b 1.02±0.11c 1.29±0.16 1.21±0.14a 1.04±0.13c

Tb.Sp (mm) 765.4±83.4 832.4±87.6 906.9±95.5 721.5±76.0 796.8±86.3 862.0±90.1
SMI 2.06±0.25 2.27±0.28b 2.43±0.26c 1.98±0.23 2.14±0.24b 2.38±0.27c

Conn.D (/mm3) 3.67±0.42 2.94±0.34b 2.30±0.26c 3.84±0.41a 3.17±0.36a,b 2.41±0.31c

DA 1.55±0.18 1.62±0.20 1.73±0.19 1.52±0.17 1.58±0.21 1.69±0.19

Values are mean ± SD.
a: Significant difference between women and men of the same age at p<0.05
b: Significant difference between the 62-year-old group and the 77-year-old group at p<0.05
c: Significant difference between the 77-year-old group and the 92-year-old group at p<0.05
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and men. Tb.N had the tendency to decrease with age for
all five regions. Tb.N in the 92-year-old group for both
women and men was significantly low (p<0.05). Tb.Sp
and SMI increased with age. Conn.D was significantly
decreased with age in all five regions. the In 77- and 92-
year-old groups, Conn.D in the anterior, central and
posterosuperior regions of men was significantly greater
than that of women. Age-related change for Conn.D was
the greatest among all microstructural parameters. Conn.D
in all five regions was significantly decreased by about 20%
between ages 66 and 77 years, and between ages 77 and
92 years (Table 3).

Figure 4 shows the typical 3D reconstructions of women
vertebral trabecular bones at age 77 years. Images of the
sample with BV/TV that were closest to the mean BV/TV
were reconstructed in each group. The trabecular bone
volume was higher in the posterosuperior and poster-
oinferior regions. There was a significant decline of
trabeculae in the central and anterosuperior regions (Fig. 4).

The SEM images showed that the vertical trabeculae
were relatively thicker, while the horizontal ones were
thinner (Fig. 5a). The characteristics of the resorbing
surfaces (R) showed considerable variability at different
ages both for women and men. These variations were
related to the trabecular structural changes, such as
thinning, perforation and disruption of the trabeculae, that

occur with age. The size and shape of the resorbing surfaces
varied from long, shallow, elongated furrows (Fig. 5b) to
rounded deep lacunae (Fig. 5c). The amount of bone
removed by the resorption varied from superficial skim-
ming of surfaces to complete perforation or disconnection
of the trabeculae (Fig. 5b,d). In some regions, the trabecular
microcallus formation (MC) was observed, especially on
the vertical trabeculae (Fig. 5d).

The percentage area of bone resorbing surface is shown
in Table 4. Women had a tendency to have higher bone
resorbing surfaces, but no significant differences were
found between women and men. The percentage area of
bone resorbing surface had a tendency to increase with age
for both women and men. As compared with 62- and 77-
year-old groups, the percentage area of bone resorbing
surface was significantly high in the 92-year-old group for
both women and men (Table 4). We did not find any
significant differences for percentage area of bone resorbing
surface among five regions of the vertebral body.

Discussion

In this study, we explored the age- and gender-specific
regional differences of the trabecular bone microstructure in
lumbar vertebral body. It is well accepted that age-related

Fig. 3 Linear relationships between BV/TV and age (a), between Conn.D and age (b). BV/TV and Conn.D decreased significantly with age for
both women and men

Table 2 Microstructural
parameters in the five regions

Values are mean ± SD. a: p<
0.05, vs. AS; b: p<0.05, vs.
AI; c: p<0.05, vs. C

AS AI C PS PI

BV/TV (%) 12.7±1.1 13.8±1.3 11.8±1.0b 14.4±1.2c 15.0±1.2a,c

Tb.Th (mm) 110.7±8.7 112.0±9.2 114.8±9.5 111.1±10.3 110.2±9.8
Tb.N (/mm) 1.13±0.10 1.15±1.17 1.09±0.12 1.17±0.09 1.22±0.14a,c

