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Abstract

Objectives: This study aimed to investigate the symmetry of the Chinese

pelvis.

Methods: Computed tomography scan images of each of 50 Chinese pelvises

were converted to 3D models and the left sides of the pelvises were reflected

on Mimics software. Then, the reflected left side model was aligned with the

right side using the closest point algorithm function of Geomagic software to

perform symmetry analysis. The volume and surface area of either side of the

pelvises were also calculated. The mean standard deviation (SD), the mean

percentage of permissible deviations within the ±2mm range, the percentage

differences in volume and surface area were measured to compare pelvic

symmetry. In addition, the distribution of pelvic bilateral symmetry associated

with both age and sex were compared.

Results: The mean SD was 1.15 ± 0.16mm and the mean percentage of

permissible deviations was 90.82% ± 4.67%. The deviation color maps showed

that the specific areas of asymmetry were primarily localized to major muscle

or ligament attachment sites and the sacroiliac joint surfaces. There was no

significant difference between the bilateral sides of the pelvis in either volume

or surface area. Additionally, no difference in any indexes was exhibited in

relation to sex and age distribution.
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Conclusion: Our results demonstrated that the pelvis has high bilateral

symmetry, which confirmed the potential of using contralateral pelvic models

to create fully patient‐specific and custom‐made pelvic implants applicable for

the treatment of fracture and bony destruction.
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1 | INTRODUCTION

The pelvis is the atlas of human weight bearing within
one of the most complex bony structures in the human
skeletal system. Physical disability frequently results after
suffering a pelvic injury such as a fracture or bony
destruction caused by tumors or infection [1–3]. How-
ever, current implants cannot provide ideal anatomical
matches for reconstruction of the pelvis due to its
irregular surface and construction [4]. Technical
improvements in 3D printing have allowed the develop-
ment of personal specific designs of implants over past
decades [5]. Nevertheless, the disrupted hemi‐pelvis as a
result of trauma or destruction always results in the
absence of reference data for 3D printing applications [6].
Although recent publications claimed positive effects in
the treatment of pelvic disruption by using 3D‐printed
implants based on contralateral pelvic models, the
symmetry of the bilateral pelvis has not been confirmed
in detail in different populations [6, 7].

In this study, the bilateral symmetry of the Chinese
pelvis was analyzed using computer aided design (CAD)
software. Simultaneously, the distribution of pelvic
bilateral symmetry associated with both age and sex
was also compared.

2 | MATERIALS AND METHODS

2.1 | Patients and scan images

Candidates were chosen from the computed tomography
(CT) scan image database of the imaging department in the
Third Affiliated Hospital of Southern Medical University.
The images were stored in a DICOM file format. A total of 50
patients were identified from the database and involved in
our study (28 males, 22 females, age range from 14 to 70
years with a mean age of 38.18± 16.52 years). There were 22
persons aged <30 years, 18 aged 30–60 years and 10 aged
>60 years. None of them complained of lower limb motion
disabilities or had undergone any surgical treatments
involving the pelvis. The typical parameter was 512× 512

pixels per slice and the mean slice thickness was 0.75mm
(range 0.5–1mm). The scans were previously obtained for
other clinical purposes such as health examination and were
retrospectively reviewed for this study, thus the scanner
parameters were not standardized across participants. This
retrospective study conforms to the provisions of the
Declaration of Helsinki (as revised in Brazil in 2013) and
was approved by the Ethics Committee of The Third
Affiliated Hospital of Southern Medical University. Patients
previously provided consent to participate in research.

2.2 | Construction of 3D models

Reconstructions and analysis were all performed by a
senior engineer. All the 3D models were constructed,
modified, and analyzed through the same standardiza-
tion process.

The DICOM files were imported into Materialize Mimics
(Materialize, Leuven, Belgium, version 21), using a lossless
compression technique, to create the 3D digitized models.
Materialize Mimics is medical image processing software
extensively used in neurology, cardiology, and orthopedics
[8–10]. First, a “bone mask” was created to isolate the pixels
of bony tissue, then the segmenting tool in Mimics was used
to construct the reflected left side and the right side of pelvic
models, followed by “edit mask” to eliminate the pixels of
surrounding soft tissue and noise, and to remove the pixels
of the spine, femurs, and sacrum, then “region grow” to
create two isolated masks, which represented one for each
side of the pelvis, “calculate part” to construct 3D models,
and “mirror” to reflect the left side model across the sagittal
plane (defined by the YZ plane in the image coordinate
system). Finally, the reflected left side and the right side of
the pelvic models were exported as separate STL files
(Figure 1).

