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Abstract: Trabecular bones of different skeletal sites have different bone morphologies. How to select an appropri-
ate volume of region of interest (ROI) to reflect the microarchitecture of trabecular bone in different skeletal sites 
was an interesting problem. Therefore, in this study, the optimal volumes of ROI within vertebral body and femoral 
head, and if the relationships between volumes of ROI and microarchitectural parameters were affected by trabecu-
lar bone morphology were studied. Within vertebral body and femoral head, different cubic volumes of ROI (from (1 
mm)3 to (20 mm)3) were set to compare with control groups(whole volume of trabecular bone). Five microarchitec-
tural parameters (BV/TV, Tb.N, Tb.Th, Tb.Sp, and BS/BV) were obtained. Nonlinear curve fitting functions were used 
to explore the relationships between the microarchitectural parameters and the volumes of ROI. The volumes of ROI 
could affect the microarchitectural parameters when the volume was smaller than (8 mm)3 within the vertebral body 
and smaller than (13 mm)3 within the femoral head. As the volume increased, the variable tendencies of BV/TV, 
Tb.N, and Tb.Sp were different between these two skeletal sites. The curve fitting functions between these two sites 
were also different. The relationships between volumes of ROI and microarchitectural parameters were affected by 
the different trabecular bone morphologies within lumbar vertebral body and femoral head. When depicting the mi-
croarchitecture of human trabecular bone within lumbar vertebral body and femoral head, the volume of ROI would 
be larger than (8 mm)3 and (13 mm)3.
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Introduction

In recent years, μCT, an X-ray imaging method, 
has been widely used to investigate the micro-
architecture of trabecular bone. μCT was 
thought as the first laboratory available method 
to allow a fast ex vivo exploration and three-
dimensional measurements of bone samples 
[1]. The equipment now has a resolution better 
than 10 μm/voxel; and it can provide three-
dimensional images without destructive effects 
on the samples. Meanwhile, with the aids of 
image analysis software, microarchitectural 
parameters to reflect the complex three-dimen-
sional structures of trabecular bone can be 
obtained from the images. 

Microarchitectural parameters of trabecular 
bone, obtained from μCT analysis, could reflect 

the health status and the biomechanical com-
petence of the bone. It is well known that osteo-
porosis is associated with a decrease in the 
number and size of trabeculae [2]. Akhter et al. 
[3] reported a significant decrease in trabecular 
number and transformation to a more rod-like 
trabeculae during the years surrounding meno-
pause with μCT analysis. It has been shown 
that, microarchitecture of trabecular bone mea-
sured by μCT plays a quite important role in 
determining elastic properties of trabecular 
bone [4-6]. With the help of μCT, the determina-
tion of biomechanical properties of bone and 
the diagnosis of osteoporosis could be improved 
[7].

However, the selections of ROI in μCT analysis 
on human trabecular bone were quite different 
in former studies. In a recent study on vertebral 
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trabecular bone, for microstructural analysis, 
the largest possible cubical volume of interest 
consisting of only the trabecular bone was 
cropped from the reconstructed images [8]. In 
another study, the sizes of ROIs within vertebral 
trabecular bone were set as 2.7×2.7×8.4 mm3, 
and 2.1×2.1×4 mm3 [9]. Ulrich et al. [7] defined 
a cubic ROI with a side length of 4 mm in both 
vertebral body and femoral head. Mulder et al. 
[10] defined a cylindrical ROI (C3 vertebral 
body: 13.0 mm diameter, 10.0 mm height and 
T12 vertebral body: 17.6 mm diameter, 11.1 
mm height) in the cranial-caudal direction with-
in the vertebral body. For the proximal femora, 
a cylindrical ROI (17.6 mm diameter, 11.1 mm 
height) was defined at the center of the femoral 
head. Quite different volumes of ROI were used 
in those former studies.

The former study has shown that volume of ROI 
could affect the microarchitectural parameters 
obtained from μCT analysis [11]. In that study, 
significant differences were observed between 
the control group (total trabecular bone of cer-
vical vertebral body) and different volumes 
groups. It demonstrates that the optimal vol-
ume of ROI of greater than (6 mm)3 should be 
selected to predict the microarchitectural 
parameters of trabecular bone from human 
cervical vertebral bodies. Nevertheless, lumbar 
vertebral body and proximal femur are the ana-
tomic sites which most researches focus on. If 

this optimal volume of ROI could be applied in 
lumbar vertebral body and proximal femur is 
not clear.

