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Abstract

The human pelvis is a complex anatomical structure that consists of the innominate
bones, sacrum and coccyx to form the pelvic ring. Even though considered to be a
symmetric entity, asymmetry of the pelvic ring (APR) might occur to alter its anatomy,
function, or biomechanics or to impact assessment and treatment of clinical cases.
APR and its assessment is complicated by the intricate anatomy of the pelvic ring.
There is only limited information and understanding about APR with no established
evaluation methods existing. The objective of the present study was to adopt CT-
based 3D statistical modeling and analysis to assess APR within the complex anatomy
of the pelvic ring. We were interested to establish a better understanding of APR with
knowledge and applications transferred to human anatomy, related research, and de-
velopment subjects and to clinical settings. A series of 150 routine, clinical, pelvic CT
protocols of European and Asian males and females (64 + 15 (20-90) years old) were
post-processed to compute gender- and ancestry-specific 3D statistical models of the
pelvic ring. Evaluations comprised principal component analysis (PCA) that included
size, shape, and asymmetry patterns and their variations to be assessed. Four differ-
ent CT-based 3D statistical models of the entire pelvic ring were computed accord-
ing to the gender and ancestry specific groups. PCA mainly displayed size and shape
variations. Examination of additional PCA modes permitted six distinct asymmetry
patterns to be identified. They were located at the sacrum, iliac crest, pelvic brim,
pubic symphysis, inferior pubic ramus, and near to the acetabulum. Accordingly, the
pelvic ring demonstrated not to be entirely symmetric. Assessment of its asymmetry
proved to be a challenging task. Using CT-based 3D statistical modeling and PCA, we
identified six distinct APRs that were located at different anatomical regions. These
regions are more prone to APRs than other sites. Minor asymmetry patterns have to
be distinguished from the distinct APRs. Side differences with regard to size, shape,
and/or position require to be taken into account. APRs may be due different load
mechanisms applied via spine or lower extremity or locally. There is a need for simpler
and efficient, yet reliable methods to be routinely transferred to human anatomy, re-

lated research, and development subjects and to clinical settings.
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1 | INTRODUCTION

The human pelvis is composed of the innominate bones, sacrum,
and coccyx to form the pelvic ring. It connects the torso with the
lower extremities (Putz & Muller-Gerbl, 1990). It is thought to be
a symmetric entity. The innominate bones are paired bones with
the ipsilateral side being a mirror image of the contralateral side.
In contrast, the sacrum and coccyx are unpaired bones located at
the posterior pelvic ring in between the innominate bones. They
are composed of fused vertebrae. Each of them is divided by the
mid-sagittal/ symmetry plane into an ipsilateral and contralateral
part.

Even though considered to be a symmetric entity, asymmetry of
the pelvic ring (APR) might occur to alter its anatomy, function, or
biomechanics or to impact treatment of clinical cases. APR may be
due to bony anomalies (e.g., hip dysplasia) (Li et al., 2016; Putz &
Muller-Gerbl, 1990; Wells et al., 2017) degenerative or inflammatory
processes (Garvey & Hazard, 2014; Stover et al., 2017), fractures or
disruptions of the pelvis (Rommens & Hofmann, 2017; Tile et al.,
2015). Assessment of APR has been demonstrated to be useful for
anatomical studies, analysis of functional behavior, biomechanical
considerations, implant development, and other clinical applications
(Boulay et al., 2006; DeSilva & Rosenberg, 2017; Osterhoff et al.,
2019; Tobolsky et al., 2016). Despite available techniques, little is
known about APR and its assessment.

Three-dimensional (3D) computed tomography (CT)-based pel-
vic models as well as 3D statistical modeling and analysis techniques
have been used to characterize the complex anatomy of the pelvic
ring (Arand et al., 2019). We hypothesize that they could also be
used to enhance our knowledge and understanding with regard to
APR whilst its intricate anatomy being taken into account.

The objective of the present study was to adopt CT-based 3D
statistical modeling to assess APR within the complex anatomy of
the pelvic ring. We were interested to establish a better understand-
ing of APR with knowledge and applications transferred to human
anatomy, related research, and development and to clinical settings.

2 | MATERIAL AND METHODS

2.1 | CTimages
A series of 150 pelvic CT scans were included in this study. They
consisted of four subgroups as shown in Table 1.