2.3 | The 3D deviation analysis

To maximally reconstruct the anatomy and 3D geometry
of the pelvis, the two STL files were imported into

HEALTH CARE SCIENCE | 37



Geomagic Studio 2013 (Geomagic), reverse engineering
software widely used in industrial design and the 3D
printing industry [11–13]. After using “Remash” to
precisely recreate the point cloud and “Remove Spikes”
to detect and flatten the single‐point spikes on the
polygon, the two 3D models were exported as separate
WRP files.

The WRP files were imported into Geomagic Qualify
2013, which is a standard tool used in technical
comparisons of 3D models [14, 15], to compare the
symmetry of bilateral sides of the pelvis. The two objects
were aligned by using the “best‐fit alignment” function
(Figure 2). The “best‐fit alignment” function can mini-
mize the distance between two objects through an
iterative closest point algorithm. In this analysis, the
technician defined the right side of the pelvic models as
the reference object, the reflected left side as the test

object. A comparative report can be generated automati-
cally after 3D comparison, including the standard
deviation (SD) of values and the percentage of permissi-
ble deviations. The SD reflects the distance of each point
between two three‐dimensional planes, which compre-
hensively consider the positive and negative deviations
between two objects to avoid a situation in which they
offset each other. The percentage of permissible deviation
indicates that the deviations are within the preset
threshold range, which is sufficient to prove the
symmetry hypothesis. They were used for quantitative
and qualitative analysis of the difference between
surfaces.

The comparative report also provides deviation color
maps (DCMs), which are a visual and quantitative
representation of deviations between the left and right
sides of the pelvis. To quantitatively analyze and compare

FIGURE 1 A 3D pelvis model created in Mimics by reflection of the left side of the pelvis. (a) The reflected left side model. (b) The right
side model. (c) The left side model.

FIGURE 2 Alignment of two models in Geomagic. (a) The reflected right side is shown in gray. (b) The right side is shown in blue.
(c) Aligning the reflected left side and the right side of the pelvis using the best‐fit alignment function.
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the results, a threshold of ±2mm deviation was specified
as the permissible deviation (the green regions of the
DCMs) for symmetry, based on results in the literature,
which concluded that a reduction within 2 mm was
considered acceptable in terms of preventing osteo-
arthritis in the hip joints [1, 7, 16]. Additionally, the
impermissible deviations (red/blue regions of the DCMs)
for asymmetry were set outside the range of ±2mm.

2.4 | Volume and surface area

The volume and surface area of each side of the
pelvises was also obtained using Geomagic Qualify
and the corresponding variations between the left and
right sides were calculated. As the pelvis is con-
structed of cortical bone in the outer layer and
cancellous bone on the inside, we calculated the
volume of the material of a part rather than the
volume contained within the outline of the part by
using Geomagic. It was necessary to fill the pelvic
volume to create a solid bone model so that we could
make a fair comparison and eliminate the influences
of the depth of the cortical bone layer.

2.5 | Statistical analysis

Statistical analysis was conducted with SPSS 22.0 (SPSS
Inc). Students' t‐test was used to evaluate the differences

between the sexes in each distribution and one‐way
analysis of variance was used to evaluate the differences
within each distribution of age. The differences of the
volume and the surface area between corresponding
pelvis sides was evaluated by paired t‐tests. Level of
significance was set at p< 0.05.

3 | RESULTS

In our results, the mean SD was 1.15 ± 0.16 mm and
the mean percentage of permissible deviations was
90.82% ± 4.67%. Simultaneously, the percentage
difference in volume and surface area between the
right and left side of the pelvic models was
0.39% ± 2.48% and 0.30% ± 1.78%, respectively. No
significant difference was observed between the sides
of the pelvis in either volume or surface area
(Table 1). Additionally, no difference in any indexes
was exhibited with regard to sex and age distribution
(Table 1). These results suggesting that the bilateral
pelvises were symmetric.