It has been clear that the morphologies of tra-
becular bone harvested from different skeletal 
sites were quite different [12, 13]. Typical tra-
becular bone structures of lumbar vertebral 
body are in general rod-like (Structure model 
index, SMI=2.5), however, the trabecular bone 
structures of femoral head are in general more 
plate-like (SMI=0.16) [12]. The structure model 
index (SMI) is an estimation of the plate-rod 
characteristic of the structure [14]. The value of 
SMI for ideal plates is 0, and for ideal rod is 3. 
For a structure with both plates and rods of 
equal thickness, the value is between 0 and 3, 
depending on the volume ratio between rods to 
plates. The obvious different values of SMI 
between vertebral body (SMI=2.5) and femoral 
head (SMI=0.16) indicate that the morpholo-
gies of trabecular bone between these two 
skeletal sites are quite different [12]. And if 
these different trabecular morphologies could 
affect the optimal volume of ROI was also not 
clear.

Therefore, the purpose of this study was to find 
the optimal volume of ROI in lumbar vertebral 
body and femoral head, and to find if the differ-
ent trabecular morphologies of these two skel-
etal sites could affect the optimal volume of 

Figure 1. L2 vertebral body and proximal femur specimens. A. L2 vertebral body without lateral and posterior ele-
ments. B. Proximal portion of femur without the part under minor trochanter.
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ROI. The specific relationships between differ-
ent volumes of ROI and microarchitectural 
parameters in these two skeletal sites were 
also studied.

Materials and methods

Specimen preparation

The second lumbar vertebral bodies (L2), and 
right proximal portions of femur were harvested 
from 6 embalmed human cadavers (age range: 
40 to 72 years; 6 males) provided by the 

Department of Human Anatomy at the Fourth 
Military Medical University. All bones were 
physical evaluated and radiographed to exclude 
bone diseases, bone cancers, and previous 
fractures. Most of the soft tissues were 
removed from the bone with a scalpel. Lateral 
and posterior elements including the pedicle, 
transverse process, and spinous process were 
excised from vertebral body using a band saw. 
The distal part of femur under the minor tro-
chanter was cut off using a band saw. The L2 
vertebral body and proximal portion of femur 
specimens were shown in Figure 1.

Figure 2. The selection of ROI in μCT analysis. A. The cubic ROI within the vertebral body. B. The user-defined ROI 
which including all the trabecular bone within the vertebral body. C. The cubic ROI within the femoral head. D. The 
user-defined ROI which including all the trabecular bone with the femoral head.
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μCT scanning

All the specimens (6 vertebral bodies, and 6 
proximal portions of femur) were scanned with 
a high-resolution μCT system (Siemens Inveon, 
Siemens Inc., Germany) with a resolution of 
33.355 μm. Image processing included the 
application of a modest Gauss global filter and 
segmentation using the method of Otsu [15] 
which was a popular and mature method in the 
filed of the threshold segmentation. The imag-
es were obtained using following parameters: 
(a) 100 kV as the X-ray tube voltage; (b) 100 μA 
as the anode current; (c) 2500 ms as the shut-
ter speed. The captured μCT images were post 
processed to reconstruct the three-dimension-
al images for the further analysis.

Microarchitectural parameters

5 microarchitectural parameters (BV/TV, Tb.N, 
Tb.Th, Tb.Sp, and BS/BV) were obtained to eval-
uate the microarchitecture of trabecular bone. 
The method to obtain these microarchitectural 
parameters was similar to the former study 
[11]. The centers of ROI were set in the centroid 

of the vertebral body and femoral head, which 
could be accomplished by the μCT analysis 
software (Inveon Acquisition Workplace- 
Version1.4.3.6, Siemens Inc., Germany). The 
shape of ROI was cubic, with the length increas-
ing from 1 mm to 20 mm, and the volumes 
ranging from 1 to 8000 mm3 (Figure 2A and 
2C). 20 cubic regions of interest were extracted 
from each vertebral body and femoral head. 
Finally, the user-defined ROI was established by 
selecting all the trabecular bone within the ver-
tebral body (Figure 2B) and femoral head 
(Figure 2D), and it was considered to be the 
standard value. In vertebral body as shown in 
Figure 2B, the user-defined ROI contained the 
whole volume of vertebral trabecular bone with-
out the cortical shell. In femoral head as shown 
in Figure 2D, the user-defined ROI contained 
the whole volume of the femoral head’s trabec-
ular bone without the cortical shell. These 
groups of total volume was defined as the con-
trol group. Therefore, the number of ROI sizes 
for each bone specimen (vertebral body and 
femoral head) was 21, including (1 mm)3 to (20 
mm)3 volumes of ROI, and total volume. The 

