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Abstract

Sacroiliac joints (SIJs) are synovial joints located between sacrum and ilium of
human pelvis. Surrounding ligaments strongly support SIJs, making the joint relatively
less mobile. Although SIJs are considered to act as a damper, receiving impact between
the upper and the lower body. Unexpected forces or repeated impacts can cause SIJ
dysfunction, leading to pain. To relieve pain, fixing and stabilizing SIJs have been
performed as treatments, however, biomechanical approaches on SIJs are poorly
performed to date. In this dissertation, mechanical characterization of SIJs in physiology
and pathology is introduced, in particular focusing on stress environment on SIJs as well

as mechanical contribution of the surrounding ligaments.

In Chapter 1, as the background of this study, fundamental aspects of SIJs and their
dysfunction as well as treatments are introduced, referring to previous studies. The
purpose and the outline of this study are then described.

In Chapter 2, finite element analysis on movements and functions of SIJs during
walking is demonstrated. It is hypothesized that SIJs may work as shock-absorbing
systems. A 3D finite element model of a pelvis with detailed SIJ structure and ligament
arrangement are used to perform stress analysis under walking conditions. It is indicated
that walking load concentrates on SIJs due to morphology of pelvic ring, however, slight
mobility of SIJs relieve the high stress.

In Chapter 3, the relationship between SIJ surface morphology and joint motion
resistance is investigated. SIJ surface has fine irregularities and is considered to restrict
SI1J motion in a particular direction. SIJ surface models are fabricated based on X-ray CT
data and used to measure shear resistance by using an in-house experimental setup. SIJ
surface morphology is characterized by bone-to-bone contact at medial and inferior parts
and wide gaps at anterior and posterior regions. The results indicate that there are

differences in resistance depending on the direction of joint movement and alignments.



In Chapter 4, considering pathological conditions, finite element models of
acetabular dysplasia pelves are created to determine stress distributions on SIJs in
standing. Numerical analyses are performed in pre- and post-operative pelves. From
comparisons of the two types of pelves, it is demonstrated that a lack of posterior coverage
of acetabula may interrupt proper transmission of load from femurs, resulting in an
unnecessary stress increase on SIJs.

In Chapter 5, effectiveness of a treatment with pelvic belts for SIJ dysfunction is
elucidated. Although this treatment is often used clinically, few studies have investigated
the mechanism of their effectiveness. Lumbar pressure distribution caused by pelvic belts
is experimentally measured and stress environment of pelves is numerically analyzed
using a finite element model. It is demonstrated that pelvic belts may rotate pelves
externally and compress SlJs, reducing excessive movements of SlJs and ligaments
loading.

In Chapter 6, this study is summarized and prospects for future research is provided.
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Fig.

Fig.

parallel and (b) perpendicular to pulling directions. Inf.: inferior, Sup.:
superior, Ant.: anterior, POSt.: POStEIIOT. .......cccvviiiieiiiiieiiiie e
4.1 Radiographs of a (a) preoperative and (b) postoperative acetabular
dysplasia pelvis (Iwai et al., 2014). ......ccoviiiiiiiiiee
4.2 Finite element models of the preoperative (left) and postoperative
(right) pelves of patient 1. The right is the surgical side. The insets are
enlarged views of the right hip joints. The scale bar: 20 mm. I: inferior, L:
left, R: right, S: superior. In the pre model, the acetabulum does not cover
the femoral head sufficiently. In the post model, the acetabulum widens by

the surgical intervention (Toyohara et al., 2022b).........cccccoviiiiiiiiieniee

Fig. 4.3 The positions and names of ligaments (red circles) and muscles (blue

Fig.

circles) in a pelvic model of patient 1 with anterior (right) and posterior
(left) view. The ligaments modelled are as follows: anterior longitudinal
ligament (LLA), anterior sacroiliac ligament (ASL), inguinal ligament
(INL), pubic ligament (PL), obturator membrane (MO), posterior
longitudinal ligament (LLP), posterior sacroiliac ligament (PSL),
iliolumbar ligament (IL), interosseous sacroiliac ligament (ISL), long
posterior sacroiliac ligament (LPSL), sacrotuberous ligament (ST) and
sacrospinous ligament (SS) (Toyohara et al., 2022b). .......ccoccvvviiiiiniiiniiiees
4.4 The upper (left) and posterior (right) acetabular head index (AHI)
measurement positions with anterior (upper) and posterior (posterior)
views. AHI is a ratio of A to B. A means a coverage of acetabulum on the
top (upper) or center (posterior) of the femoral heads, and B means a
diameter of the femoral head. The left femur and innominate bone are
shown in grey and green, respectively. The scale bar: 20 mm. I: inferior, L:

left, R: right, S: superior (Toyohara et al., 2022b)........cccccceerviiiiriieiniieinene

Fig. 4.5 Resultant displacement vector diagrams of the pelves on anterior (top 2

lines) and upper (bottom 2 lines) views. ‘Pre’ and ‘post’ reflect pre models
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and post models, respectively. The arrows indicate the sides of surgical
intervention (Toyohara et al., 2022b). .....cccceviiiiiiiiiiiiiiiiee e
Fig. 4.6 Scheme of pelvic deformation. The red and blue arrows indicate inward
rotation (inflare) and outward rotation, respectively (Toyohara et al.,
2022D). ettt b bbb
Fig. 4.7 Degree of rotation at the sacroiliac joints on the sides of surgery in all
patients, i.e., is the angle of rotation on the sacrum for ilium. The positive
and negative values mean the nutation and counter-nutation, respectively
(Toyohara et al., 2022D).....cccveiiiiiiiiiieie e
Fig. 4.8 The scatter plots of reduction of sacral nutation on the surgical sides vs.
improvement of acetabular head index (a) on upper coverage and (b) on
posterior coverage (Toyohara et al., 2022b). .....cccoovvviiiiiinniienieee e
Fig. 4.9 Equivalent stress distribution of the contact surfaces in sacroiliac joints
on surgical sides (Toyohara et al., 2022b). .......ccccovviviiiiiiniiiiec e
Fig. 4.10 Maximum equivalent stress in sacroiliac joints on surgical sides
(Toyohara et al.; 2022D).....ccueiiiiiiiiiiie e
Fig. 4.11 The scatter plots of reduction of maximum equivalent stress in the
sacroiliac joint on the surgical sides vs. improvement of acetabular head
index (a) on upper coverage and (b) on posterior coverage (Toyohara et al.,
2022D). ettt
Fig. 4.12 Normal stress distribution on the normal direction of the contact
surfaces in sacroiliac joints on surgical sides (Toyohara et al., 2022b)..........
Fig. 4.13 Minimum normal stress in sacroiliac joints on surgical sides (Toyohara
€t AL, 2022D). i
Fig. 4.14 The scatter plots of reduction of minimum normal stress in the
sacroiliac joint on the surgical sides vs. improvement of acetabular head
index (a) on upper coverage and (b) on posterior coverage (Toyohara et al.,
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4.15 Sacrotuberous ligament (ST), sacrospinous ligament (SS),
interosseous sacroiliac ligament (ISL) and posterior sacroiliac ligament
(PSL) loading on the surgical sides of all patients (Toyohara et al., 2022b).
4.16 The scatter plots of reduction of sacrotuberous ligament (ST) and
sacrospinous ligament (SS) loading on the surgical sides vs. improvement
of acetabular head index (a) (c) on upper coverage and (b) (d) on posterior
coverage (Toyohara et al., 2022b). ......ccceviiiiiiiiierc e
4.17 The scatter plots of increase of interosseous sacroiliac ligament (ISL)
and posterior sacroiliac ligament (PSL) loading on the surgical sides vs.
improvement of acetabular head index (a) (¢) on upper coverage and (b)
(d) on posterior coverage (Toyohara et al., 2022b). ......cccccveverriiieiiieniieiinne
5.1 Finite element model of the pelvis including soft tissue, displayed on
whole model (left) and hidden the soft tissue (Right) with anterior views.
The scale bar: 100 mm. S: superior, L: left (Toyohara et al., 2022a). ............
5.2 The positions and names of the pelvic ligaments modelled in this study,
in a meshed pelvis model with anterior (left) and posterior (right) views.
The ligaments are the anterior longitudinal ligament (LLA), anterior
sacroiliac ligament (ASL), iliolumbar ligament (IL), inguinal ligament
(INL), long posterior sacroiliac ligament (LPSL), obturator membrane
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(PSL),pubic ligament (PL), interosseous sacroiliac ligament (ISL),
sacrospinous ligament (SS) and sacrotuberous ligament (ST). The scale
bar: 60 mm. S: superior, L: left, R: right (Toyohara et al., 2022a). ................
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90

