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The finite element method is playing an increasingly important role in osteoporosis
screening. An accurate bone geometric model, a prerequisite for the finite element
analysis, is affected by voxels. Isotropic voxel has advantages in three-dimensional
reconstruction, but field of view setting usually results in anisotropic voxels. The main
goal of this study was to investigate the influence of anisotropic voxel on the accuracy
of three-dimensional reconstruction of bone geometric models. Sixty metatarsal bones
were scanned twice with an interval of 18 months with different fields of view. We
reconstructed these metatarsals and compared them. The results showed that there was
no significant difference in volume, surface, length, width and height and two principal
moments of inertia, indicating that anisotropic voxel caused by field of view setting
has a neglectable effect on the three-dimensional reconstruction of bone geometric
models, and that using finite element method based on bone geometric model recon-
structed by anisotropic voxel to predict bone strength is reliable. © 2018 Author(s).
All article content, except where otherwise noted, is licensed under a Creative
Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
https://doi.org/10.1063/1.5041990

I. INTRODUCTION

World Health Organization technical report estimated that about 200 million people suffer from
osteoporosis,1 and about 9 million experience fracture annually.2 The International Osteoporosis
Foundation Compendium of Osteoporosis reported that 158 million people aged 50 years or older
were regarded as high-risk group of fractures caused by osteoporotic in 2010, and the number would
be doubled in 2040.3 Fractures, especially hip fractures, have been a major public health problem.4

And the number of fractures has been increasing.5 Therefore, it is suggested that women aged 65
years or older and men aged over 70 years should undertake osteoporosis screening.6 In screening,
bone mineral density (BMD) measured by dual energy X-ray absorptiometry (DXA) is regarded as
the gold standard for osteoporosis screening.7 The quantitative computed tomography (QCT) has
also been enrolled in osteoporosis screening recently.8–10 But a growing number of studies found
that osteoporosis screening based on BMD did not significantly influenced fracture incidence, as
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well as morbidity or mortality associated with fracture.4,11–14 In addition to DXA and QCT, more
researchers tend to use the finite element analysis (FEA) method to investigate bone features,4,15–18

since FEA reveals information of the three-dimensional (3D) morphology, the material property
and the loading distribution of bone, which may provide a more accurate bone strength predic-
tion.4,16,17,19–23 Among all factors that affect FEA analysis results, a critical one is bone geometric
model.22

Digital Imaging and Communications in Medicine (DICOM) is the international standard of
medical imaging. Digital imaging refers to successive two-dimensional slices derived from CT and
MRI, i.e. a data set of data elements. The length and width of a data element (also called slice pixel)
are the same as those of a voxel.24 The length and width of a voxel can be calculated by the following
formulas respectively: voxel length=FOV(mm)/slices length (px) and voxel width=FOV(mm)/slices
width (px).25 The height of a voxel is the vertical distance between two slices, which can also be
called as slice increment. When the length, width and height are identical, the voxel is isotropic;
when they are not, the voxel is anisotropic. Thus, FOV setting is one critical factor that determines
whether a voxel is isotropic or anisotropic.

The quality of cross section image (CSI) is an important factor affecting the accuracy of bone geo-
metric model.26,27 Isotropic voxel has advantages in the quality of the reconstruction of geometric
model.28–32 For instance, the use of submillimeter isotropic datasets in heart, lungs and muscu-
loskeletal imaging has proven to be beneficial.33–37 Spiral CT scanner can provide isotropic data.38

Unfortunately, to ensure the region-of-interest (ROI) of bone to be fully rendered at field of view
(FOV) with high resolution, the size of the FOV needs to be adjusted, which leads to the fact that
the slice pixel is not consistent with the slice increment, i.e. anisotropic voxel is produced. It remains
unclear to what degree the anisotropic voxels set by different FOVs might influence the accuracy of
the bone geometric model.

In the present paper, we hypothesize that the anisotropic voxels generated by different FOVs do
not have a significant effect on the reconstruction of bone geometric model. To verify our hypothesis,
6 participants’ foot bones were scanned twice (with an interval of 18 months) with different FOVs
and several linear, volumetric and kinematic parameters in generated models were compared. One
hundred and twenty metatarsals from these two scans were reconstructed and their geometric models
were generated. After comparing the reconstructed models, we found that there was no significant
difference in the volume, surface, length, width and height nor in bones’ two principal moments of
inertia (PMIs). At the sub-millimeter scale, the reconstructed bone geometric models derived from
anisotropic voxels are accurate, indicating that applying the reconstructed bone geometric model
generated by anisotropic voxels to finite element analysis is reliable.

II. SUBJECTS AND METHODS

A. Subjects

The study was approved by the Ethical Committee of Fujian Normal University. Six male subjects
without injury or skeletal muscle disease (mean age:25±3years; mean height: 171±5cm; mean weight:
66±5kg) were recruited. Their foot bone was scanned twice, with an interval of 18 months. Altogether,
120 metatarsal bone data were collected and analyzed. The tests were carried out in accordance with
the approved guidelines. All subjects provided fully informed consent to participate in this study by
signing a written consent form.