Table 1. Mean and SD values for the microarchitectural parameters in different ROIs of lumbar verte-
bral body (Dunnett-t)

BV/TV (1) Tb.N (1) Tb.Th (mm) Tb.Sp (mm) BS/BV (1/mm)
(1 mm)3 0.078±0.023* 0.555±0.042* 0.126±0.018* 2.498±0.023* 16.478±1.199*

(2 mm)3 0.118±0.022* 0.715±0.051* 0.166±0.014* 1.235±0.081* 12.188±0.744*

(3 mm)3 0.123±0.022* 0.729±0.039* 0.169±0.012* 1.204±0.092* 11.940±0.640*

(4 mm)3 0.137±0.023* 0.765±0.048* 0.180±0.015 1.131±0.088* 11.242±0.964
(5 mm)3 0.135±0.020* 0.751±0.044* 0.181±0.016 1.159±0.084* 11.121±0.980
(6 mm)3 0.138±0.017* 0.747±0.037* 0.185±0.013 1.154±0.071* 10.858±1.146
(7 mm)3 0.143±0.019 0.776±0.041* 0.186±0.017 1.108±0.087 10.858±0.821
(8 mm)3 0.146±0.021 0.783±0.033 0.188±0.017 1.095±0.084 10.721±0.955
(9 mm)3 0.151±0.019 0.798±0.029 0.190±0.015 1.067±0.064 10.607±0.870
(10 mm)3 0.152±0.016 0.792±0.034 0.192±0.016 1.074±0.061 10.503±0.976
(11 mm)3 0.154±0.017 0.800±0.038 0.193±0.015 1.060±0.063 10.480±1.461
(12 mm)3 0.156±0.015 0.806±0.030 0.195±0.015 1.051±0.033 10.390±0.818
(13 mm)3 0.158±0.016 0.817±0.021 0.196±0.017 1.034±0.064 10.379±0.596
(14 mm)3 0.162±0.019 0.826±0.024 0.197±0.014 1.017±0.073 10.321±1.141
(15 mm)3 0.164±0.018 0.837±0.033 0.198±0.019 1.001±0.078 10.274±0.729
(16 mm)3 0.167±0.017 0.843±0.019 0.200±0.015 0.991±0.106 10.195±1.011
(17 mm)3 0.169±0.015 0.854±0.023 0.200±0.015 0.976±0.061 10.179±0.812
(18 mm)3 0.172±0.018 0.865±0.028 0.201±0.017 0.961±0.086 10.149±1.161
(19 mm)3 0.175±0.015 0.876±0.029 0.202±0.015 0.947±0.090 10.098±1.166
(20 mm)3 0.178±0.017 0.889±0.022 0.203±0.014 0.928±0.094 10.056±0.939
Total volumea 0.172±0.018 0.840±0.025 0.203±0.013 1.004±0.045 9.967±0.384
aDunnett-t test was used, and the parameters of total volume were defined as the control group. *P<0.05 for statistically signifi-
cant difference compared with the control group.
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microarchitectural parameters were calculated 
with the μCT analysis software, which was 
embedded in the μCT system.

Statistical analysis and curve fitting

The microarchitectural parameters were pro-
cessed using the SigmaPlot 12.5 (Systat 
Software Inc., San Jose, California, USA) and 
expressed as mean ± SD. One way ANOVA 

(Dunnett-t test) was performed to compare the 
microarchitectural parameters from the differ-
ent volumes of ROI against that of the control 
group. In this method, the volume was set as a 
treatment factor. P<0.05 was considered sta-
tistically significant.