91
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5.4 Scheme of pressure measurement in this study. (Left) A pressure
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XV


file:///F:/00Study/03paper/202212_Thesis/博論.docx%23_Toc126777992
file:///F:/00Study/03paper/202212_Thesis/博論.docx%23_Toc126777992
file:///F:/00Study/03paper/202212_Thesis/博論.docx%23_Toc126777992
file:///F:/00Study/03paper/202212_Thesis/博論.docx%23_Toc126777992
file:///F:/00Study/03paper/202212_Thesis/博論.docx%23_Toc126777993
file:///F:/00Study/03paper/202212_Thesis/博論.docx%23_Toc126777993
file:///F:/00Study/03paper/202212_Thesis/博論.docx%23_Toc126777993
file:///F:/00Study/03paper/202212_Thesis/博論.docx%23_Toc126777993
file:///F:/00Study/03paper/202212_Thesis/博論.docx%23_Toc126777994
file:///F:/00Study/03paper/202212_Thesis/博論.docx%23_Toc126777994
file:///F:/00Study/03paper/202212_Thesis/博論.docx%23_Toc126777994
file:///F:/00Study/03paper/202212_Thesis/博論.docx%23_Toc126777994
file:///F:/00Study/03paper/202212_Thesis/博論.docx%23_Toc126777995
file:///F:/00Study/03paper/202212_Thesis/博論.docx%23_Toc126777995
file:///F:/00Study/03paper/202212_Thesis/博論.docx%23_Toc126777995
file:///F:/00Study/03paper/202212_Thesis/博論.docx%23_Toc126777996
file:///F:/00Study/03paper/202212_Thesis/博論.docx%23_Toc126777996
file:///F:/00Study/03paper/202212_Thesis/博論.docx%23_Toc126777996
file:///F:/00Study/03paper/202212_Thesis/博論.docx%23_Toc126777996
file:///F:/00Study/03paper/202212_Thesis/博論.docx%23_Toc126777996
file:///F:/00Study/03paper/202212_Thesis/博論.docx%23_Toc126777996
file:///F:/00Study/03paper/202212_Thesis/博論.docx%23_Toc126777996
file:///F:/00Study/03paper/202212_Thesis/博論.docx%23_Toc126777996
file:///F:/00Study/03paper/202212_Thesis/博論.docx%23_Toc126777996
file:///F:/00Study/03paper/202212_Thesis/博論.docx%23_Toc126777997
file:///F:/00Study/03paper/202212_Thesis/博論.docx%23_Toc126777997
file:///F:/00Study/03paper/202212_Thesis/博論.docx%23_Toc126777998
file:///F:/00Study/03paper/202212_Thesis/博論.docx%23_Toc126777998

on the device. Blue: a pressure measuring device. Orange: pelvic belt.

(Right top) Pressure distribution on the pelvic belts and (right bottom)

straightly opened results (Toyohara et al., 2022a)........c.ccccevvvvviiieeiiieeninnnn. 102
Fig. 5.5 Pelvic belt types and related pressure measurements in-vivo in a setup

on the volunteer (left row), and pressure distribution on the pelvic belts

(right row). Black areas indicate the anterior superior iliac spines as

reference marks (Toyohara et al., 2022a). ......ccccvviiiiiiiieniiienee e 103
Fig. 5.6 (a) The red arrows indicate the places and directions the pressures are

applied (trimetric view), and (b) the orange arrows indicate where the loads

are applied (anterior view). The scale bar: 60 mm. S: superior, L: left, A:

anterior (Toyohara et al., 20222). ......ccoooveiiiiiiieiieere e 104
Fig. 5.7 Horizontal displacement of the innominate bones shown from an

anterior (1st line) and posterior (2nd line) view. The positive directions are

the directions that the arrows point to, to right on the models. The scale

bar: 100 mm. S: superior, L: left, R: right (Toyohara et al., 2022a). ............ 106
Fig. 5.8 Scheme of pelvic deformation. The innominate bone was rotated

outward by using pelvic belts (Toyohara et al., 2022a)..........ccccccververieennnn. 106
Fig. 5.9 Minimum principal stress distribution of right (1st line) and left (2nd

line) sacroiliac joint cartilage shown from left and right, respectively. The

red area shows the tensile area, and the tensile area decreased by pelvic

belts. The scale bar: 40 mm. S: superior, A: anterior, P: posterior (Toyohara

€t al., 2022). c.ieeiiee s 107
Fig. 5.10 The comparison of mean minimum principal stress rates for the control

condition. Right and left mean right and left sacroiliac joints, respectively

(Toyohara et al., 20222). ......c.coovieiiiiiieiee e 108
Fig. 5.11 Resultant displacement distribution of right (1st line) and left (2nd

line) sacroiliac joint cartilage shown from left and right, respectively. The
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the control. The left and right graphs are the results on the right and left

sides of ligaments, respectively (Toyohara et al., 2022a)..........ccccceervrnnene. 110
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Chapter 1

Introduction



1.1 Background

Sacroiliac joints (SIJs) are regarded as a source of low back pain, which is called SIJ
dysfunction. This disease is considered to account for approximately 15 - 30% of the
symptoms in patients with low back pain (Bernard and Kirkaldy-Willis, 1987; Schwarzer
et al., 1995; Forst et al., 2006). This is because of the fact that SIJs are often considered
as a non-movable joint due to a small range of motion. Another reason is that X-ray CT
and MRI images provide no specific findings, making diagnosis difficult (Murakami,
2017). Conventional surgical treatments for SIJ dysfunction include fixation of joints with
screw implants (Wise and Dall, 2008; Smith et al., 2013), wearing pelvic belts (Mens et
al., 2006; Hammer et al., 2015), etc., however, the effectiveness of these treatments have
not been scientifically proved.

In fact, for example, it has been pointed out that surgical treatments to fix the joints
may lead to the loss of SIJ functions (Sanaka et al., 2020). To date, although
biomechanical researches on SIJs have been conducted by several groups, physiological
functions of SIJs have not been fully understood. Development of treatment methods for
SIJ dysfunction based on biomechanics may greatly contribute to national welfare and
medical development.

This chapter introduces joints in general, pelves and SIJs regarding to structures and
motion, describes SIJ dysfunction and its treatment methods and summarize previous

researches on S1Js. The research purpose and the outline of this study are finally described.

1.2 Joint structure

Joints are points of contact between adjacent bones. Joints are classified into three
types based on the anatomical characteristics: fibrous joint, cartilaginous joint and

synovial joint (Anatomy, Joints; Tortora and Derrickson, 2012). In addition, they are



Table 1.1 Classification of joints.

Fibrous joints
Anatomical Cartilaginous joints
Synovial joints
Synarthroses (Immovable)
(Slightly
Functional Amphiarthroses
moveable)
(Freely
Diarthroses
moveable)

classified into three types based on the function: synarthrosis (immovable),
amphiarthrosis (slightly moveable) and diarthrosis (freely moveable) (Table 1.1).
Fibrous joints are fixed connections composed of collagen-rich tissues and do not
have joint cavity. These include sutures in craniums, syndesmosis between tibias and
fibulas and gomphoses between teeth and their sockets. In cartilaginous joints, the bones
are joined by cartilage without joint cavity. There are joints between sternums and ribs,

pubic symphysis and intervertebral joints. Synovial joints have joint capsules and allow
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Fig. 1.1 Structure of synovial joints (modified from Schiinke et al., 2017).

relatively large joint movements. The surface of bones is covered by hyaline cartilage.
Diarthrodial joints are commonly considered as synovial joints.

Figure 1.1 shows a joint structure on a finger as an example of diarthrosis. The joint
consists of an articular capsule that is a fibrous connective tissue and encloses two
epiphyses, a joint cavity that is the space between the epiphyses and surrounded by the
articular capsule and an articular cartilage that covers the epiphyses. In general, the two
epiphyses have a convex and concave surface, called an articular head and glenoid fossa,
respectively. The joint capsule is covered by a synovial membrane and filled with synovial
fluid, which is highly viscous and has functions such as lubrication, shock absorption and
oxygen and nutrients supply (Tortora and Derrickson, 2012). Ligaments attach to the

outer synovial membrane and strengthen the connection between the two bones.

Cartilages

Cartilage tissues exist in cartilaginous joints and articular cartilage and forms a
skeletal system with bones. Cartilages are precursors of bones. Fetal skeletons that are
gradually replaced by bone as development progresses are composed of cartilages.
However, the epiphyseal cartilages are maintained throughout life as a smooth articular

surface (Tortora and Derrickson, 2012). Cartilages are highly functional bearing systems



that maintain a low-friction, low-wear lubricating state in joint movements (Murakami,
2006) and their friction coefficient is smaller than that of ice, which is quite slippery in
nature (Hayashi, 2000).

In general, normal cartilage tissues neither contain blood vessels nor nerves within
the matrix (Tortora and Derrickson, 2012), however, there are cartilages including S1Js
that have nerve fibers (Szadek et al., 2010). Chondrocytes and biopolymers composed
cartilage tissues and are intercellular matrix and consists of chondroitin sulfates, collagen
fibers and elastic fibers (Suda et al., 2007). They grow and repair slower than other tissues
and do not regenerate in adults (Tortora and Derrickson, 2012). The mechanical properties
of cartilage are viscoelastic.

Cartilage tissues are classified into three types based on the intercellular matrix and
the morphology of cells: hyaline cartilages, fibrocartilages and elastic cartilages (Tortora
and Derrickson, 2012). Hyaline cartilages are the most abundant in human body. They
contain an elastic gel substance and provide a smooth surface suitable for joint movement.
Fibrocartilages have high durability and provide strong connections and chondrocytes are
interspersed between bundles of collagen fibers. Elastic cartilages posess strength and
elasticity and keep the shape of a specific structure like auricles and chondrocytes exist

between meshes of elastic fibers.