B. Data acquisition

Both scans were performed with the same multi-slice CT scanner (Philips/Brilliance 64). The
scanner settings were the same for both examinations: approximately 120kVp and 50 mA. The
scanning was conducted along with both foot transects, from top to bottom. Participants were asked
to remain in the standard anatomical position. CT images were reconstructed by the scan condition
of bone window, 0.9 mm slice thickness with 0.45mm slice increment, 768∗768 pixels. CT DICOM
format data were input into Mimics software, which were then used to create 3D geometric model
of metatarsals. See Part I of the supplementary material for slice parameter information.

ftp://ftp.aip.org/epaps/aip_advances/E-AAIDBI-8-051808
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FIG. 1. Bone’s coordinate system. (a)-(e) the bone’s coordinate system of the 1st to the 5th metatarsal bones from the first
scan. (f)-(j) the bone’s coordinate system of the 1st to the 5th metatarsal bones from the second scan. (See Part IV of the
supplementary material for the positioned body coordinate systems of 120 metatarsals.)

C. Three-dimensional modeling of the metatarsals

Different scanning postures may change the metatarsals’ body coordinate systems. (See Part
II of the supplementary material for the original body coordinate systems of 120 metatarsals.) To
eliminate the effect caused by different scanning postures, we used the center of mass (COM) as the
origin of the bone’s body coordinate system) and three bone principal axes of inertia (PAIs) as the
bone’s body coordinate axes. See Fig. 1. The positioning method was described fully in Part III of
the supplementary material (In this study, all metatarsals were positioned by rotating around axis
x→ y→ z→ x→ y→ z · · · , accordingly).

The following parameters of the metatarsal were obtained based on the body coordinate system
of bone: the length, width, height, gray values, surface, volume, and three PMIs around x, y and z
axis, respectively. The following equation was used to standardize these three PMIs.




Ix =
Ix

Ix + Iy + Iz
× 100

Iy =
Iy

Ix + Iy + Iz
× 100

Iz =
Iz

Ix + Iy + Iz
× 100

(1)

where Ix, Iy and Iz refer to PMI around x, y and z axis of the bone, respectively.
Statistical analyses were performed using the SPSS software system (version 17). In all anal-

yses, the significance level was set at 0.05. The data were tested for normality of distribution by
Kolmogorov–Smirnov test. The paired sample t test was employed to compare the measured length,
width, height, gray value, volume, surface and PMIs around x, y and z axis of the geometric model
of 120 metatarsals.

III. RESULTS

The metatarsals’ positioning from two scans is shown in FIG 2.
The length, width and height of metatarsal bones from both scans are shown in Part V of the

supplementary material (Table 2A). The paired sample t test was employed to compare the measured
length, width and height of the geometric model of 120 metatarsals. The results showed that different
sizes of anisotropic voxels had no significant difference in length, width and height of bone geometric
models from two scans (P> 0.05).

The variation of length, width and height of metatarsals is shown in Part V of the supplementary
material (Table 2B). We compared the variation of length, width and height of the bone geometric

ftp://ftp.aip.org/epaps/aip_advances/E-AAIDBI-8-051808
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FIG. 2. Results from metatarsals’ positioning of six participants (two scans), respectively presented for each subject. (a) (c)
(e) (g) (i) (k) the metatarsals’ positioning of the first scan of the six participants. (b) (d) (f) (h) (j) (l) the metatarsals’ positioning
of the second scan of the six participants.

models – they were mostly smaller than those of the pixel resolution and slice increment. The variation
ratio of bone length from two scans is shown in Part IV of the supplementary material (Table 2C),
which demonstrated the length discrepancy between two scans below 1%.

The bone volume, surface and gray values of metatarsal bones from both scans are shown in
Part V of the supplementary material (Table 3). The results of paired sample t test indicated that
significant difference was found only in gray values (P< 0.01), while no significant difference was
found in volume and surface of bone geometric models (P> 0.05).

Three PMIs around x, y and z axis of metatarsals from two scans are shown in Part V of the
supplementary material (Table 4). The paired sample t test was employed to compare the measured
PMIs around x, y and z axis of 120 metatarsals’ geometric model. The results showed that significant
difference was found only in PMIy (P< 0.05), whilst no significant difference was found in PMIx
(P> 0.05) nor in PMIz (P> 0.05).

IV. DISCUSSION

In the present study, we reconstructed the geometric models of 120 metatarsals based on
anisotropic voxels. Comparison of the results showed that no significant difference was found in
geometrical parameters: volume, surface, length, width, height and two PMIs. In addition, variation
in ratio of length from two scans was lower than 1%, indicating that there was little difference in the
reconstructed bone geometric model based on anisotropic voxels.