Microarchitectural parameters were analyzed 
using the nonlinear curve fitting method. The 
nonlinear function curve fitting was performed 

Figure 3. Fitting curves of microarchitectur-
al parameters from lumbar vertebral body 
against ROI with 95% prediction bounds.
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with the Matlab 7.0 (Mathworks Inc., MA, USA). 
The length of cubic ROI was set as the indepen-
dent variable, and those microarchitectural 
parameters were set as the dependent vari-
ables. All those data sets were fitted with non-
linear functions using the least square method. 
And this curve fitting method was used to 
explore the relationship between the microar-
chitectural parameters and the length of each 
cubic ROI.

Results

The volume of ROI affected the microarchitec-
tural parameters in the lumbar vertebral body

The mean and SD values for each of the micro-
architectural parameters from the 6×21 ROIs 
within vertebral body were listed in Table 1. 
These microarchitectural parameters were 
analyzed with the curve fitting method. Fitting 
curves of microarchitectural parameters from 
vertebral body against ROI with 95% prediction 
bounds were shown in Figure 3. The microar-
chitectural parameters of vertebral trabecular 
bone showed a significant variable tendency in 
terms of the different volumes of cubic ROI. The 
detailed information of curve fitting functions, 
coefficients and limits, was listed in Table 2. 
Evaluation of the microarchitectural parame-
ters obtained from the different ROIs demon-
strated that the volume of ROI could affect the 
microarchitectural parameters in the vertebral 
body.

BV/TV values of vertebral trabecular bone 
showed an ascending tendency as the volume 
of ROI increased (Figure 3A). When the volume 
of ROI was smaller than (6 mm)3, BV/TV values 
were significantly different from the control 
group (total volume). Figure 3A showed remark-

able variation (51%) when the volume of ROI 
was smaller than (2 mm)3. When the volume of 
ROI increased, the variation decreased sharply 
until below 2%. BV/TV values became stable 
when the volume of ROI was bigger than (7 
mm)3. The limit value of curve fitting function 
from BV/TV was 0.178, which was similar to the 
value obtained from total volume (0.172).

Tb.N values of vertebral trabecular bone 
showed an ascending tendency as the volume 
of ROI increased (Figure 3B). Tb.N values were 
significantly different from the control group 
when the volume of ROI was smaller than (7 
mm)3. Figure 3B showed remarkable variation 
(29%) when the volume of ROI was smaller than 
(2 mm)3. When the volume of ROI increased, 
the variation decreased sharply until below 2%. 
Tb.N values became stable when the volume of 
ROI was bigger than (8 mm)3. The limit value of 
curve fitting function from Tb.N was 0.862, 
which was similar to the value obtained from 
total volume (0.840).

Tb.Th values of vertebral trabecular bone 
showed an ascending tendency as the volume 
of ROI increased (Figure 3C). When the volume 
of ROI was smaller than (3 mm)3, Tb.Th values 
were significantly different from the control 
group (total volume). Figure 3C showed remark-
able variation (32%) when the volume of ROI 
was smaller than (2 mm)3. When the volume of 
ROI increased, the variation decreased sharply 
until below 1%. Tb.Th values became stable 
when the volume of ROI was bigger than (4 
mm)3. The limit value of curve fitting function 
from Tb.Th was 0.205, which was similar to the 
value obtained from total volume (0.203).

Different from above microarchitectural param-
eters, Tb.Sp and BS/BV values of vertebra tra-
becular bone showed a descending tendency 
as the volume of ROI increased (Figure 3D and 
3E). When the volume of ROI was smaller than 
(6 mm)3, Tb.Sp values were significantly differ-
ent from the control group (total volume).Tb.Sp 
values became stable when the volume of ROI 
was bigger than (7 mm)3. The limit value of 
curve fitting function from Tb.Sp was 0.968, 
which was similar to the value obtained from 
total volume (1.004). With regard to BS/BV val-
ues, when the volume of ROI was smaller than 
(3 mm)3, BS/BV values were significantly differ-
ent from the control group (total volume). BS/
BV values became stable when the volume of 

Table 2. Detailed information of the curve fitting 
functions, which depicted the microarchitectural 
parameters in terms of different lengths of cubic 
ROI from vertebral trabecular bone

Indices Fitting  
functions

Coefficient
Limits

A B C
BV/TV A*x/(B*x+C) 2.679 15.04 20.18 0.178
Tb.N A*x/(B*x+C) 7.333 8.506 4.738 0.862
Tb.Th A*x/(B*x+C) 1.998 9.727 5.846 0.205
Tb.Sp A*x/(B*x+C) 10.17 10.51 -6.409 0.968
BS/BV A*x/(B*x+C) 85.52 8.493 -3.305 10.069
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ROI was bigger than (4 mm)3. The limit value of 
curve fitting function from Tb.Sp was 10.069, 
which was similar to the value obtained from 
total volume (9.967).