CT data were obtained from the CT database of the AO
Research
et al., 2007), registered at the “Eidgendssischer Offentlichkeits- und

Institute Davos, Davos, Switzerland (Messmer

Datenschutzbeauftragter” (EDOP, Bern, Switzerland). CTs from
European females and males corresponded to standard, ano-
nymized, clinical CT protocols. All patients agreed to anonymous
research use of their CT data, which have been obtained for clinical
reasons. CT scans from Asian females and males were acquired from
postmortem specimens. Consent of the local ethics committee was
given. Only sacra with five fused sacral vertebrae were included. CT
samples with radiographic signs of osseous pathologies other than
osteopenia, osteoporosis, or osteoarthritis were excluded.

For Asian CTs, a standard CT scanner (LightSpeed VCT, GE
Healthcare, Chalfont St. Giles, UK) was used applying a stan-
dard CT protocol with a tube peak voltage of 120 kVp and the
GE STANDARD reconstruction kernel. The voxel size was about
0.63 x 0.63 x 0.63 mm in all scans. For the European data Siemens
Somatom Definition AS+scanner (Siemens Healthcare GmbH,
Erlangen, Germany) was used applying a standard clinical CT proto-
col with a peak voltage of 140 kVP, the average image resolution was
0.75 x 0.75 x 0.6 mm. Pelvic CT scans were transferred in DICOM
(Digital Imaging and Communications in Medicine) format to a stan-

dard laptop computer.

2.2 | CT post-processing to generate CT-based 3D
statistical models of the pelvic ring

Pelvic CTs were post-processed using Amira software (Amira
Version 6.7.0; Thermo Fisher Scientific, Waltham, MA, USA). Using
the soft- and hardware framework, a CT-based 3D statistical model
of the pelvic ring was generated for each of the afore mentioned CT
data groups according to methods described by Arand et al. (Arand
etal., 2019).

2.3 | Model evaluation using principal component
analysis (PCA)

The four CT-based 3D statistical models as generated in previous
steps, were assessed via PCA. PCA is a common method for statisti-
cal model analysis, described by Bookstein and Zollikofer (Bookstein,
1997; Zollikofer & Leon, 2005), which orders the types of variation
of shape and size in decreasing variance (Arand et al, 2019; Heimann
& Meinzer, 2009; Heimann et al., 2009; Kamer et al., 2010; Noser
et al, 2010). We have been adopting this technique to describe vari-
ations in size and shape but also asymmetries of the pelvic ring. For
the two European groups principal components (PCs) 1-20, ranging
from -3 to +3 SD, were analyzed. Because of the smaller number of
Asian CT scans available, PC 1-15, ranging from -2 to +2 SD were
analyzed to avoid extrapolation.
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TABLE 1 Sample demographics of the female and male European and Asian sub-groups.

Males

European
Mean age: 60.8 years
SD £13 years
min.: 25, max.: 85 years

30 CT scans (postmortem)
Mean age: 68.4 years

SD +16.4 years

min.: 26, max.: 89 years

Asian

Asymmetry patterns of the bony surface were studied and com-
pared to the respective mean model. The identification of asymme-
tries was done manually, that is, by visual judgment of individual
specimen models and PCA models and not by measurements. For
each asymmetry pattern identified, a matching 3D CT model was
selected. This permitted specific APRs to be demonstrated in given
pelvic CT samples.

3 | RESULTS
Post-processing of the 150 grouped, pelvic CT scans resulted in four
different 3D statistical models of the pelvic ring with ancestry- and
gender-specific models generated (also see Figures 1 and 2). PCA
predominantly displayed size and shape variations, as previously de-
scribed by Arand et al. (Arand et al., 2019).

When extending PCA to comprise PC 1 to PC 20 for the European
models (PC 1 to PC 15 for the Asian models), the 3D statistical models

51 CT scans (clinical protocol)

Females

49 CT scans (clinical protocol)
Mean age: 58.6 years

SD £14.7 years

min.: 20, max.: 86 years

20 CT scans (postmortem)
Mean age: 80.3 years

SD +6.7 years

min.: 65, max.: 90 years

also exhibited the following six distinct APRs at different anatomical

regions of the pelvic ring:

1. sacral asymmetry: asymmetric oriented ilio-sacral joints with/
without oblique and lateralized sacral base.

2. iliac crest asymmetry: with the ASISs located at different anter-
oposterior and/ or mediolateral positions.

3. pelvic brim asymmetry: with asymmetric iliopectineal lines.

4. acetabular asymmetry: with asymmetric inclination and antever-
sion (Murray, 1993), craniocaudal, mediolateral, anteroposterior
orientation of the acetabula.

5. pubic symphysis asymmetry: with the pubic symphysis located at
different anteroposterior and craniocaudal positions.