Tb.Sp (mm) 834.1±78.6 809.8±77.0 860.8±81.4 797.7±75.9 768.3±72.4a,c

SMI 2.22±0.21 2.21±0.23 2.32±0.25 2.18±0.20 2.14±0.19
Conn.D (/mm3) 2.96±0.27 3.04±0.25 2.89±0.30 3.14±0.28 3.23±0.33a,c

DA 1.63±0.16 1.62±0.19 1.61±0.15 1.62±0.17 1.59±0.14
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bone loss is an important factor leading to enhanced bone
fragility and fracture risk in the elderly. Age-related
changes of the trabecular bone included a decrease in BV/
TV, Tb.N and Conn.D, an increase in Tb.Sp, a shift from
plate-like trabeculae to rod-like structure [5, 13, 21, 30–36].
The results from our study are in line with these findings.
According to our data, a 92-year-old person showed a
decrease in BV/TV of about 20% in vertebral trabeculae as
compared with a 62-year-old one. Similar to BV/TV, Tb.N
and Conn.D also decreased in a line fashion. Consistently,
Tb.Sp and SMI increased with age. We found no
significantly age-related changes in Tb.Th and DA. The

reduction of BV/TV with age is associated primarily with
reduction in Tb.N and increases in Tb.Sp [5, 13, 30–36],
which is in line with our findings. In the present study, we
found that BV/TV decreased by 22% and 24%, Tb.N
decreased by 16% and 19%, Tb.Sp increased by 18% and
19% from ages 62 to 92 years for women and men
respectively (Table 1). There is considerable controversy
with the age-related changes of Tb.Th. Some studies reported
that there was a greater relative loss and thinning with age for
all trabeculae [37–39], or horizontal trabeculae only [31, 32].
With the loss of horizontal trabeculae, the remaining vertical
trabeculae tended to maintain their thickness and might even

Table 3 Microstructural parameters in women and men of the different age groups

Women Men

62-year 77-year 92-year 62-year 77-year 92-year

BV/TV AS 14.8±1.7 12.6±1.7b 11.2±1.4c 15.8±1.9a 13.5±1.9a,b 11.5±1.4c

AI 15.5±1.7 13.2±1.6b 11.6±1.5c 16.5±2.0a 14.0±1.6b 12.1±1.7c

C 12.2±1.3 11.6±1.5 10.9±1.3 12.2±1.4 11.8±1.4 11.3±1.3
PS 15.5±1.9 14.0±1.5b 12.1±1.6c 16.6±2.1a 15.1±1.8a,b 12.6±1.6c

PI 15.8±1.7 14.7±1.8b 12.5±1.5c 17.2±1.9a 15.5±1.8b 12.9±1.8c

Tb.Th AS 114.5±13.0 108.4±13.9 104.3±13.7 118.3±15.7 113.0±13.2 105.9±11.1
AI 115.6±15.1 112.5±14.4 104.6±12.0 120.1±14.4 112.8±14.4 106.2±12.9
C 118.7±14.9 114.7±12.6 106.8±15.2 121.4±13.0 117.5±15.8 109.5±12.8
PS 114.9±14.3 110.2±14.8 103.4±15.8 118.2±13.3 114.4±14.9 105.6±13.4
PI 113.6±16.6 109.6±15.5 102.2±14.9 117.7±15.6 113.7±13.0 104.3±12.2