Ligaments

Ligaments are bundles of fibers and connect bones to adjacent bones (Murakami,
2006). The stability of joints is related to muscles dynamically while related to
morphology of the joint surface and ligaments statically. The attachment of ligaments
varies depending on the type of joints. Ligaments are composed of 60 - 80% water and
mostly collagen. The main cellular component is fibroblasts and there are almost neither
blood vessels nor cells within ligaments.

The collagen fibers of ligaments are arranged parallel to the longitudinal axis and

resist tensile loads only. The stress-strain curve of ligaments is nonlinear. With applying



tension to ligaments, the stiffness increases rapidly at first and then increases linearly,
indicating an increase is the Young's modulus. In addition, ligaments are a time-dependent

viscoelastic material similar to articular cartilages (Murakami, 2006).

1.3 Pelves

Pelves are a deep vase-like structure with a bony ring. They play roles to support
body weight and to connect trunks and lower limbs as well as to protect pelvic organs and

in birth canals in women (Matsumura, 2013). Figure 1.2 shows a structure of a pelvis.
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. ] Pubic arch ] N .
Anterior view Right side view

Fig. 1.2 Structure of pelves (modified from “BioDigital Human”).



Pelves exhibit the clearest sex difference in human skeletons. Figure 1.3 shows an
overview of male and female pelves. The female pelves are wider and more open for
childbirth. On the other hand, the male pelves are narrower. The male pelves are more
suitable for bipedal walking, while the female pelves are in a contradictory state called
the obstetrical dilemma and obtained a shape that is relatively unsuitable for bipedal
walking due to deliveries (Merry, 2010). Therefore, women are more likely to suffer from

low back pain.

1.3.1 Pelvic bony structure

Pelves consist of left and right hip bones, sacra and coccyx, which are connected by
pubic symphysis and SIJs. Pelves play a major role in transmitting forces from spines to
lower limbs. Weight supported by lumbar spines is distributed along sacral alas and
through ischial tuberosities towards acetabula (Fig. 1.4). A part of ground reaction forces
against body weight are transmitted to acetabula by femoral necks and heads. The other
forces are transmitted across pubic branches, balancing forces from the other sides at
pubic symphysis. When standing on both feet, weight of the trunk is applied to the both

lower limbs via hip joints and pelves are slightly tilted forward. The anterior superior iliac

Fig. 1.3 Differences between male (left) and female (right) pelves. The central circles and
lines are arcuate lines and pubic arches, respectively (modified from Anatomy of the

Human Body).
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Fig. 1.4 Loads on pelves Fig. 1.5 Pelves on the sagittal view
(Kapandji, 1974). (modified from “BioDigital Human”).

spines and the upper border of the pubic symphysis are in the same vertical plane (Fig.

1.5) (Matsumura, 2013).

Innominate bones

Innominate bones consist of ilia, ischia and pubes. They are connected posteriorly to
sacra via SIJs and anterioirly to the other innominate bones via pubic symphysis to form
pelvic rings. Large holes surrounded by ischia and pubes are called obturator foramens
and closed by ligamentous membranes. Ilia, ischia and pubes are separated by Y cartilage

until childhoods and fuse into one bone in adults (Takai, 2010).

Sacra

Sacra are parts of spines: cervical spines, thoracic spines, lumbar spines, sacra and
coccyx, from the top to the bottom (Fig. 1.6). Sacra are divided into five sacral spines at
birth, however, in adults, they become one sacrum by osseointegration. Figure 1.7 shows
the structure of a sacrum. Sacra can be viewed as inverted triangles between the two iliac

bones (Tortora and Derrickson, 2012). There are four transverse lines on the anterior and



posterior surfaces that indicate the fused sacral vertebrae and four pairs of spinal nerve
entrances exist at each end of lines. The smooth outer parts of upper surfaces on sacra are
sacral alas and the central wide parts are bases of sacra. The angles between bases of the
sacra and the horizontal lines are sacral slopes (SS) and are widely used as an index of
inclinations of the sacra. In addition, the forward edges of the bases of sacra are sacral
promontories that are also one of the points for pelvic measurements. Bilateral sides of
the sacra have large auricular surfaces, which form SIJs between the ilia and the sacra

(Tortora and Derrickson, 2012).
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junction
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junction Sacral spine

(Sacrum)

Fig. 1.6 Position of sacra on spines (modified from “BioDigital Human”).
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Fig. 1.7 Structure of sacra (“BoneAndSpine”).

Pubic symphysis

Pubic symphyses are cartilaginous joints that connect bilateral pubes on the front of
pelves and have little mobility. They play an important role in the mechanical balance of
the pelves with SIJs (Fig. 1.4). When pubic symphyses are dislocated, innominate bones
and the sacrum can not maintain their correct positions, which causes pelvic structures

collapse.

Sacroiliac joints (SIJs)

S1Js are located at junctions of spines and pelves and forms pelvic rings with pubic
symphyses. Although the joints have little mobility, they are important weight bearing
joints, transferring loads from the spines to the lower limbs (Katada, 2019). The

periarticular regions are composed of many ligaments and strong against external force.
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1.3.2 Pelvic ligaments

Major ligaments around pelves are iliolumbar ligaments that connect the 5 lumbar
vertebrae and ilium, anterior sacroiliac ligaments that connect the ilium and the sacrum
in front, sacrospinous ligaments that connect the sacrum and the ischial spine,
sacrotuberous ligaments that connect the sacrum and the ischial tuberosity, interosseous
sacroiliac ligaments that connect the ilium and the sacrum posteriorly, iliofemoral
ligaments that connects the femur and the ilium, ischiofemoral ligaments that connect the
femur and the ischium and pubofemoral ligaments that connect the femur and the pubic

bone (Figs. 1.8, 1.9).

11
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1.4 Sacroiliac joints (S1Js)

SIJs are composed of an anterior synovial joint and a posterior tough ligamentous
region (Fig. 1.10) (Cohen, 2005). Morphologically, SIJs are classified as a synovial joint,
however they have only a small range of motion for shock absorption because the
ligaments support them strongly (Takayama, 1990). Cartilages on the synovial joint are
fibrocartilage on the iliac side and hyaline cartilage on the sacral side. In addition, a large
amount of fat is also contained in the ligamentous region behind the SIJs and may play a
role as a shock absorber (Fig. 1.11). Since the articular surface of the SIJs is almost
vertical to the gravity, the load from the trunk should cause strong shear forces on the SIJs

(Murakami, 2018a).
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© :‘. .‘
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Posterior Sacroiliac Interosseous Ligaments
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Fig. 1.10 Structure of sacroiliac joints on the transverse plane (Murakami, 2018a).
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Fig. 1.11 Ligaments and fat in the posterior sacroiliac joint area (Poilliot et al., 2019a).

1.4.1 Articular surface morphology

Articular surfaces of SIJs are generally crescent-shaped, called an auricular surface,
although the morphology varies greatly among individuals (Fig. 1.12). The major axis
slopes from antero-superior-lateral to posterior-inferior-medial and is twisted caudally
(Katada, 2019). In addition, the upper part of the joint is concaved toward the ilium and
the lower part of the joint is concaved toward the sacrum (Fig. 1.13). Although the surface

has fine irregularities, it is described as a flat rail structure, with a protrusion along the

Sacral
promontory

4
\ Auricular

surface

Coccyx

Fig. 1.12 Shape of sacroiliac joints (modified from “BioDigital Human”).
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Fig. 1.13 Surface contours of the sacral articular facet (Kapandji, 1974).

long axis of the articular surface that divides depression into two. Although the articular

surfaces may limit the slight movements of the joint, they are not always conforming to

each other (Kapandji, 1974).

1.4.2 Joint motion

Although pelves can move depending on postures of bodies, SIJs mainly move within
pelves because bony components and pubic symphysis have smaller mobility than SIJs.
For example, when standing in a comfortable posture, the weight of trunk acting on the
base of the sacrum pushes down the promontory, which rotates the sacrum forwardly
(nutation) (Figs. 1.14(a), 1.15). This movement is quickly restricted by iliolumbar
ligaments, anterior sacroiliac ligaments, sacrospinous ligaments and sacrotuberous
ligaments (Fig. 1.16). At the same time, ground reaction forces are transmitted from the
femur to the hip joint and produces a rotational moment. Consequently, the ilium tilts
backward, enhancing the nutation movement. However, very little movement actually
occurs due to the restriction of ligaments. The opposite movement (counter-nutation) is
also restricted by ligaments (Fig. 1.14(b)). The counter-nutation position is a state in

which the sacral wedge is deeply driven into the pelvic ring fixed by the pubic symphysis

15



(a)

QS

Fig. 1.14 (a) Nutation motion and (b) counter-nutation motion of sacroiliac joints

(Kapandji, 1974).

Fig. 1.15 Motion of pelves under loadings (Kapandji, 1974).
and the posterior ligaments. This position is considered to be the most rigid state (close-
packed position), which does not move even when external force is applied. Therefore, it
is a posture suitable for lifting heavy objects (Katada, 2019). In addition, nutation and
counter-nutation movements are performed around lateral axes passing through the

second sacral vertebra (Weisl, 1955).
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Fig. 1.16 Ligaments restricting nutation motion.