The green areas (permissible deviations) of the
DCMs representing the deviations between the right
and left side surfaces were minor (<2 mm), whereas
the red/blue areas (representing impermissible devia-
tions) were large (>2 mm) (Figures 3 and 4). The
mean rate of impermissible deviations (specific
areas of pelvises) was 9.18% ± 4.67% in overall
deviations, and their probability was quantified as

TABLE 1 The overall deviation and the differences within each distribution of sex and age on symmetry

Items

Mean variable

Standard
deviation
(mm)

Percentage of
permissible
deviations (%)

Percentage
differences in
volume (%)

Percentage
differences in
surface area (%)

Sex

M 1.12 ± 0.17 91.98 ± 3.51 0.15 ± 2.76 0.15 ± 1.34

F 1.18 ± 0.15 89.79 ± 5.13 0.69 ± 2.10 0.48 ± 2.25

p 0.20 0.08 0.46 0.52

Age (years)

<30 1.11 ± 0.16 91.01 ± 5.15 0.80 ± 2.52 0.68 ± 2.40

30–60 1.17 ± 0.18 90.65 ± 4.95 0.01 ± 2.83 0.18 ± 1.04

>60 1.19 ± 0.11 90.70 ± 3.04 0.18 ± 1.71 0.33 ± 1.03

p 0.27 0.97 0.58 0.32

Overall

1.15 ± 0.16 90.82 ± 4.67 0.39 ± 2.48 0.30 ± 1.78

p ‐ ‐ 0.27 0.24

Note: Overall refers to the comparisons data of bilateral pelvic for all individuals regardless of sex and age.
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shown in Table 2. The majority of impermissible
deviations were primarily localized to major
muscle or ligament attachment sites, including the
iliac crest (16%), the iliac spines (24%), the surround-
ing structure of the pubic symphysis (14%),
and the sacroiliac joint surface (34%). In contrast,

only a few of them were localized to the other
areas of the iliac fossa (2%), the quadrilateral area
(2%), the arcuate line (4%), the superior pubic
ramus (4%), the posterior wall of the acetabulum
(2%), the acetabular labrum (2%), and the acetabular
fossa (4%).

FIGURE 3 DCMs produced by 3D deviation analysis in Geomagic. (a) Posterior view. (b) Anterior view. DCMs, deviation color maps.

FIGURE 4 The DCMs intuitively showed the specific areas of pelvises with impermissible deviations. They include: (1) The iliac crest,
(2) The iliac spines, (3) The iliac fossa, (4) The sacroiliac joint surface, (5) The posterior wall of the acetabulum, (6) The arcuate line, (7) The
acetabular labrum, (8) The quadrilateral area, (9) The acetabular fossa, (10) The superior pubic ramus, (11) The surrounding structure of
pubic symphysis. DCMs, deviation color maps.
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4 | DISCUSSION

The individual specific design of implants is still lacking
in the treatment of fracture and bony destruction of the
pelvis [1]. Otherwise, inappropriate implants may result
in biomechanical differences between the reconstructed
and intact sides or in unsatisfactory reduction [6]. The
development of patient‐specific and custom‐made 3D
implant models should help to meet the clinical
requirements [4]. Studying the overall shape of the pelvis
and confirming pelvic symmetry would aid surgeons in
developing quicker and better treatment proposals and
building fully‐intact patient‐specific and custom‐made
implants using contralateral pelvic models, which would
help to reduce surgical operation time, bleeding volume
and operation‐related risks [17–21]. Once these implants
are well placed, surgeons reasonably believe that they are
of good quality for fracture reconstruction and bone
defect restoration.

Previous studies focused on the parameters of
anatomical landmarks, major pelvic diameter lines, or
pre‐shaped implants that may be indicative of pelvic
symmetry [22–24]. Boulay et al. used 71 variables (based
on pelvic anatomical landmarks) to quantify left‐right
symmetry of 12 pelvic specimens and concluded that 56
of the variables were symmetric [22]. Taller et al.
compared the lengths of bilateral arcuate lines at the
pelvic inlet among 50 pelvises and found that 86% had a
high anatomical similarity while 14% had a significant
difference [23]. Osterhoff et al. confirmed that the
periacetabular surface of the pelvis is symmetric by
comparing the differences between either side of the
pelvis and a virtual reference implant [24]. Despite
the significance of these studies, they failed to capture
the entire 3D geometric shape of the pelvis. Ead et al.
tried to confirm pelvic symmetry by using CAD software
to examine the entire 3D geometric shape of 14 test
subjects and their results also confirmed that the pelvis is
symmetric [7]. However, because there were so few test
subjects and lack of detailed analysis of sex and age
distribution, which may influence pelvic symmetry, there
is no doubt that further research is needed to study the
symmetry.