Tb.N AS 1.21±0.15 1.11±0.14 1.01±0.15c 1.26±0.17 1.18±0.14 1.04±0.16c

AI 1.23±0.17 1.14±0.16 1.02±0.16c 1.29±0.17 1.20±0.17 1.07±0.17c

C 1.15±0.16 1.08±0.17 0.97±0.14c 1.22±0.15 1.17±0.16 1.00±0.15c

PS 1.23±0.20 1.15±0.16 1.04±0.13c 1.32±0.20 1.23±0.18 1.03±0.15c

PI 1.27±0.18 1.19±0.15 1.08±0.13c 1.37±0.16a 1.26±0.15b 1.08±0.16c

Tb.Sp AS 780.2±85.3 852.5±93.4b 932.4±99.1c 738.3±80.8 811.7±86.6b 880.6±96.1c

AI 761.6±89.0 830.2±90.7b 901.0±96.7 717.5±78.3 794.8±88.7b 861.3±93.7
C 812.3±90.4 882.6±95.0b 966.4±99.8c 758.7±79.0 842.3±89.4b 903.7±98.4
PS 746.9±82.6 821.8±88.7b 881.5±90.5 707.8±75.6 777.6±85.5b 845.5±90.7
PI 726.8±79.6 773.3±84.4 852.4±93.2c 683.5±72.9 755.8±81.0b 822.1±88.8

SMI AS 2.17±0.25 2.30±0.28 2.48±0.29 2.08± ±0.28 2.17±0.24 2.39±0.28c

AI 2.15±0.27 2.28±0.27 2.44±0.26 2.07±0.23 2.17±0.24 2.38±0.27c

C 2.21±0.28 2.32±0.25 2.52±0.29c 2.15±0.30 2.23±0.29 2.45±0.26c

PS 2.03±0.24 2.24±0.26b 2.39±0.31 1.92±0.24 2.12±0.27b 2.35±0.28c

PI 2.00±0.23 2.18±0.24b 2.37±0.27c 1.91±0.26 2.04±0.26 2.32±0.26c

Conn.D AS 3.67±0.40 2.89±0.34b 2.27±0.25c 3.86±0.44 3.26±0.35a,b 2.44±0.30a,c

AI 3.55±0.39 2.72±0.31b 2.38±0.28c 3.62±0.41 3.38±0.37a,b 2.66±0.34a,c

C 3.62±0.42 2.80±0.32b 2.10±0.23c 3.64±0.41 3.30±0.36a,b 2.47±0.31a,c

PS 3.74±0.44 3.12±0.35b 2.39±0.29c 3.95±0.43 3.41±0.38a,b 2.86±0.36a,c

PI 3.78±0.40 3.21±0.33b 2.36±0.30c 4.04±0.45 3.48±0.41b 2.75±0.32 c

DA AS 1.62±0.20 1.60±0.18 1.74±0.20 1.54±0.19 1.56±0.18 1.74±0.22
AI 1.56±0.18 1.62±0.20 1.73±0.19 1.52±0.17 1.58±0.21 1.69±0.19
C 1.50±0.17 1.66±0.18 1.71±0.18 1.46±0.18 1.63±0.21 1.69±0.17
PS 1.57±0.17 1.58±0.16 1.70±0.19 1.55±0.17 1.62±0.23 1.66±0.19
PI 1.53±0.18 1.61±0.22 1.66±0.23 1.47±0.19 1.53±0.18 1.71±0.20

Values are mean ± SD.
a: Significant difference between women and men of the same age at p<0.05
b: Significant difference between the 62-year-old group and the 77-year-old group at p<0.05
c: Significant difference between the 77-year-old group and the 92-year-old group at p<0.05
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increase in thickness with age [5, 31]. Other studies
indicated that there were no significant changes of Tb.Th
with age [13, 40]. Our study showed that Tb.Th decreased
by 10% from ages 62 to 92 years for both women and men,
though there were no statistical significances with age. The
reduced BV/TV due to decreases in Tb.N and increases in
Tb.Sp, with or without thinning of Tb.Th, has formed the
basis of the plausible hypothesis for age-related trabecular
bone loss [40, 41].