Furthermore, pelves are in various loading states depending on the postures of the
whole bodies. When standing, the weight is supported by the acetabula which are the
connection of foot. On the other hand, when sitting, the weight is supported by the ischial
bones. In addition to this, pelves can be tilted forward or backward depending on the
states of spines, that is, depending on the postures of upper bodies, which vary the loading

directions on the pelves.

1.4.3 Sacroiliac joint dysfunction

Since SIJs need to stand a large load with a small range of motion, unexpected and/or
repeated impacts can cause joint incompatibility, resulted in joint dysfunction. SIJ disease
can be divided into arthritis and joint dysfunction, with the most cases being the latter. In
the past, low back pain originating from SIJs was thought to be unique to women after
childbirth, however, as shown in Fig. 1.17, it is not uncommon pain that can occur

regardless of age or gender (Murakami, 2017).

17



Main actions that patients feel SIJ pain are in dorsal positions, in standing up, in
sitting, in lying on the side with the affected side down and in starting to move in the
morning. SIJ dysfunction is sometimes misidentified as an intervertebral disc disease
because it causes pain in the lower limbs and in the lower back. Positions of SIJs are
unclear to view from outside bodies and their movement can not be observed from the
body surface. In addition, medical imaging tests such as X-ray and MRI can not provide
strong findings indicating SIJ dysfunction, therefore, it is often overlooked (Murakami,
2017). One finger test is suggested as the main diagnostic method for SIJ dysfunction, in
which doctors ask patients to point out the most painful part with one finger (Fig. 1.18).
If the patients point near posterior superior iliac spines, they are likely to suffer from SIJ
dysfunction. In addition, the diagnosis is confirmed by anesthesia for SIJs (Murakami et

al., 2007).

120
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80 ® male

60
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40

20
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Fig. 1.17 Histogram between ages and patients with sacroiliac joint dysfunction

(data from Murakami, 2018a).
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1.5 Treatments for sacroiliac joint dysfunction
1.5.1 Strategy of treatments

Excessive tension to the surrounding ligaments is believed to be a cause of pain due
to SIJ dysfunction. According to Murakami et al. (2018b), an unexpected external force
or repeated impact cause minor subluxation or incompatibility of SIJs, which makes the
surrounding ligaments tense and nociceptors in the ligaments become hypersensitive.
This causes pain signals. Immobilization of SIJs reduces loading that was previously
supported by surrounding ligaments, which is believed to relieve pain. In other words, the
stronger SlJs are fixed, the less ligaments are stretched, which reduces stress generation.
This suggests that better fixation of SIJs reduces ligaments loading and relieves pain
originating from ligaments. However, as fixation of SIJs means that they lose a little of

their inherent mobility a better treatment may be needed to preserve that mobility.

1.5.2 Treatment options
There are several treatment options for curing or relieving pain in SIJ dysfunction,

depending on the severity of pain and disease progression. The treatment methods are
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Fig. 1.19 Anesthesia injection on a patient (left) and on a skeletal specimen (right)

(Murakami et al., 2007b).

classified into two types: conservative treatments and surgical treatments. Surgical
treatments are generally performed when pain can not be sufficiently relieved by

conservative therapy or when pain persists for a long time.

Anesthesia (conservative)

This treatment is performing injections to intra- or peri-articular SIJs and releave pain
by blocking the nerve transmission pathways (Fig. 1.19). This is used for diagnoses as
well as treatments. If pain is alleviated when a local anesthetic is injected into nerves
(nerve block), the nerves can be identified as the source of pain. In addition, by mixing a
local anesthetic with an anti-inflammatory agent, nerve inflammation can be calmed
down, resulting in sustained pain relief.

SIJ injection often relieves pain over one week which greatly exceeds the effect
duration of local anesthetics (approximately 2 hours). In addition, pain relief is often
achieved in stages with repeated sessions. This can not be explained by the temporary
effects of local anesthetics alone (Murakami, 2017). Local anesthetics relieve tension in
the posterior ligaments and fluid volume widens the narrow posterior joint space, possibly

contributing to the micro-incompatibility of the joint.
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Fig. 1.20 Pelvic belts (Soisson et al., 2015).

Pelvic belt (conservative)

Pelvic belts (Fig. 1.20), attached on pelves under iliac crests, provides compression
to pelves and partially replaces the supportive role of ligaments, restricting SIJs
movement. This method is expected to be sufficiently effective (Murakami, 2017) and

can be used to prevent recurrence when returning to work.

Physical therapy (conservative)

Asakura (2015) and Katada (2019) performed physical therapy to maintain and
improve motor control function using physical means such as exercise therapy, manual
therapy and electrotherapy. In the SIJ dysfunction, osteopathy is generally performed in

combination with medical treatment such as pelvic rubber belts and anesthesia (Fig. 1.21).

Fig. 1.21 Manual therapy (Katada, 2019).
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Joint fixation (surgery)

When the previous treatments can not relieve the pain satisfactorily and severe pain
interferes with returning to work or daily life, surgical treatments are performed. SIJ
fixation (also called SIJ fusion) is, thus, used for a last resort for treatment. The actual
surgical cases are 1% of all SIJ dysfunction cases (Murakami, 2017).

Generally, arthrodesis is an operation performed to connect diseased joints with bony
tissues. Despite the complete loss of joint mobility, this treatment is performed when pain
control is necessary even in sacrifice of joint function and widely used for various
diseases (Canale et al., 2003). In order to perform joint fixation reliably, it is necessary to
minimize displacement between bones by fixation using implants and to allow bone
growth at the joint. Although SIJs have only a small range of motion, a strong fixation
that does not allow even the slightest movement is required to obtain bone union (Bruna-
Rosso et al., 2015). Since the early twentieth century, various surgical techniques have
been tried for SIJ fixation and recently three methods are mainly used: anterior fixation
using plates and screws from front sides of pelves (Fig. 1.22) (Murakami et al., 2018c),
posterior fixation using screws and rods from the back sides of pelves (Fig. 1.23) (Venayre
et al., 2021) and iFuse implant system using triangular implants from lateral sides of
pelves (Fig. 1.24) (Miller et al., 2013). During surgery, it is necessary to fix the joint while
avoiding damage to lumbosacral plexuses around SlJs, pelvic organs and blood vessels.
The surgical techniques have not yet been completed and are being explored (Stark et al.,

2011).
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Fig. 1.22 Anterior fixation. (Left) Model. (Center) X-ray image. (Right) CT scan
(Murakami et al., 2007a).

Fig. 1.23 Posterior fixation. Fig. 1.24 iFuse implant system
(Miller et al., 2013).
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1.6 Previous research on sacroiliac joints

Few studies have been available for physiological functions on SIJs and structural
features due to the small range of motion. In addition, the cause of SIJ dysfunction has
not been well elucidated and therefore the treatment methods are largely not based on
scientific evidences but based on opinions of clinicians. Many reports on SIJs are about
clinical results and only a few studies have been conducted using computational
biomechanical analysis and human cadavers. The followings are a summary of previous

researches on three categories: SIJ motion, articular structure, dysfunction and treatments.

1.6.1 Sacroiliac joint motion

The small range of motion of SIJs has been mainly investigated using cadavers.
Various research groups have performed experiments to apply body weight loading to
intact healthy pelves (Fig. 1.25) and SIJs motion range was reported to be 0.8 mm (Miller
et al., 1987) and 0.3 mm (Hammer et al., 2019¢c). On patients with SIJ dysfunction,
Sturesson et al. (1989) showed to be 0.7 mm using radiographs. The SIJ mobility is thus

considered to be less than 1 mm in both healthy subjects and patients. Furthermore,

Fig. 1.25 Scheme of experimental setup for physiological load application (Hammer et

al., 2019c).
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loading experiments have also demonstrated the role of the ligaments using pelves with
a removal of specific ligaments. Dall et al. (2019) removed the posterior sacroiliac
ligament and showed that it was involved in the stability of SIJs. Hammer et al. (2019a)
analyzed finite element models of pelves by removal of various ligaments. They reported
that a pelvis with a removal of the sacrospinous and sacrotuberous ligaments increased
overall pelvic motion, indicating that these ligaments played a stabilizing role (Fig. 1.26).

Sanaka et al. (2022) investigated the dynamics of SIJs during walking using an in-
house android model with wires as ligaments and air cylinders as psoas major muscles
(Fig. 1.27). In upright bipedal walking, they showed that the psoas major muscle plays a
major role in swinging of legs and SIJs transmit an inertial force from the upper body to

the lower body.

1.6.2 Articular surface structure

Several groups have investigated the articular surface structure of SIJs in recent years.
Nishi et al. (2018) observed the articular surface on the ilium sides using one hundred
cadavers and quantified the three-dimensional morphological characteristics of the joint
surface. The SIJ high-degeneration group aged over 60 years showed lower concavities

at the middle and lower parts and sharp angles at the posterior edge than the low-

200.00 (mm)

Fig. 1.26 A partial removal of the right complex of sacrospinous and sacrotuberous

ligaments on a finite element model (left) and on a cadaver (right) (Hammer et al., 2019a).
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degeneration group, indicating that individuals with a larger concavity of the posterior
border of the S1J surfaces may have difficulty in maintaining the stability mechanisms of
SIJs as they become older.