When the volume of ROI within lumbar verte-
bral body was larger than (8 mm)3, the obtained 
microarchitectural parameters could be similar 
to those of total volume. When depicting the 
microarchitecture of lumbar vertebral trabecu-
lar bone, the volume of ROI would be larger 
than (8 mm)3.

The volume of ROI affected the microarchitec-
tural parameters in the femoral head

The mean and SD values for each of the micro-
architectural parameters from the 6×21 ROIs 
within femoral head were listed in Table 3. 
These microarchitectural parameters were 
analyzed with the curve fitting method. Fitting 
curves of microarchitectural parameters from 
femoral head against ROI with 95% prediction 
bounds were shown in Figure 4. The microar-
chitectural parameters of femoral head’s tra-

becular bone showed a significant variable ten-
dency in terms of the different volumes of cubic 
ROI. The detailed information of curve fitting 
functions, coefficients and limits, was listed in 
Table 4. Evaluation of the microarchitectural 
parameters obtained from the different ROIs 
demonstrated that the volume of ROI could 
affect the microarchitectural parameters in the 
femoral head.

BV/TV values of femoral head’s trabecular 
bone showed a descending tendency as the 
volume of ROI increased (Figure 4A). When the 
volume of ROI was smaller than (8 mm)3, BV/TV 
values were significantly different from the con-
trol group (total volume). Figure 4A showed 
remarkable variation (8%) when the volume of 
ROI was smaller than (2 mm)3. When the vol-
ume of ROI increased, the variation decreased 
until below 1%. BV/TV values became stable 
when the volume of ROI was bigger than (9 
mm)3. The limit value of curve fitting function 
from BV/TV was 0.294, which was similar to the 
value obtained from total volume (0.308).

Table 3. Mean and SD values for the microarchitectural parameters in different ROIs of femoral head 
(Dunnett-t)

BV/TV (1) Tb.N (1) Tb.Th (mm) Tb.Sp (mm) BS/BV (1/mm)
(1 mm)3 0.390±0.007* 2.002±0.253* 0.170±0.033* 0.282±0.073* 11.861±0.692*