The etiology of age-related bone loss remains unclear.
This may occur by excessive resorption activity, with
deeper cavities being formed by the osteoclasts, and/or
insufficient formation of replacement bone tissue by the
osteoblasts [30, 40, 42]. Our results showed that the
percentage area of bone resorbing surface was significantly
increased with age. Some trabeculae were completely
perforated or disconnected. In some regions, trabecular
microcallus formations were observed. These findings are
consistent with the hypothesis that the bone resorption
increases with age, and this accelerates the risk of fracture
due to bone loss in the vertebrae [30]. Vertebral trabecular
bone is lost principally through perforation of trabeculae
rather than general thinning of trabeculae [31, 42, 43]. The
loss of complete trabeculae results in a significantly greater
deterioration in mechanical properties than an equivalent
bone reduction where trabeculae are thinned but not lost
altogether [8].

Vertebral trabecular bone has a complex 3D structure
that consists of interconnecting plates and rods. An
estimation of plate or rod characteristic of trabeculae can

be determined by measuring SMI. This is important
structural feature which impacts strongly on the mechanical
properties of the trabeculae. Human vertebral trabecular
bone has a more rod-like than plate-like structure and hence
is likely to be more susceptible to bending and buckling
failure than, for example, femoral head, which has a more
plate-like structure [5]. There were few studies concerning
age-related change for vertebral trabecular SMI. Stauber
and Müller [5] stated that there was a slight increase of SMI
with age in human vertebra. Ding et al. [8] analyzed age-
related changes in proximal tibial trabeculae from 40
normal donors aged 16 to 85 years. It was found that SMI
was the highest in the old age group as compared with
young or middle age group. It seemed that human tibial
trabecular bone structure changed with age from plate-like
to somewhat more rod-like so as to form a combined plate-
like and rod-like trabecular structure. Gong et al. [14]
investigated microstructure of vertebral trabeculae from 6
donors. They suggested that vertebral bodies with the same
age might belong to high-SMI or low-SMI group. The
vertebrae with lower bone mass and poorer connectivity
were liable to constitute high-SMI group, which was more
susceptible to vertebral body wedge fracture. In the present
study, we found that SMI increased from age 62 to 92 years
by 18% and 20% respectively for women and men. A more
rod-like structure of the trabecular bone is observed in the
vertebral trabeculae with age and hence is likely to be more
susceptible to bending and buckling failure modes.

Trabecular connectivity is a fundamental property of 3D
networks, which has traditionally been measured by various

Fig. 4 Three-dimensional mi-
cro-CT image reconstructions in
different regions of the vertebral
body from a woman aged 78
years: anterosuperior (a), ante-
roinferior (b), central (c), post-
erosuperior (d), and
posteroinferior (e) regions. The
trabecular bone is higher in the
posterosuperior and posteroinfe-
rior regions than that of the
central and anterosuperior
regions
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surrogate 2D methods. Unbiased and model-free quantifi-
cation of connectivity from 3D images is enabled by a
topological approach [26]. Conn.D is important in the
maintenance of bone strength. As bone volume decreases
there is a corresponding decrease in Conn.D, possibly due
to the loss of small interconnecting trabeculae with small
initial diameter [15, 34]. Our data showed that Conn.D
decreased by 37% from age 66 to 92 years (Table 1). The
change in Conn.D with age in the vertebral body was

almost identical for women and men. Similar result was
reported previously using histomorphometric method [35].
How the trabecular connectivity changes under pathological
condition remains to be obscure.

Several studies have reported no differences in vertebral
BMD between women and men [36, 44]. Sigurdsson et al.
[17], however, recently reported significantly lower trabec-
ular density of lumbar spine and proximal femur in women
between 67–69 years of age with QCT. A study by

Table 4 Percentage area of bone resorbing surface

Women Men

62-year-old group 77-year-old group 92-year-old group 62-year-old group 77-year-old group 92-year-old group