Ito et al. (2020) investigated bony coordinate systems on SIJs to reveal the
association between sacral morphology and SIJ conformity. The sagittal rotational angles
on SIJs were measured using CT images of patients with unilateral SIJ pain, showing that
the sacra rotated 2.1 degrees downwards on the symptomatic sides compared to the
asymptomatic side. The nutation positions may be likely to cause SIJ pain.

Poilliot et al. (2020, 2021) investigated the bone mineralisation patterns of the
articular SIJ subchondral lamella using CT osteoabsorptiometry (Fig. 1.28). Patients with
S1J dysfunction showed more mineralization in the inferior sacrum compared to healthy
subjects, resulted from abnormal joint motion of SIJs.

Poilliot et al. (2019a) observed frozen slices of pelves to investigate the distribution
of fat in SIJs. The ligamentous region at the posterior SIJs contains a large amount of fat

tissue, which may have a shock-absorbing role for during the posterior SIJ compression.

Fig. 1.27 (Left) An android model. (Right top) An air cylinder and (right bottom) an

attachment position for psoas major muscles (Sanaka et al., 2022).
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1.6.3 Sacroiliac joint dysfunction and treatments

SIJ dysfunction was difficult to diagnose due to the lack of imaging findings.
Kurosawa et al. (2017) developed a simple clinical diagnostic scoring system based on
pain areas, provocation test, etc., making diagnosis of SIJ dysfunction easier. In the US,
definitive diagnosis is often made using intra-articular injection (“North American Spine
Society”), which is a difficult procedure (Borowsky and Fagen, 2008; Liliang et al., 2014)
and has a low diagnostic rate (Liliang et al., 2009). Without the SIJ sroring system, it may
be impossible to diagnose SI1J dysfunction.

Most of previous reports on treatment methods are related to surgery. Murakami et
al. (2018c) proposed anterior joint fusion surgery and showed good results. Venayre et al.
(2021) numerically analysed this arthrodesis with a finite element analysis, demonstrating
high fixation efficiency (Fig. 1.29). However, Sanaka et al. (2020) showed that the surgery
inhibits efficient bipedal walking using the aforementioned android model. Recently,
other types of surgical treatment have been suggested, with a triangle-shaped iFuse

implant system designed specifically for SIJs (“iFuse: The Triangle-Shaped Implant
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Fig. 1.28 (A) Asacral auricular surface densitogram with the Hounsfield unite (HU) scale.
(B) The same densitogram divided into the three regions: superior, anterior and inferior

region (Poilliot et al., 2021).

27



Designed Specifically for the SI Joint”). Casaroli et al. (2019) showed effective fixation
for the iFuse implant system than for usual screw fixation systems. This implant system
is minimally invasive and has many reports with good clinical results (Duhon et al., 2015).
However, all suggested surgical treatments may have a risk of breaking articular
structures of SIJs and leading to a loss of functions.

As mentioned above, there are many reports on surgical treatments, while there are
few studies on conservative treatments. Murakami et al. (2007b) suggested periarticular
injection, which was easier to insert block regions than intraarticular injection and showed
higher improvement rate. In addition, Katada (2019) proposed manual therapy based on
joint kinematics without any tools. Many techniques such as the Swing-Ishiguro method
(Ishiguro and Ishiguro, 2017) have been developed, however the actual mechanisms of
their treatments have not been elucidated.

Although a therapy with pelvic belts, one of the conservative treatments, is
commonly used clinically, there have been few biomechanical studies to elucidate their
effectiveness. Klima et al. (2018) mounted a pelvic belt on a cadaver pelvis and applied
a body weight loading. They showed the pelvic belt increased extensional rotation of the
sacrum on the sagittal plane and induced counter-nutation. Sichting et al. (2014) analyzed
pelvic stress environment with pelvic orthosis using a finite element analysis and

demonstrated that pelvic belts relieved tension of SIJ ligaments (Fig. 1.30). Pel et al.

Fig. 1.29 Finite element models of (left) posterior and (right) anterior fixations (Venayre

etal., 2021).
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(2008) conducted a mathematical analysis of a pelvic model with ligaments and muscles
and showed that muscle stress was reduced by pelvic belts.

In addition to the above, Endo et al. (Endo et al., 2020) and Mizuno (Mizuno, 2022)
proposed application of extracorporeal shockwave therapy as a new treatment method.
They aimed shockwaves to promote regeneration of ligament enthesis or to relive
ligament loading temporarily for improving joint mobility, however, there are only
clinical reports without any scientific evidences in the actual phenomena.

Therefore, a few research is available on conservative treatments although the
mechanisms of some surgical treatments have been objectively demonstrated. Many
treatments are based on the assumptions or idea from physicians. Understanding joint
function and morphological characteristics, i.e., considering SIJ biomechanics is

important for developing future treatments.

Fig. 1.30 A pressure measuring system (A) without and (B) with a pelvic belt. (C) Afinite

element model with resultant force vectors for pelvic compression (Sichting et al., 2014).
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1.7 Research purposes

As mentioned above, mobility of SIJs is strongly limited and difficult to evaluate
from outside the body. Researchers have tried to elucidate mechanical environment on
SIJs and found that the range of SIJ movements at rest shown to be 1 mm or less. Recently,
owing to this slight mobility, SIJs are considered to work as a shock-absorbing system
and to play an important role during walking. For a better understanding of SIJ functions,
some researchers have observed the surface morphological characteristics on SIJs using
cadavers and suggested that SIJ surfaces can be affected by mechanical environment. It
is also noted that conservative treatment options, even pelvic belts that are one of the most
popular treatment options for pathological S1Js, have not been well investigated with a
focus on stress environment. It is thus highly expected that investigation of detailed stress
environment may show mechanical function and importance on pelvic structures with
obvious evidence. This study may provide important and significant information useful
for diagnosis and treatments. Most of the previous reports have been no more than clinical
observations and few researchers have tried to understand mechanical environment on
several treatment methods using finite element methods or cadavers.

The purposes of this study are to clarify mechanical functions of SIJs on
physiological and pathological pelves and the effect of SIJ morphologies on mechanical
environment in the pelves and to visualize stress environment caused by pelvic belts to
clarify the treatment mechanism.

This study was conducted in collaboration with Dr. Daisuke Kurosawa (JCHO Sendai

Hospital, Japan) and Prof. Niels Hammer (Medical University of Graz, Austria).
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1.8 Thesis outline

This thesis is outlined to 6 chapters. The content of each chapter can be summarized
as follows:

Chapter 1 introduces fundamental aspects of pelves and SlJs, including anatomical
knowledge and SIJ dysfunction. In literature review, previous reports on mechanical
environment of SIJs and treatment methods for SIJ dysfunction are summarized. In
addition, the purposes of this study are described.

Chapter 2 discovers functions and importance of SIJs on mechanical environment.
Due to low mobility of SIJs, few researches have been done on their function and
movement. In this chapter, a 3D finite element model of a pelvis with detailed SIJ
structure and ligament arrangement are used to perform stress analysis under walking
conditions.

Chapter 3 investigates the relationship between SIJ surface morphology and joint
motion resistance. SIJ surface has fine irregularities, however, is considered to restrict SIJ
motion in a particular direction. In this chapter, SIJ surface models are fabricated based
on X-ray CT data and used to measure shear resistance by using an in-house experimental
setup.

Chapter 4 considers mechanical environment of SIJs on pathological conditions,
using acetabular dysplasia pelves. Acetabular dysplasia is a pelvic morphological
abnormality at hip joints, which should affect stress environment of SIJs. Clinically,
patients with acetabular dysplasia complain of SIJ pain. In this chapter, finite element
models of acetabular dysplasia pelves are created to determine stress distributions on SIJs.

Chapter 5 elucidates effectiveness of pelvic belts, one of treatment options for SIJ
dysfunction. This treatment is frequently used in clinic, however, few studies have
investigated the mechanism of its effect. Lumbar pressure distribution wearing pelvic
belts is measured and stress environment of pelves is analyzed using a finite element

model. It provides basic information for treatment strategy of pelvic belts.
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Chapter 6 summarizes all results obtained in this study and provide prospects for

future research.
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Chapter 2

Finite element analysis of mechanical
environment of sacroiliac joints
during bipedal walking
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2.1 Introduction

Sacroiliac joints (SIJs) are composed of synovial joints in the anterior third and tough
ligaments in the posterior aspect (Cohen, 2005). Since SIJs are strongly supported by
these strong ligaments, SIJs posess comparably low mobility. The range of their motion
is generally considered to be a few millimeters and degrees (Egund et al., 1978; Sturesson
et al., 1989; Takayama, 1990; Poilliot et al., 2019b). SIJs are largely assumed to serve as
a damper, receiving impact between the upper and lower part of the body, thereby
transmitting effectively. However, the joint line of SIJs runs roughly parallel to the line
gravity, i.e., shear force is generated at SIJs from an upper body weight (Murakami,
2018a).