So far, the model was successfully employed by researchers for predicting the bone strength,
but the possibilities for virtual analysis of human body are enormous.39 It would be advantage if
the CSI obtained during routine radiological imaging may be utilized for such a modeling computer
analysis. However, it is of importance to note that scanning as well as reconstruction parameters set
by different radiologists may considerably vary. It was the case in the present study. Hence, common
sense lead to the arising the question whether those two different set of CSI may be used with the
same accuracy for generating 3D models of scanned metatarsal bones. The obtained results are of
paramount importance since both types of metatarsal geometric models resulted in, not only linear
and volumetric, but even more important, in identical kinematic outcomes. Thus, current results
have a potential to overcome a critical hurdle in virtual bone analysis because it is proven that CSI
obtained from routine medical examination may be employed for an accurate FEA of metatarsal
bones.

ftp://ftp.aip.org/epaps/aip_advances/E-AAIDBI-8-051808
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In the FEA of bone, some studies used isotropic voxels40–42 while others used anisotropic vox-
els.43,44 The results from both methods were consistent with the actual bone strength.41,43 Our results
suggested that the reconstructed bone geometric model generated by anisotropic voxels could be
applied to the FEA when the target bones were included in the entire FOV. Results of the present
study are consistent with studies which used anisotropic voxel in finite element analysis and got
results highly corresponding to actual bone strength.

It should be noted that some studies showed that the method of femur bone strength predic-
tion using hip axis length of femur was feasible,45–49 suggesting that our method of acquiring bone
length based on bone body coordinates system should have the potential for bone strength prediction
because bone length can be obtained automatically by this method. Even considering the anisotropic
voxel, the change of bone length is not higher than 1%. One additional advantage of the proposed
method is that the length of bone along the long axis can be obtained automatically by the method that
sets three PAIs of bone as the body coordinate axes and COM as the origin of the body coordinate
system. PAIs of bone are unique, which can avoid the influence of scanning posture on the bone
body coordinate system, ensuring high accuracy of the length, width and height of bone. Acquiring
bone geometric characteristics based on PAIs has potential to be a new method for evaluating bone
strength and this should not be limited in femur evaluation. Although the cost of doing the FEA
is higher, it is highly recommended to use the FEA to predict the bone strength, considering the
serious consequences of fracture and the subsequent medical costs. In addition, owing to its promi-
nent capacity in analysis and prediction of stress distribution, FEA has an extensive application in
clinical medicine fields. Increasing research using FEA are reported to study the stress distribution of
tibiofemoral joint and tibiotalar joint for total knee arthroplasty, total ankle arthroplasty and postoper-
ative rehabilitation.50–54 It has also been employed to investigate the effect of numerous diseases such
as diabetes, valgus deformation and tibial and fibular osteotomy on the stress distribution of joints and
bones.55–57

Overall, the gray values were affected not only by the scanner properties but also by the scanning
environment,58,59 which might lead to a significant difference in gray values from two scans, resulting
in the differences of PMIy. Nevertheless, in the FEA of bone, the compact bone and the cancellous
bone are often regarded as isotropic, suggesting that these differences have little effect on the FEA
of bone.

Some limitations of this study should be noted. The FOV parameter was considered as the factor
influencing the accuracy of 3D reconstruction without taking both anisotropic and isotropic (control)
voxels. This was primarily due to the data collected from patients during routine medical x-ray
examination and inability to obtain control isotropic set of the images owing to the ethical issues. The
accuracy of both isotropic and anisotropic voxels on 3D reconstructive procedures’ accuracy will be
tested on phantoms in future investigations. Although only two FOVs were selected, it is to assume
that it is highly relevant from the clinical point of view. For instance, during bone tissue engineering
procedures for the bone defect reconstruction, it is more sensible approach to use already existing
CT patient data than to x-ray patient in order to generate 3D printable geometric models.60 In line
with this, it is also reasonable to stipulate that different radiologists from different medical centers
use different scanning settings, among others different FOVs. In the present study, it is proven that
they can be used with the same accuracy for the bone 3D reconstructive procedures.

V. CONCLUSIONS

The results of the present study lead to the conclusion that reconstruction of a bone geometric
model based on anisotropic voxels caused by FOVs is accurate. One hundred and twenty metatarsals
from scans with 2 different FOVs were reconstructed and their geometric models were generated.
After comparing the reconstructed models, we found that there was no significant difference in the
volume, surface, length, width and height nor in bones’ two principal moments of inertia (PMIs). At
the sub-millimeter scale, the reconstructed bone geometric models derived from anisotropic voxels are
accurate, indicating that applying the reconstructed bone geometric model generated by anisotropic
voxels to FEA is reliable. Future studies are encouraged to investigate the bone strength using the
generated 3D models.
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SUPPLEMENTARY MATERIAL

See supplementary material for the slice parameter information, method applied and related
results.
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