6. inferior pubic ramus asymmetry: with the inferior pubic rami lo-

cated at different anteroposterior positions.

In Figure 3, the 3D statistical model of the European fe-
male model and its PC 7 is displayed as an example for a principal

FIGURE 1 CT-based 3D statistical models of European females (top row) and males (bottom row) with PC 1 predominantly displaying
size variation: Anteroposterior views with mean models (semi-transparent grey) and with PC 1 models -3 SD (left) and +3 SD in yellow (right)
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FIGURE 2 CT-based 3D statistical model of the Asian females (top row) and males (bottom row) with PC 1 predominantly displaying size
variation: Anteroposterior views with mean models in semi-transparent grey and with PC 1 models -2 SD (left) and +2 SD models in yellow

(right)

component with major asymmetric changes. PC 7 demonstrated all
the six distinct APRs as given by PCA.

The afore mentioned six distinct APRs with their locations were
unevenly distributed among the gender and ancestry-specific 3D
statistical models and within their PCs, respectively. For example,
the European female model displayed first asymmetry patterns in PC
2, whereas for the European male model asymmetry patterns with
their locations were observed starting from PC 10. Furthermore,
merely the European female model displayed notable pubic symphy-
sis asymmetries in PC 2, PC 7, and PC 8. Interestingly, an asymmetric
pubic symphysis was predominantly associated with female gender.
PCA only exhibited moderate asymmetries for both the Asian mod-
els. Sites other than the ones displaying the distinct APRs only pre-
sented minor asymmetries. Remarkably, all 150 pelvic 3D CT models
under evaluation demonstrated either distinct APRs, minor ones or
combinations thereof.

In Figure 4, all the six distinct APRs with their locations were

illustrated in given 3D CT models.

4 | DISCUSSION

The pelvic ring, composed of the sacrum, coccyx, and innominate
bones, is known to be a complex anatomical structure and to dem-
onstrate a variety of anatomical variations. Currently, there is only
limited knowledge and understanding about APR and how to assess

it. The objective of the present study was to adopt CT-based 3D sta-
tistical modeling and analysis to assess APR. Considering the com-
plex anatomy of the pelvic ring, we expected a better understanding
for APR to be established with knowledge and applications obtained
transferred to human anatomy, related research, and development
subjects and to clinical settings.

Yet there is no established approach to assess the pelvic asym-
metry. We studied small differences in side-to-side morphology of
structures that are essentially symmetrical. Using CT-based 3D sta-
tistical modeling and PCA we identified distinct pelvic asymmetry
patterns demonstrated by given pelvic specimens collected (also see
Figure 4a-f) and were able to show that asymmetry of the pelvic ring
(APR) existed even in subjects displaying no major pathologies such
as local fractures or deformities. Quantitative evaluations were not
subject of this study.

We have been computing ancestry- and gender-specific CT-
based 3D statistical models of the pelvic ring and performing PCA
thereof. Due to the use of clinical and postmortem CT scans, the
age differed in the studied groups. Age may have an influence on
a bone's shape and size, however, static pelvic parameters like pel-
vic incidence were shown not to differ with aging (Weinberg et al,
2016). As expected, PCAs exhibited major variation patterns with
regard to shape and size as well as to position of the ring-building
bones, as previously described by Arand et al. (Arand et al., 2019).
When computing additional PC modes, six distinct asymmetry
patterns (i.e., distinct APRs) were observed that were located at
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FIGURE 3 CT-based 3D statistical model and PCA of the European females with PC 7 to illustrate the six distinct APRs and locations
(mean model (semitransparent grey), PC 7 -3 SD and +3 SD models (yellow) and red arrows). (a) PC 7, -3 SD: anteroposterior view, red arrows
showing asymmetry of the sacrum. (b) PC 7, +3 SD: anteroposterior view, red arrow showing asymmetry of the iliac crest. (c) PC 7, -3 SD:
inlet view, red arrows showing asymmetry of the pelvic brim. (d) PC 7, -3 SD: outlet view, red arrows showing asymmetry of the acetabulum.
(e) PC 7, -3 SD: inlet view, red arrow showing asymmetry of the pubic symphysis. (f) PC 7, +3 SD: inlet view, red arrows showing asymmetry

of the inferior pubic ramus

different anatomical regions: At the sacral region, it was mainly the
sacral base that demonstrated obliquity. Furthermore, asymmetric
oriented ilio-sacral joints were observed. At the iliac crest, asymme-
try was primarily due to different anteroposterior or mediolateral
orientation when comparing left versus right ASIS. Further asym-
metries were located at the pelvic brim, acetabulum, inferior pubic
ramus, and pubic symphysis. Interestingly, an asymmetric pubic
symphysis was predominantly associated with female gender. This
asymmetry pattern may be due to pregnancy or giving birth. Yet,
this assumption needs further confirmation as no information about
pregnancy/ giving birth was available to conduct this study. Sites
other than the ones displaying distinct asymmetry patterns only pre-
sented minor asymmetries. Remarkably, all 150 pelvic 3D CT models
under evaluation demonstrated either distinct asymmetries, minor
ones, or combinations thereof.