Bipedal walking consists of a period where only one leg supports the total body
weight in the walking cycle. In this period, shear forces are stronger compared to standing
on both legs in a resting state. During the swing phase, SIJs are pulled downward by the
weight of the free leg. Therefore, SIJs are burdened with variant loads during walking.
However, no methods could to date measure objectively how SIJs deform in vivo as well
as in vitro during the different phases of walking. Previous researches have made attempts
to quantify SIJ motion by three-dimensional computed tomography (3D-CT) and by
loading tests on cadavers, reporting that SIJs move less than 1 mm and function as a joint
(Takayama, 1990). These trials were however conducted under static conditions.

In this study, to determine the dynamic load transition on SIJs, computer simulations
were performed using a finite element analysis during normal walking, resembling the
five walking phases of a living body. It was hypothesized that the stress increases in the
pelvis if SIJs are lost, indicating that SIJs play an important role during walking. A finite
element model of a pelvis consisted of SIJs, the surrounding ligaments and both femora
based on previous anatomical studies (Hammer et al., 2009, 2010, 2019c; Steinke et al.,

2010; Ramezani et al., 2019). Simulations were performed with actual walking data.
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2.2 Methods
2.2.1 Finite element model of pelves

A finite element model of a pelvis (Fig. 2.1) was created by using ANSYS 19.2
(Cybernet Systems Co., Ltd., Chiyoda, Japan) based on CT data of a healthy male (29
years old, 185 cm, 69 kg) (Sichting et al., 2014). The FE model included the fifth lumbar
vertebra, the sacrum, the both hip bones, the proximal ends of the both femora, the both
SIJ cartilages, the pubic symphysis, the both hip joints cartilages and the intervertebral
disks. A total of 210 spring elements representing the ligaments surrounding the pelvis
were modelled based on previous anatomical studies on more than 80 cadavers (Hammer
et al., 2009, 2010; Steinke et al., 2010), considering the major fiber orientations. Twelve
types of ligaments were modelled (Fig. 2.2, Table 2.1). The ligaments were defined in a
way where they act only when they are subjected to tensile loads because they do not
have a stabilization property on the pelvis and can not sustain the bones in the case of a

compressive load.

T

T

Fig. 2.1 Anterior view (left) and left lateral view (right) of the pelvic model used for finite

elements simulations (Toyohara et al., 2020).
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In order to determine the role of the SIJ in the pelvis, both models with and without
the SIJ cartilage were created by changing the material property of both SIJ cartilage and
were named “cartilage model” and “bone model”, respectively. The material property
used for both SIJ cartilage was the one of the SIJ cartilage (hyper-elastic body) in the

cartilage model and the one of the cortical bone in the bone model.

anterior | posterior

Fig. 2.2 Positions and names of ligaments in the pelvic model with anterior (left) and

posterior (right) views (Toyohara et al., 2020).

Table 2.1 Names of ligaments.

Complete expression Abbreviation Complete expression Abbreviation
Tliolumbar ligament L Long posterior sacroiliac ligament LPSL
Anterior longitudinal ligament LLA Inguinal ligament INL
Posterior longitudinal ligament LLP Sacrospinous ligament SsS
Anterior sacroiliac ligament ASL Sacrotuberous ligament ST
Interosseous sacroiliac ligament ISL Pubic ligament PL
Posterior sacroiliac ligament PSL Obturator membrane MO
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2.2.2 Material properties

All tissues were defined as a uniform isotropic material for simplification and their

material properties were referred from the papers (Wirtz et al, 2000; Sichting et al., 2014;

Ramezami et al., 2019) and in part by personal communication with Prof. Hammer (Table

2.2). The hyper-elastic material properties based on Mooney-Rivlin model, which is the

strain energy density function W given by the following formula as a complete non-

compressional body. Here, C;, and C,; are material constants. I; and I, are the first

and second invariant of the distortion, respectively.

W= C1o(11 - 3) + 601(12 - 3)

2.1)

Table 2.2 Material properties. C;,, Cy; and C;; mean the parameters of Mooney-

Rivlin model for hyper-elastic bodies (modified from Toyohara et al., 2020).

Young's Poisson’'s C10 Co1 Cl1
Material Tissue
Modulus[MPa] ratio [MPa] [MPa] [MPa]
Both hip bones, Sacrum
Cortical bone )
(Wittz et al. 2000) Both femora, Both SIT cartilage 11,000 0.2
5th lumbar vertebra
Cartilage N .
. Both h t til
(elastic body) oth hip joints cartilage 150 o2
(Sichting etal 2014) intervertebral disks -
SIJ cartilage
(hyper-elasticbody) Both SIJs cartilage - - 4.1 0.41 0
(by personal communication)
Symphysis cartilage
(hyper-elasticbody) Pubic symphysis - - 0.1 0.45 0.6
(by personal communication)
Ligament )
All ligaments 350

(Ramezani etal., 2019)
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2.2.3 Mesh generation
The bones and joints were meshed using tetrahedral elements consisting of 10 nodes
each. The total number of elements and nodes was 141,672 and 80,578, respectively. The

average element quality is 0.75, indicating good mesh quality.

2.2.4 Walking Loads

Walking parameters were obtained with 3D walking analysis (MAC 3D, Motion
Analysis Corporation, Rohnert Park, CA, USA) of six healthy people (4 males, 2 females,
an average of 26.7 years old) by Department of Physical Medicine and Rehabilitation,
Tohoku University Graduate School of Medicine (Tohoku University hospital ethics
committee, approval number 2018-1-552) (Honda et al., 2019). All methods were
performed in accordance with relevant guidelines and regulations and all participants
provided written informed consent before participating in the experiment. Walking
parameters were divided into five phases (Table 2.3), focusing on the right leg. The

walking phases were named phases 1 to 5 (Table 2.4).

2.2.5 Boundary conditions

To simulate walking conditions properly, the joint moments were applied on both
femoral heads and surface loads were applied on adhesive surfaces of both femoral heads
and both hip bones cartilage and on the base of the sacrum (Fig. 2.3(a)). The surface loads
on the base of the sacrum were calculated from the ones on both femoral heads with the
principal of action and reaction. By changing the angle of joint moments and surface loads,
the tilt, drop and rotation of the pelvis were reproduced during walking. The anterior
aspect of the second sacral spine was fixed in space in order to reproduce movements of
the sacrum: nutation and counter-nutation (Fig. 2.3(b)). For contact type, all surfaces in

contact were defined as “bonded”, which means the surfaces are fixed to each other.
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Table 2.4 Walking phases.

Phase1 Phase2 Phase3 Phase4 Phase5
Right
limb
Left
limb
Gait Heel ESingIe leg Opposite .
: i heel | Single leg support
phase | contact | support ‘| :
; i contact |

Fig. 2.3 (@) The yellow arrows indicate where the joint moments are applied, the red

arrows indicate where the surface loads are applied, and (b) the blue point indicates where

the pelvis is fixed (Toyohara et al., 2020).
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2.2.6 Analytical parameters

In this study, the resultant displacement of the pelvis and SIJ cartilage and the
equivalent stress (Von Mises Stress) of the SIJ cartilage were investigated. The resultant
displacement shows a 3D displacement value and direction. The equivalent stress is a
scalar value that is calculated from normal stresses and shear stresses without any
distinction between tension and compression. This stress is given by the following

formula.

1
Oequv = E{(axx — ayy)z + (ayy — aZZ)Z + (0,, — 0)% + 6(0,%, + 0, + a,%z)} (2.2)

Here, 0¢qy is Von Mises stress. oyy, 0y, and og,, are normal stress in X, Y and

Z direction, respectively. oy,,, 0y, and o,, mean shear stress in XY, YZ and XZ
direction, respectively.

In addition, the maximum elastic force of spring probes was investigated for loads

on ligaments and summed for each of the ligaments.
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2.3 Results

As the data obtained from 3D walking analysis yielded consistent results, one of the

datasets (33-year-old male, 175 cm, 72 kg) was used for the modeling.

2.3.1 Displacement of pelves

The difference in displacement between the sacrum and ilium in all walking phases
averaged 0.23 mm in the cartilage model and 0.04 mm in the bone model, respectively
(Fig. 2.4). In the cartilage model, this difference increased to approximately 5.4 times
compared to the bone model. The displacement differed greatly between the sacrum and
the both hip bones on the SIJ as the boundary.

During maximum displacement of the pelvis (Fig. 2.5), mean values in all walking
phases averaged 1.9 mm in the cartilage model and 1.1 mm in the bone model, indicating
a decrease in displacement to approximately 57 % compared to the cartilage model

throughout all walking phases.
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Fig. 2.4 Resultant displacement distribution of pelvis excluding femora (top 2 lines) and

2.8 [mm

pelvis surrounding sacroiliac joints (bottom 2 lines) on a representative example

(Toyohara et al., 2020).

g
o

N
o

-
o

o
o

Maximum displacement[mm]

Phase 1 Phase 2 Phase 3 Phase 4 Phase 5
—@—Cartilage =0=Bone

Fig. 2.5 Change of mean values of maximum resultant displacement in pelvis excluding

femora (Toyohara et al., 2020).