To avoid these limitations, we further evaluated the
pelvic symmetry of 50 pelvises using CAD software and
analyzed whether symmetry was confirmed over sex and
age distribution. CT scan images of each of the 50
subjects involved in the study were converted to 3D
models and the left sides of the pelvises were reflected on
Mimics (Figure 1). Then, the reflected left side model was
aligned with the right side using a closest point algorithm
function of Geomagic (Figure 2) to conduct symmetry
analysis. To compare pelvic symmetry, we primarilyT
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analyzed the date of the mean SD and the mean
percentage of permissible deviations produced by DCMs
(Table 1). It is important to note that the mean SD was
small (1.15 ± 0.16mm) and the mean percentage of
permissible deviations was large (90.82% ± 4.67%), sug-
gesting that the bilateral hemi‐pelvises were, indeed,
symmetric. Meanwhile, the volume and surface area of
either side of the pelvises were also obtained from
Geomagic and their percentage differences were calcu-
lated (Table 1). These differences were small and showed
no significant differences (p= 0.27 and p= 0.24, respec-
tively), which further supported the conclusion of the
symmetry. These results were also consistent with
previous studies [7, 24].

In addition, whether bilateral symmetry could be
confirmed across sex and age distribution were also
analyzed and the results showed that there was no
significant difference (Table 1), which indicated that age
and sex may be irrelevant to bilateral symmetry.
Although the CT scan images of older people showed
lower bone density and it was more difficult to
completely reconstruct the entire 3D geometry of the
pelvis, which may lead to an increase in error, there was
no significant difference related to sex and age distribu-
tion in our study.

From the DCMs (Figure 4) we could intuitively
identify some asymmetric areas of pelvises with
impermissible deviations and their probability is shown
in Table 2. The majority of them were primarily localized
to major muscle or ligament attachment sites, which
might cause difficulties in manual segmentation proces-
sing. Particularly, the largest differences in the sacroiliac
joint surface (34%) might be due to its irregular surface.
However, because these regions were not common
positions for internal fixation, relatively large differences
between the right and left side of the pelvis would not
affect the viability of using contralateral pelvic models. In
contrast, only a few (range 2%–4%) of impermissible
deviations were localized to the areas of common
positions for internal fixation. These differences were
also mentioned in previous studies [7, 24]. In other
words, these impermissible deviations did not signifi-
cantly affect the clinical application of pelvic symmetry
and as a result we were less concerned about their effect
in these contexts.

Although the present study was meaningful, there
were a few limitations to note. Because the considerable
noise of some CT scan images caused by interference
from muscle or ligaments caused difficulties in manual
segmentation processing, the large deviations found in
some areas of the pelvis may be a result of this or simply
due to individual differences of the bilateral hemi‐pelvis.
Even for the most experienced surgeons or technicians,

reducing the error of manual segmentation and recon-
structing the entire 3D geometry of the pelvis is very
difficult. However, measures can be taken to reduce
these errors, including using CT scans with smaller slice
thicknesses to accurately scan the anatomical structure
of the pelvis and being more familiar with the anatomy of
the pelvis. On the other hand, this symmetry theory is
only applicable for unilaterally‐fractured pelvises or bone
defects so that bilaterally‐fractured pelvises or bone
defects cannot be reconstructed using this method unless
the fractures or bone defects on each side do not occur in
the same location or there are available CT scan images
of the healthy intact pelvis before disease onset; however,
this approach has not yet been investigated [25]. Like-
wise, it does not reliable for surgical reduction of pelvic
and acetabular fractures in patients with congenital
dysplasia such as DDH. Taking all these into account, the
contralateral pelvic models are still a feasible and
effective way to achieve the design of patient‐specific
and custom‐made pelvic implants for the treatment of
fracture and bony destruction.

5 | CONCLUSION

This investigation using CAD software avoided some
limitations of previous studies and filled an important
research gap in the literature of pelvic symmetry. The
bilateral hemi‐pelvises showed a high degree of symme-
try obtained from extrapolation of the data, including the
mean SD, the mean percentage of permissible deviations,
and the percentage differences in volume and surface
area. Additionally, no difference in any indexes was
exhibited in relation to sex and age distribution. The
specific areas of asymmetry were primarily localized to
major muscle or ligament attachment sites and the
sacroiliac joint surfaces. Nevertheless, because these
regions were not common positions for internal fixation,
they were clinically insignificant in the context of using
the contralateral pelvic model for surgical planning. As a
result, it would be feasible and effective to apply the
concept of pelvic symmetry to create fully patient‐specific
and custom‐made pelvic implants by using contralateral
pelvic models for the treatment of fracture and bony
destruction.
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