Hence, the pelvic ring cannot be considered to be entirely sym-
metric. Using CT-based 3D statistical modeling and PCA, we identified
and described six distinct APRs that were located at different anatomi-
cal regions. These regions demonstrated to be sites that were typically
affected by asymmetry patterns as described afore. Furthermore, they

need to be distinguished from sites displaying only minor asymme-
tries or even from ones with a matching symmetry. Therefore, minor
asymmetry patterns have to be distinguished from major ones like the
distinct APRs as identified by PCA.

Although PCA enabled identification and location of APRs, they
still require further evaluations and considerations to be made. For
example, asymmetries near to or at the acetabulum may be triggered
by side differences with regard to size, shape, and/ or position of the
acetabular sockets or solely by side differences of the periacetabular
region. In case of matching acetabular sockets, the contralateral one
might be taken as a reference to virtually reconstruct the ipsilateral,
affected side. However, potential positional side differences need
to be taken into account. Technically, this could be performed via
mirror imaging the reference to the contralateral side using the sym-
metry plane. However, as the pelvic ring does not exhibit an entirely
symmetric configuration, the definition of the symmetry plane might
become a difficult or even unfeasible task. Flipping (i.e., reflecting an
object across a given plane) the contralateral reference and aligning
it to the ipsilateral, affected side might therefore be a more viable
option.
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(d)

FIGURE 4 Given 3D CT models to display the six APRs with their locations: (a) 88 years old Asian female with sacral asymmetry: 3D CT
model in anteroposterior view with asymmetric oriented sacrum and lateralized and oblique sacral basis (case p457). (b) 3D CT model of a
27 years old Asian male: Inlet view demonstrates iliac crest asymmetry (asymmetric position of left versus right ASIS (case p415)). (c) 3D

CT model of a 54 years old European female: Inlet view exhibits asymmetric pelvic brim (case p601). (d) Semi-transparent lateral view of a
65 years old European female with asymmetric acetabula (case p634). (e) 3D CT model of an 86 years old European female: Outlet view with
asymmetric pubic symphysis (case p526). (f) 3D CT model of a 62 years old Asian male: Inlet view with asymmetric inferior pubic ramus (case

p424)

Currently, there is no best practice in performing asymmetry as-
sessment of the pelvic ring. Our technique facilitated analysis and
permitted valuable information to be obtained to enhance our un-
derstanding about distinct APRs. Furthermore, our approach per-
mitted efficient and comprehensible analyses within gender- and
ancestry-specific models generated. It allowed for distinct APRs to
be identified without requiring the 150 pelvic CTs as single samples
to be taken into account. Furthermore, we think, that use of simpler
methods, for example, visual judgment or manual measurements,
would have limited our analyses. However, we acknowledge, that
CT-based 3D statistical modeling and PCA are known to be tech-
nically and timewise demanding procedures requiring considerable
knowledge and expertise. Moreover, they remain difficult to be
applied to routine applications such as used in anatomy settings or
clinical applications. Simpler and efficient, yet reliable assessment

methods need to be available to be commonly used in daily prac-
tice. Symmetry analysis of the pelvic ring via CT-based 3D statistical
modeling remains a technically demanding task. Our approach al-
lowed for specific asymmetry patterns and regions to be identified in
a complex bone that is essentially symmetrical. Analyses were made
irrespective of symmetry plane. We acknowledge that simpler meth-
ods may exist. We recommend additional evaluations to be made
with pros and cons of different methods, with/without symmetry
planes to be thoroughly evaluated and further quantitative evalua-
tions to be performed.

Human demonstrate species-wide bilateral asymmetry in long
bone dimensions (Auerbach & Ruff, 2006). Systematic or a trend to
symmetry differences between upper and lower extremity has been
termed as “crossed symmetry” (Plochocki, 2004). Auerbach and
Ruff re-examined the topic in a large, geographically, and temporally
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diverse sample of 780 modern adult humans using morphometric
evaluations. Long bones of the upper extremities demonstrated a
systematic asymmetric right-bias, whereas the lower limb displayed
element of bias with a slight left-bias. Furthermore, gender-related
differences were observed.