43



2.3.2 Rotational motion of sacroiliac joints

As shown in Fig. 2.6, during the stance phase (phases 1, 2, 3), the ilium was elevated
relative to the sacrum and the sacrum had a nutation movement relative to the ilium.
Meanwhile, during the swing phase (phases 4, 5), the ilium was lowered relative to the

sacrum and the sacrum moved in a counter-nutation sense relative to the ilium.

A S R

Phase1 Phase2 Phase3 Phase4 Phase5

Anterior

0 0.7 [mm]

Fig. 2.6 Resultant displacement vector diagrams of sacroiliac joints (SIJs) with the

cartilage model on a representative example (Toyohara et al., 2020).
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2.3.3 Displacement of sacroiliac joints

During the stance phase (phases 1, 2, 3), the SIJ cartilage was mainly deformed
cranially centered on the lower part of the SIJ cartilage and the ilium went away from the
sacrum on the same part. Meanwhile, during the swing phase (phases 4, 5), the SIJ
cartilage was mainly deformed caudally centered on the upper part of the S1J cartilage
and the ilium went away from the sacrum on the same part (Fig. 2.6). The maximum
displacement of the S1J cartilage was approximately 0.3 mm and 0.6 mm during the swing

and stance phase (phases 1, 2, 3), respectively (Fig. 2.7).
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Fig. 2.7 Change of mean values of maximum resultant displacement of right and left SIJs

(Toyohara et al., 2020).

45



2.3.4 Equivalent stress on sacroiliac joints

In the cartilage model, equivalent stresses were concentrated in the front of the S1J
cartilage throughout all walking phases and increased to approximately 5.8 MPa in the
upper part of the SIJ cartilage during the stance phase (phases 1, 2, 3) (Fig. 2.8). During
phase 2, where only a single leg supports the whole-body weight, the equivalent stresses
increased remarkably to approximately 3.8 x the extent compared to the other walking
phases and averaged 5.8 MPa (Fig. 2.9). In the swing phase (phases 4, 5), the equivalent
stress was similar at the lower aspect of the S1J cartilage compared to the stance phase
(phases 1, 2, 3) at approximately 1.0 MPa and the maximum values decreased as a whole.
Regarding the maximum equivalent stress of the right S1J cartilage, the values at phase 2,
when the maximum equivalent stress was highest, averaged 41.2 MPa in the bone model,
I.e., in phase 2 the values of the bone model increased to approximately 700% of the

cartilage model.

A A

Phase1 Phase?2 Phase3 Phase4 Phaseb5

Cartilage
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o T T T 45vPa

Fig. 2.8 Equivalent stress distribution of right sacroiliac joints (S1Js) on a representative

example viewed from sacral sides (Toyohara et al., 2020).
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Fig. 2.9 Change of mean values of maximum equivalent stress in right S1Js (Toyohara et

al., 2020).

2.3.5 Loads of pelvic ligaments

Although the loads varied depending on the walking phase and the ligament, the
loads of the bone model decreased to approximately 23% compared to the cartilage model.
In particular, the loads on the ASL, ISL and PSL as well as the SS and ST decreased to
less 23% and only the ISL and PSL decreased remarkably more than 200 N. In the
cartilage model, the loads increased in the swing phase (phases 4, 5) and decreased in the
stance phase (phase 1, 2, 3) (Fig. 2.10(a)). The loading rate on PSL and ISL accounted for
81% (maximum PSL 45%, ISL 62%) and was much higher than others throughout all
walking phases. In addition, only on the stance phase (phases 1, 2, 3) the ST was loaded

and its load rate was approximately 11% (Fig. 2.10(b)).
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Fig. 2.10 Comparison of (a) the mean loads and (b) the mean load rates on ligaments of
the right part of the pelvis between the bone and cartilage model. The loads of ligaments
are the sum of each ligament, which has 2 to 30 spring components. Here, the loads on
pubic ligament PL, anterior longitudinal ligament LLA, and posterior longitudinal
ligament LLP were halved due to their location at the center of the spinopelvic complex

(Toyohara et al., 2020).
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2.4 Discussion
2.4.1 Motion of sacroiliac joints during bipedal walking

On the finite element analysis, the pelvis of the free leg moved relatively inferiorly
when walking. This corresponds to a report stating that the pelvis is depressed to a swing
leg on walking (Kapandji, 1974). In addition, the S1J had small motion of less than 1 mm,
and moved separately on the left and right SIJ. The range of the SIJ movements has been
investigated with various methods; on patients with S1J disorders 0.7 mm by Sturesson et
al. (1989), 0.7 mm by Jacob and Kissling (1995) and 0.3 mm by Sturesson et al. (2000),
on healthy individuals 0.47 mm by Kibsgard et al. (2012), on cadavers 0.8 mm by Miller
et al. (1987), less than 1 mm by Takayama (1990) and 0.3 mm by Hammer et al. (2019c)
and on FEM 0.3 mm by Bruna-Rosso et al. (2015). This study showed that the
displacement of the SIJ cartilage was ranged from 0.3 mm to 0.6 mm, which was similar
to the previous studies. It was previously demonstrated that most of the sacral movement
takes place around a transverse axis, situated at the level of the second sacral vertebra.
Iliac rotation relative to the sacrum was later named nutation and counter-nutation
(Vleeming et al., 2012), thought ambiguity exists as nutation was also named the
combined rotation and translation movement of the sacrum relative to both innominate
bones (Kapandji, 1974). The above studies (Sturesson et al., 1989, 2000; Jacob and
Kissling, 1995; Kibsgérd et al., 2012; Hammer et al., 2019¢) have reported that the sacrum
rotates approximately 2 degrees on the sagittal plane, which seems to indicate such
movement. Bruna-Rosso et al. have shown the rotation of the sacrum with vector
diagrams in a finite element model (Bruna-Rosso et al., 2015). In this study, the relative
nutation and counter-nutation movements of the sacrum during bipedal walking were
visualized, which had not been clarified so far. On the side of the stance leg, the sacrum
moved into the nutation position. Meanwhile, on the side of the free leg, the sacrum
moved into the counter-nutation position. The nutation is a movement in which the
sacrum rotates forward when the load from an upper body is applied on the upper of the

sacrum and pushes down the promontory. At this time, the ground reaction force is
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applied via the femora to both hipbones, and the ilium tilts backwards. This promotes the
nutation. However, the ligaments restrict the movements in order to avoid too ample the
nutation (Kapandji, 1974). This nutation mechanism is based on both legs standing and
can not be fully replicated when walking. From these results, the nutation mechanism
during walking was interpreted as follows: On the standing leg, the nutation was
facilitated by the load from an upper body and the ground reaction force as in the case of
double-leg standing. Meanwhile, in the swing leg, this movement was not facilitated and
the sacrum performed a counter-nutation, as the ilium was pulled down by the weight of
the lower limb. It is impossible that the left and right S1Js perform individual nutation or
counter-nutation movements if the pelvis is only modelled as one bone. Given the left and
right S1J showed separate movements, it was possible to walk on a human bipedal walking
with a standing leg and a free leg alternatively. This suggests that the SlJs plays an
important role in the human bipedal walking mechanism, however, very little information
is to date available on the nutation and counter-nutation during walking, and these

findings need to be substantiated further.

2.4.2 Load transition of sacroiliac joints

In the bone model, the difference in displacement between the ilium and sacrum was
minute (0.04 mm), resulting in a continuous displacement between these bones. In this
model, as a result, the equivalent stress of the SIJ cartilage defined at the cortical bone
was comparably high. This equivalent stress indicates load concentrations at the bony
transition, to the end that in a “fused condition” premature failure of the adjacent bone
may occur.

In the cartilage model including the S1J, the difference in displacement between the
ilium and sacrum was 0.23 mm, which seemed high when compared to the bone model.
Loading across the bones seemed discontinuous, with the SIJ acting as a damper. These
results were in line with the work by the group of Takayama (1990). Therefore, the role

of the SIJ as a shock absorber can be confirmed based on the findings presented here.
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Potentially, the fat situated within the interosseous ligaments plays an important role in
shock absorption (Poilliot et al., 2019a; b). Owing to this, the pelvis obtains additional
elasticity. The ligaments surrounding the posterior do work additionally to help distribute
the loads from the upper to the lower body parts by means of increased areas of force
transmission, while may at the same time be the potential failure site in case of injury
(Hammer et al., 2019b). These findings strongly suggest that the SIJs forming part of the
pelvis help dissipate loads and therefore be vital for non-traumatic loading at the spine-
leg transition. The SIJ was found to be an area where stress peaked on the pelvic ring
from the bone model. It is therefore speculated that it may be important for the structure
of the pelvic ring to have a joint structure that relieves stress concentration at this area.

The load rates at the PSL and ISL were approximately 70% throughout all walking
phases and much higher than in other areas. In phase 2 of the gait cycle when only a single
leg supports the whole-body weight and when the equivalent stress of the SIJ peaked,
their load rate decreased to approximately 52%. On the other word, when the stress of the
SIJ cartilage increases, the loads of the pelvic ligaments decrease. This mechanical
finding is in line with the morphology of the SIJ which is composed of an anterior
synovial joint region and a posterior ligamentous region (Vleeming et al., 2012; Poilliot
et al., 2019b). In particular, it was considered that the anterior synovial joint region helps
carry the compression load from an upper body weight and the ligamentous region the
tensile load from the lower limb in a simplified model.