AS 4.22±0.57 4.50±0.63 5.17±0.64b 4.10±0.58 4.28±0.56 4.73±0.64b

AI 4.20±0.62 4.47±0.59 5.08±0.67b 4.03±0.44 4.24±0.50 4.69±0.53b

C 4.26±0.58 4.58±0.64 5.28±0.68b 4.18±0.58 4.29±0.57 4.78±0.65b

PS 4.12±0.56 4.44±0.61 5.02±0.59b 4.06±0.50 4.15±0.59 4.61±0.60b

PI 4.07±0.61 4.38±0.57 4.89±0.65b 3.89±0.49 4.14±0.55 4.58±0.62b

Values are mean ± SD
b: Significant difference between the 92-year-old group and the 62- and the 77-year-old group for women or men at p<0.05

Fig. 5 SEM photographs of the
vertebral trabeculae from
89- (a, b), 90-(c), and 92-(d)
year-old women. The vertical
trabeculae are relatively thicker
than the horizontal ones (a). The
elongated shallow resorption
furrows (b), rounded deep re-
sorption lacunae (c) and the
trabecular microcallus (d) are
observed. R: resorbing surfaces;
MC: microcallus
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Bouxsein et al. [18] also using QCT, reported that both
women and men exhibited a marked decline in trabecular
compressive strength with age, the decline was greater in
women than men. Recently, in a population-based cross-
sectional study, effects of gender and age on bone
microstructure of distal radius using high-resolution 3D
pQCT were explored [45]. Decreases in trabecular BV/TV
with age are similar in women and men. Compared with
women, men had thicker trabeculae and had less micro-
structural damage with age [45]. Eckstein et al. [46]
characterized bone microstructure, specifically gender
differences, at multiple skeletal sites in 165 subjects aged
52 years and older using micro-CT technology. Significant
gender differences were observed at the distal radius,
femoral neck and femoral trochanter, but not at the iliac
crest, calcaneus and lumbar vertebral body. Previously, no
gender-related differences were found in vertebral trabecu-
lae histomorphometrically [16]. Stauber and Müller [5]
analyzed age-related changes in trabecular bone micro-
structures by global and local morphometry analysis. Age-
related changes showed no gender but site differences.

Our study demonstrated that there were no significant
gender differences for BV/TV. Men had higher BV/TV than
women by 6% in the 62-year-old group and 3% only in the
92-year-old group (Table 1). The gender differences for
BV/TV became smaller with aging. Clinical observation
showed that women:men ratio of vertebral fracture in
subjects ≥35 years of age was 2.4:1, while the ratio
in subjects ≥85 years of age decreased to 1:0.92 [47]. In
human lumbar vertebrae, trabeculae became thinner and
finally vanished with aging, while the remaining trabeculae
tended to maintain their thickness and might even increase
in thickness. Due to loss of interconnecting trabeculae, the
remaining trabeculae are more likely to buckle [5, 31].
However, there is no detailed information concerning the
age-related change of the vertebral trabecular connectivity.
Men displayed higher Conn.D than women (Table 1, 3).
Why the gender-related difference occurs in the vertebral
trabeculae, as well as the possible biomechanical or
hormonal factors driving these changes is unknown at this
point.

Vertebral trabeculae are not morphologically homoge-
neous. Banse et al. [48], using pQCT measurement,
reported that BV/TV in the posterior region of lumbar
vertebral body was 20% higher than that in the anterior one.
Hulme et al. [15] found that the inferoposterior region had
the highest BV/TV in vertebral body. Similar findings were
observed in the present study. Our results showed that the
central and anterosuperior regions of the vertebral body had
the lowest BV/TV, Tb.N, Conn.D, and the highest Tb.Sp.
The posteroinferior region had the highest BV/TV, Tb.N,
Conn.D, and the lowest Tb.Sp for both women and men.
BV/TV, Tb.N and Conn.D significantly decreased between

ages 62 and 77 years, and between ages 77 and 92 years.
SMI significantly increased between ages 62 and 77 years,
and between ages 77 and 92 years. As compared with
women, men had significantly higher Tb.N in the 77-year-
old group, and higher Conn.D in the 62- and 77-year-old
groups.