(2 mm)3 0.357±0.019* 1.802±0.132* 0.200±0.042* 0.298±0.023* 10.321±0.698*

(3 mm)3 0.357±0.008* 1.763±0.104* 0.215±0.027* 0.325±0.095* 9.846±0.448*

(4 mm)3 0.349±0.015* 1.621±0.190* 0.225±0.029* 0.362±0.102* 9.587±0.502*

(5 mm)3 0.342±0.013* 1.602±0.195* 0.231±0.017* 0.390±0.044* 9.533±0.867*

(6 mm)3 0.339±0.007* 1.581±0.239* 0.238±0.013* 0.406±0.138* 9.316±0.624*

(7 mm)3 0.336±0.001* 1.551±0.152* 0.245±0.023* 0.428±0.138* 9.039±0.728*

(8 mm)3 0.330±0.012* 1.518±0.188* 0.252±0.033* 0.453±0.089* 8.929±0.668
(9 mm)3 0.322±0.007 1.490±0.165* 0.256±0.025* 0.468±0.103* 8.923±0.523
(10 mm)3 0.319±0.015 1.466±0.194 0.261±0.017* 0.476±0.097* 8.883±0.538
(11 mm)3 0.316±0.015 1.443±0.323 0.265±0.041 0.485±0.083* 8.792±0.739
(12 mm)3 0.313±0.021 1.418±0.152 0.266±0.023 0.497±0.0119* 8.721±0.460
(13 mm)3 0.311±0.015 1.397±0.092 0.267±0.030 0.513±0.067 8.629±0.806
(14 mm)3 0.310±0.009 1.378±0.238 0.268±0.030 0.526±0.177 8.482±0.764
(15 mm)3 0.308±0.014 1.359±0.128 0.268±0.028 0.540±0.085 8.406±0.486
(16 mm)3 0.306±0.007 1.342±0.203 0.267±0.034 0.555±0.095 8.325±0.597
(17 mm)3 0.304±0.012 1.326±0.150 0.267±0.027 0.570±0.133 8.257±0.412
(18 mm)3 0.301±0.012 1.308±0.243 0.268±0.013 0.583±0.092 8.180±0.210
(19 mm)3 0.301±0.012 1.296±0.244 0.269±0.020 0.593±0.086 8.070±0.847
(20 mm)3 0.299±0.010 1.282±0.184 0.269±0.032 0.605±0.057 8.016±0.546
Total volumea 0.308±0.018 1.162±0.036 0.312±0.017 0.677±0.102 7.849±0.716
aDunnett-t test was used, and the parameters of total volume were defined as the control group. *P<0.05 for statistically signifi-
cant difference compared with the control group.
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Tb.N values of femoral head’s trabecular bone 
showed a descending tendency as the volume 
of ROI increased (Figure 4B). When the volume 
of ROI was smaller than (9 mm)3, Tb.N values 
were significantly different from the control 
group (total volume). Figure 4B showed remark-
able variation (10%) when the volume of ROI 
was smaller than (2 mm)3. When the volume of 
ROI increased, the variation decreased until 

1%. Tb.N values became stable when the vol-
ume of ROI was bigger than (10 mm)3. The limit 
value of curve fitting function from Tb.N was 
1.275, which was similar to the value obtained 
from total volume (1.162).

Tb.Th and Tb.Sp values of femoral head’s tra-
becular bone showed an ascending tendency 
as the volume of ROI increased (Figure 4C and 

Figure 4. Fitting curves of microarchitectural 
parameters from femoral head against ROI 
with 95% prediction bounds.
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4D). When the volume of ROI was smaller than 
(10 mm)3, Tb.Th values were significantly differ-
ent from the control group (total volume). Tb.Th 
values became stable when the volume of ROI 
was bigger than (11 mm)3. The limit value of 
curve fitting function from Tb.Th was 0.271, 
which was similar to the value obtained from 
total volume (0.312). With regard to Tb.Sp val-
ues, when the volume of ROI was smaller than 
(12 mm)3, Tb.Sp values were significantly differ-
ent from the control group (total volume). Tb.Sp 
values became stable when the volume of ROI 
was bigger than (13 mm)3. The limit value of 
curve fitting function from Tb.Sp was 0.739, 
which was similar to the value obtained from 
total volume (0.677).

BS/BV values of femoral head’s trabecular 
bone showed a descending tendency as the 
volume of ROI increased (Figure 4E). When the 
volume of ROI was smaller than (7 mm)3, BS/BV 
values were significantly different from the con-
trol group (total volume). BS/BV values became 
stable when the volume of ROI was bigger than 
(8 mm)3. The limit value of curve fitting function 
from BS/BV was 8.268, which was similar to 
the value obtained from total volume (7.849).

When the volume of ROI within femoral head 
was larger than (13 mm)3, the obtained micro-
architectural parameters could be similar to 
those of total volume. When depicting the 
microarchitecture of femoral head’s trabecular 
bone, the volume of ROI would be larger than 
(13 mm)3.

Discussion

This study mainly focused on the relationships 
between different volumes of ROI and microar-
chitectural parameters of trabecular bone in 
human lumbar vertebral body and femoral 

Osteoporosis is a skeleton system disease 
characterized by bone mass loss, microarchi-
tectural deterioration leading to increased 
bone fragility, and a consequent increase in the 
risk of fracture [16]. Osteoporotic fractures 
mainly occur at anatomic sites which are abun-
dant in trabecular bone, such as spine, hip and 
wrist. It has been clear that in addition to bone 
mass, the microarchitecture of trabecular 
bone, is also an important determinant of bone 
biomechanical properties [5]. μCT is a tech-
nique that can directly measures the three-
dimensional microarchitecture of trabecular 
bone, without the model assumptions that 
apply to two-dimensional measurements with 
conventional bone histomorphometry [17]. 
Another strength of μCT is that it can perform 
measurements without destroying the bone 
specimens [18]. It has been shown that mea-
surement of trabecular microarchitecture can 
improve the prediction of trabecular bone bio-
mechanical performance compared with bone 
mineral content or bone mineral density [4-7].