Different studies on symmetry assessment of the pelvic ring
region have been previously performed: Boulay et al. analyzed
pelvic asymmetry using 12 anatomical specimens and a reference
coordinate system (Boulay et al., 2006). They studied 71 paired
morphometric variables and demonstrated 15 ones being signifi-
cantly asymmetric. These were located at the sacrum, iliac blades
and acetabulum and concerned the iliac width and superior lunate
surface of the acetabulum. They concluded that, total asymmetry
involving the right and the left pelvis seemed to follow a spiral
path in the pelvis; that is, in the upper part, the iliac blades to
rotate clockwise, and in the lower part, the pubic symphysis to
rotate anticlockwise. Yegyan Kumar et al. analyzed pelvic sym-
metry in 10 pelvic CT scans by comparing the left-right volumes
and found an average difference in left-right volume was 1.08%
(Yegyan Kumar et al., 2016).

Skeletal asymmetries have been described to originate from ge-
netic, biomechanical, and developmental factors (Tobolsky et al.,
2016). In this study, os coxae of 128 skeletons were analyzed and
a left bias in the directional asymmetry of the pelvis was detected.
There were no sex- or population-related differences found in the
directional asymmetry. In biomechanics, different investigations
were made on the effect of the load distribution of the pelvis (Arkusz
etal., 2018; Dalstra & Huiskes, 1995; Shi et al., 2014). However, none
of these demonstrated the effect on changes of the pelvic symme-
try. In our study, we found no evidence for side-, gender-, or an-
cestry-related biases. However, we assume an association between
behavioral and morphological asymmetry. Hence, APRs may occur
as a skeletal adaption to asymmetric mechanical loading, as similarly
described for the limb bones (Auerbach & Ruff, 2006; Weatherholt
& Warden, 2016): Asymmetries, such as observed at the sacrum and
sacral base, could be primarily due to asymmetric mechanical load-
ing transferred via spine. Conversely, asymmetries located at the
periacetabular regions could be predominantly caused by asymmet-
ric mechanical loading transferred via the lower extremity. Thirdly,
local factors, such as asymmetric muscle traction or uneven forces
due to asymmetric orientation of the pubic symphysis (e.g., caused
by a fracture, gravidity, or giving birth) could contribute to APRs.
Hereafter, the pelvic ring could be understood to be an anatomical
site to withstand and adapt to asymmetric mechanical loading dis-
tributed via cranial, caudal parts of the human body or transferred
via local sources.

In orthopedic pelvic surgery and trauma care, there is a growing
interest to use patient-specific implants (PSls). A possibility for its
manufacturing is “image mirroring” of the intact, contralateral side
to be used as an anatomical reference to reconstruct the ipsilat-
eral, affected side. Bilateral pelvic symmetry for PSI manufacturing
with regard to acetabular fracture treatment has been evaluated
by Osterhoff et al. (Osterhoff et al., 2019). The authors concluded

that the pelvis can be considered sufficiently symmetric for using
the mirrored contralateral hemipelvis as a template for PSls in ac-
etabular fracture fixation. We think “mirror imaging” to be a valid
approach if above mentioned considerations have been taken into
account (see paragraph 3 and 4 of the discussion section). Hence,
“mirror imaging” might be a valuable technique for anatomical re-
gions with no or limited asymmetry.

There are several limitations associated with our study:
Firstly, we used advanced computational methods that were time
consuming and required demanding software tools and skills.
Furthermore, no guidelines were provided to analyze the given
asymmetric cases. Thirdly, pelvic CTs, as used in our study, do not
allow for soft tissue structures (e.g., ligaments, cartilage) to be
properly assessed. Lastly, only a limited number of Asian pelvic CT

scans have been evaluated.

5 | CONCLUSION

The pelvic ring, known to be a complex anatomical structure, has
been demonstrated not to be entirely symmetric. Assessment of
its asymmetry proved to be a challenging task. Using CT-based 3D
statistical modeling and PCA, we identified six distinct APRs that
were located at different anatomical regions. These regions are
more prone to APRs than other sites. Minor asymmetry patterns
have to be distinguished from the distinct APRs. Side differences
with regard to size, shape, and/ or position require to be taken
into account.

APRs may be due to different load mechanisms applied via
spine or lower extremity or locally. There is a need for simpler and
efficient, yet reliable methods to be routinely applied in human
anatomy, related research, and development subjects and to clin-

ical settings.
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