It was accepted that regional differences of vertebral
body were dependent on age, with generally large differ-
ences in young, adult individuals and smaller or no
differences in old individuals [12], which is in line with
our findings. As compared with posteroinferior region, BV/
TV in the central region was lower by 23% and 29%,
respectively, for both women and men in the 62-year-old
group, and this difference decreased to about 12% in the
92-year-old group (Table 3). The regional re-enforcement
of trabecular bone is reflected in observed vertebral fracture
location. Low energy compression fractures can occur in
the anterior or posterosuperior regions of the vertebra, but
rarely in the inferoposterior region [48, 49]. The poster-
oinferior endplate was found to be significantly stronger
than the superior one [50]. One rationale for the regional
inhomogeneity of BV/TV, higher in the posteroinferior
region, is that the cortical shell of the posterosuperior
region is reinforced by the posterior elements, relying less
on the trabeculae for strength. However, the posteroinferior
region of the cortical shell does not have reinforcement,
lacking any posterior elements, and thus must rely on the
trabecular core for strength [48]. The highest BV/TV in the
posteroinferior region of vertebral body, and to a lesser
extent a thickening of the posterior endplate, likely
strengthens the inferior endplate resulting in a preferential
failure of the superior endplate. The relationship between
vertebral strength and structure is complex, involving
contributions from the endplate, cortical shell, trabeculae
and intervertebral disc health [10].

By using SEM, the trabecular resorption states are
clearly visualized, which are important for bone architec-
tural integrity, probably determining whether the bone
quality is maintained or reduced [19, 20]. Vertebral
trabecular bone is lost principally through perforation of
trabeculae rather than general thinning of trabeculae [31]. It
was possible to show that some perforated trabeculae were
removed by osteoclasts. The trabecular connections were
lost and continuity destroyed. If new bone formation does
not adequately restore the lost tissue, the narrowed
trabeculae will become tapered, free-ended, and unlikely
ever to regain continuity [19, 20]. Trabecular microcallus
formation was described previously in human vertebra [19,
20, 51]. Whether microcallus formations should be
regarded as an indicator of poor architectural adaptation to
prevailing strain or whether they are a sign of physiological
repair mechanism is difficult to determine [19, 20, 51]. The
interpretation of trabecular bone resorption by SEM is
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limited, because we have no accurate information of the
resorption rates and the population dynamics of the
osteoclasts that shaped the surface. We may blithely assume
that large cells make larger holes in the bone, but standard
histomorphometric studies give a poor interpretation of 3D
isotropic resorption and the relationship of characterized
osteoclasts to it.

The presented methodology differs from previous inves-
tigations in that the trabeculae were observed with micro-
CT and SEM. Both methods allow direct assessment of the
structure stereoscopically. To obtain microstructural param-
eters using micro-CT and SEM, the specimens are often not
so large. In the present study, just five cubes of 8×8×
8 mm3 of each vertebral body were used for microstructural
analysis. This can only provide data for small localized bone
volume, which may differ from that in other regions, and these
data from such a small specimen can not be used to determine
the overall bone strength or fracture risk. On the other hand,
larger specimens can provide average structural and mechan-
ical properties of a piece of bone, but may not reflect regional
structural variations. In the present study, all specimens
obtained from subjects aged 57 years or older and the number
of specimens is limited (n=56). Because of the limited
availability of donors, we did not have the opportunity to get
specimens from young individuals. With more cases from
young individuals, we might offer a conclusion completely on
regional variations in the microstructure of the human
vertebral trabeculae with age and gender.

In conclusion, our study demonstrates that BV/TV, Tb.N
and Conn.D decreased, while SMI increased significantly
between ages 62 and 77 years, and between ages 77 and
92 years. As compared with women, men had higher Tb.N
in the 77-year-old group, and higher Conn.D in the 62- and
77-year-old groups. The vertebral trabecular bone is micro-
structurally heterogeneous. These findings may be used to
focus clinical CT analysis to specific trabecular regions to
further improve fracture prediction for specific fracture
modalities.
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