Trabecular bone has a porous net structure. 
And the three-dimensional distribution of the 
bone tissue is not homogeneous. In other 
words, the microarchitecture of trabecular 
bone is not a simple repeat. It would be better 
to choose larger volumes of ROI to measure 
microarchitectural parameters of trabecular 
bone. But more time and energy would be con-
sumed to analyze quite large ROIs, especially 
when the number of specimens is high. Modern 
computing science and technology has been 
developing rapidly. And it has become more 
convenient to analyze the larger volume of tra-
becular bone in recent studies. A volume of ROI 
containing only trabecular bone was extracted 
in some recent studies [19-21]. However, in 
many studies, trabecular bone blocks extract-
ed from vertebral body or proximal femur are 

Table 4. Detailed information of the curve fitting func-
tions, which depicted the microarchitectural param-
eters in terms of different lengths of cubic ROI from 
trabecular bone of femoral head

Indices Fitting  
functions

Coefficient
Limits

A B C
BV/TV A*exp(-B*x)+C 0.09772 0.1374 0.2945 0.294
Tb.N A*exp(-B*x)+C 0.7703 0.1526 1.275 1.275
Tb.Th A*exp(-B*x)+C -0.1228 0.2425 0.2706 0.271
Tb.Sp A*exp(-B*x)+C -0.488 0.0621 0.7386 0.739
BS/BV A*exp(-B*x)+C 3.9 0.2324 8.268 8.268

head. Five microarchitectural parameters 
(BV/TV, Tb.N, Tb.Th, Tb.Sp, and BS/BV) 
were used to reflect the microarchitecture 
of the trabecular bone. The different fitting 
curve functions indicated that the relation-
ships between different volumes of ROI 
and microarchitectural parameters of 
these two skeletal sites were different. 
When depicting the microarchitecture of 
human trabecular bone, the ROI in lumbar 
vertebral body would be larger than (8 
mm)3, and in femoral head would be larger 
than (13 mm)3.
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used [22, 23]. In former studies, a cube of tra-
becular bone (10 mm)3 was cut from the cen-
trum of vertebral body, and this whole cubical 
bone specimen was chosen as the ROI for μCT 
analysis [22, 23]. Our study may also provide 
some useful information on how to choose the 
appropriate volume of the bone block speci-
men to reflect the microarchitecture, and to 
explore the relationship between microarchi-
tectural parameters and different volumes of 
ROIs could further our understanding about the 
analysis of μCT scanning.

The volume of ROI was a significant factor that 
could affect microarchitectural parameters in 
μCT analysis in our study. Compared with the 
control group, a smaller difference was detect-
ed in the larger volume of ROI. If the volume of 
ROI was quite small, for example, (2 mm)3 in 
vertebral trabecular bone, the remarkable vari-
ation would make the μCT analysis insignifi-
cant. We have shown optimal smallest signifi-
cant volumes of ROI within lumbar vertebral 
body and femoral head in our study. Selecting a 
ROI whose volume was larger than this, could 
get significant microarchitectural parameters. 
The optimal volume of ROI in lumbar vertebral 
body was larger than (8 mm)3, and the optimal 
volume of ROI in femoral head was larger than 
(13 mm)3. The former study has shown that the 
optimal volume of ROI in cervical vertebral body 
was larger than (6 mm)3 [11]. This indicated 
that different optimal volumes of ROIs were 
needed to analyze trabecular bone from differ-
ent anatomic sites.

Nonlinear curve fitting functions were used to 
explore the relationship between the microar-
chitectural parameters and the length of each 
cubic ROI. With the increasing length of each 
cubic ROI, all the microarchitectural parame-
ters approached their limits. And these limits 
were all similar to the values from control group, 
which indicated that these curve fitting func-
tions were significant. This could also be detect-
ed in the curve fitting graphs (Figures 3 and 4). 
The 95% prediction bounds have covered up 
most data points in the curve fitting graphs. 
The limits were not completely same with the 
values from control group. The reason might be 
that the ROI used in curve fitting was cubic; 
however, the total volume ROI used in control 
group from vertebral body was approximately 
cylindrical, and from femoral head was spheri-
cal. The different shapes of ROIs between 

experimental group and control group might 
affect the accuracy of curve fitting.

The curve fitting functions between vertebral 
body and femoral head were different. When 
the length of cubic ROI was smaller than (2 
mm)3, the variation of microarchitectural 
parameters from vertebral body was larger 
than femoral head. For example, when the ROI 
was smaller than (2 mm)3, the variation of BV/
TV from vertebral body was 51%, and this varia-
tion from femoral head was only 8%. 
Simultaneously, the variation tendency of the 
fitting curves from vertebral body (as shown in 
Figure 3) was bigger than femoral head (as 
shown in Figure 4). Therefore, the different 
curve fitting functions were used to fit the data 
sets from these two skeletal sites. Si- 
multaneously, the ascending or descending 
tendencies of the same microarchitectural 
parameters between vertebral body and femo-
ral head were different. With regard to vertebral 
body, BV/TV, Tb.N, and Tb.Th all had ascending 
tendencies; Tb.Sp and BS/BV had descending 
tendencies. However, in femoral head, Tb.Th 
and Tb.Sp had ascending tendencies; BV/TV, 
Tb.N, and BS/BV all had descending tenden-
cies. All the phenomena above indicated that 
the different morphologies of trabecular bone 
in these two skeletal sites had an obvious 
effect on the relationship between volumes of 
ROI and microarchitectural parameters in μCT 
analysis.

The different morphologies of trabecular bone 
might affect the relationship between volumes 
of ROI and microarchitectural parameters. It 
has been shown that typical trabecular bone 
structures of human lumbar vertebral body are 
in general rod-like, and the trabecular bone 
structures of human femoral head are in gen-
eral more plate-like [12]. In the vertebral body, 
low bone volume fractions and big trabecular 
separation were observed, and trabeculae 
were thin. In the femoral head, bone volume 
fractions were high, trabecular separations 
were small, and trabeculae were thick. 
According to Wolff’s law, microarchitecture of 
trabecular bone is adapted to the local mechan-
ical environment. In mechanical terms, rod-like 
structures show more flexibility as to the direc-
tion of the load, whereas plate-like structures 
are well suited to bear loads from one defined 
direction [24]. The different local mechanical 
environments between lumbar vertebral body 
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and femoral head were responsible for the dif-
ferent morphologies of trabecular structures. 
Due to the limitations of μCT instruments used 
in our study, we did not measure the SMI values 
of trabecular bone. However, the former study 
has shown that typical trabecular bone struc-
tures of lumbar vertebral body are in general 
rod-like (SMI=2.5), and the trabecular bone 
structures of femoral head are in general more 
plate-like (SMI=0.16) [12].

Besides the volume of ROIs, the resolution and 
threshold could also affect the microarchitec-
tural parameters. Previous studies have shown 
that the microarchitectural parameters mea-
sured with μCT are highly affected by the image 
resolution [25-27]. Accurate and straightfor-
ward prediction of both mechanical [28, 29] 
and architectural [25] parameters of the tra-
becular bone requires that there solution is of 
the order of 30 μm. The resolution used in our 
study was 33.355 μm, which could represent 
the accurate microarchitectural parameters. 
The choice of threshold has an obvious influ-
ence on bone volume fraction and trabecular 
number in human trabecular bone [30]. If 
appropriate constant threshold was set in all 
images, the variation caused by the threshold 
could be excluded. Otsu method was devel-
oped to segment the CT images and this meth-
od was introduced into the field of μCT image 
segmentation [15]. After a ROI was selected, a 
histogram was calculated to show the gray 
value distribution in the ROI. The Otsu method 
could automatically determine an optimal 
threshold to segment the bone tissue. Similar 
to the former study, all the images were seg-
mented by the Otsu method [11]. The influence 
caused by global threshold was eliminated 
after the statistical analyzing.

Conclusion

Volumes of ROI could significantly affect the 
microarchitectural parameters obtained in μCT 
analysis on human trabecular bone. The rela-
tionships between volumes of ROI and microar-
chitectural parameters were different between 
lumbar vertebral body and femoral head. The 
different morphologies of trabecular bone in 
these two sites might affect the relationship 
between volumes of ROI and microarchitectur-
al parameters. When depicting the microarchi-
tecture of human trabecular bone, the volume 
of ROI within lumbar vertebral body would be 

larger than (8 mm)3, and within femoral head 
would be larger than (13 mm)3. 
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