It can be assumed that in the humans walking upright and bipedal, the SIJ has become
more resilient to support the weight of the upper body even under relatively unfavourable
levers which constantly change when walking (Murakami, 2018a). Cohen proposed that
the SIJ was designed primarily for stability (Cohen, 2005). However, if the SIJ is too
tightly connected for stability, this may result in a biased load with peak effects. Like the
current SIJ, although supported by tough ligaments, the SIJ was considered to need to

have some mobility.
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Surgical SIJ fixation is a treatment that minimizes SIJ motion (Dreyfuss et al., 2004;
Murakami, 2018a) and there are fixation methods aiming the ossification on the articular
surface following surgery (Wise and Dall, 2008; Smith et al., 2013). These experiments
have been performed with cadavers (Dall et al., 2019) or FEM (Bruna-Rosso et al., 2015;
Lee et al., 2017; Casaroli et al., 2019) in order to assess the fixation. However, these only
indicate only one condition immediately after the surgery. In the medium to long term
time frame, the actual post-fixation state may be close to the bone model presented here.
The SIJ fixations suppress the SIJ deformation and relieve pain, however, it could be
assumed that stress of the SIJ increased due to the ossification, which may further promote

bone formation and damage the SIJ when a sudden or unexpected external force is applied.

2.5 Conclusions

This simulation was performed for the first time by implementing actual 3D walking
data into a finite element model of the pelvis elaborated from large-scale anatomical
studies. As a result, the mechanical state of SIJs during bipedal walking was visualized,
and the movements of the SIJ and the loads of the SIJ cartilages and surrounding
ligaments could be quantified. The walking loads caused distortion of the whole pelvis
and the stress concentrated at the SIJ due of the morphology of the pelvic ring. Modeling
the SIJ into the pelvic ring, stress concentrations was received and surrounding ligaments
carried the loads. It was found that the SIJ had the shock absorbing mechanism during
walking. For the first time, this study, the extent of motion of the SIJ and the relative
nutation and counter-nutation movements of the sacrum during bipedal walking were
visualized. This novel information provides a scientifically informed basis for clinical
discussions regarding the state of the SIJ dysfunction caused from the timing of pain

induction during walking, gait changes and surgical intervention.
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Chapter 3

Experimented analysis of relation
between articular surface and motion
resistance on sacroiliac joints
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3.1 Introduction

Sacroiliac joints (SIJs) located in the pelvis are composed of synovial joints in the
anterior third and tough ligaments in the posterior aspect (Fig. 3.1) (Cohen, 2005). Due
to the strong ligaments, SIJs have comparably low mobility. The range of their motion is
generally considered to be a few millimeters and degrees (Egund et al., 1978; Sturesson
et al., 1989; Poilliot et al., 2019b). The SlJs are largely assumed to serve as a damper,
receiving impact between the upper and lower part of the body, thereby transmitting
effectively (Toyohara et al., 2020). Unexpected or repeated impacts are believed to cause
pain from the SIJ (Murakami et al., 2018b). Since SIJ dysfunction is hypothesized to be
caused by joint misalignment, fixing the SIJs and preventing excessive motion is
considered effective in relieving the pain.

In the synovial joint area, the articular surface has fine irregularities, however, it is
considered to form a flat rail (Katada, 2019). In addition, it is thought to affect the
synovial fluid flowing through the joint gap (Yoshida, 1999). One of the representative

movements of the S1J is nutation and counter-nutation, which are forward and backward

Synovial joint

Ligament

Fig. 3.1 The anterior and posterior sides are synovial joints and ligamentous regions,
respectively (modified from Schinke et al., 2017). The edges of synovial joint area are

shown in red lines.

54



rotations of the sacrum on the sagittal plane, respectively. The sacrum is standing and the
wedge is deeply driven into the pelvic ring fixed by the pubic symphysis and the posterior
ligaments. This state is considered to be the most stabilized form for SIJs (Katada, 2019).
Articular surfaces of the SIJ are to date poorly characterized in relation to the mobility of
SIJs. This study aims to clarify how the SIJ surface affects motion resistance. From
previous anatomical research using cadavers, it was hypothesized that the surface shape

potentially restricts the direction and range of motions in the SIJs.

3.2 Materials and methods
3.2.1 Pelvic surface model with sacroiliac joints

Lumbar CT data of three patients were provided from the JCHO Sendai Hospital
(Sendai, Japan) for this study. Two of them suffered from unilateral SIJ dysfunction and
the contralateral unaffected sides were provided for this modeling. All patients provided
the signed informed consent for use of the data. The whole pelves were automatically

segmentated to construct a pelvic surface model. Articular surfaces of the sacrum and
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Fig. 3.2 A pelvic model. The blue and red models are the sacrum and ilium models,
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respectively. The black lines are the cuting lines with intervals of 30 mm.
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ilium were manually segmentated with 1 mm slices. The SIJs were cut in the sagittal
planes at intervals with 30 mm centered on the articular surfaces (Fig. 3.2). The right S1J

models were reversed and all S1J models were assumed to be on the left sides.

3.2.2 Extraction of articular surface

The above articular surface models were extracted only for the synovial joint regions
(Fig. 3.3). To compare motion resistance with difference in alignments of joints, the
sacrum models were rotated 5 degrees clockwise and counterclockwise around the center
of their articular sufaces. As summarized in Table 3.1, the clockwise rotated models
imitated counter-nutation positions on the right sides and nutation positions on the left
sides, while the counterclockwise rotated models imitated counter-nutations positions on
the right sides and nutation positions on the left sides.

The combinated articular surface models were imported into open-source software,
CloudCompare v2.10.2, which is 3D point cloud and mesh processing software
(“CloudCompare”). The articular gap height distribution was measured on the sacrum
models from the ilium models and then colored on the sacrum models depending on gap

heights (Fig. 3.4).

Table 3.1 Joint states on surface models.

Ilium model Sacrum model SIJ state
Fix Clockwise Counter-Nutation
Right side
Fix Counterclockwise Nutation
Fix Clockwise Nutation
Left side
Fix Counterclockwise Counter-Nutation
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50 mm

Fig. 3.3 Surface models of a sacrum (blue, left) and ilium (red, right). The dark areas

indicate surface regions.

On the cross sections

Sacrum

Project to the sacrum model

Fig. 3.4 Investigation procedure of articular gap height distribution.

57



3.2.3 Joint sliding test
Preparation of test model

The SIJ articular surface models were placed on a base (100 mm wide, 100 mm long,
2 mm depth) (Fig. 3.5). All surface models were 3D printed in ABS resin using a 3D
printer (da Vinci 1.0 Pro 3D Printer, XYZ printing Inc., Tokyo, Japan). The printed
models were exposed to acetone in vapor form for one hour to get smooth surfaces (Fig.
3.6). After drying sufficiently, casts were made with silicon (Elastosilm M8012, Wacker
Asahikasei Silicone Co., Ltd., Tokyo, Japan) and the articular surface models were

duplicated with polyester resin (PROST Co.,LTD., Ibaraki, Japan) (Fig. 3.7).

100 mm 100 mm

A
v

v
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ww 00l
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Fig. 3.5 Surface models with bases of a sacrum (blue, left) and ilium (red, right).
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50 mm

Fig. 3.6 Surface models of ABS resin after acetone vapor process. (Left) A sacrum and

(right )ilium.

50 mm

Fig. 3.7 Surface models of polyester resin. (Left) A sacrum and (right) ilium.
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Test device

A test device (Fig. 3.8) was developed for this study. Since the SI1J is exposed to
compressive and shear stress, the tests were designed to mimic that stress environment.
It was mainly comprised of the force gauge (DTG-100N, Digitech Co., Ltd., Osaka,
Japan), digital camera (DSC-WX500, Sony Corp., Tokyo, Japan), springs and surface
models. The force gauge pulled the models to apply and measure shear force. The springs
caused the surface models to compress and pull them back to initial positions. The camera
tracked the displacement of the models. In addition, vinyl was placed between the models
to prevent the resin models from sticking to each other. Shear resistance coefficients are
given by the following formula.

h=v 3.1

Here, p isashear resistance coefficientsand S and N are shear force by the force

gauge and compression force by the springs.

Fig. 3.8 A joint motion resistance test device.
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Joint motion resistance test

The force gauge pulled the models at a speed of 60 mm/min in four directions, the
vertical and anteroposterior direction of the articular surface (Fig. 3.9) and was set to stop
at a maximum of 20 N. The sacrum and ilium models were used as the moved and fixed
sides, respectively. The force gauge recorded force histories and the camera tracked the
displacement of the sacrum models. In addition, to investigate the difference in resistance
due to the joint surface alignment, the ilium model was rotated 5 degrees to reproduce the
nutation and counter-nutation positions. All tests were performed three times for each

condition.

Joint repositioning test

The force gauge pulled the models to certain forces, 2 to 20 N in 2 N increments and
returned to O N with a speed of 60 mm/min in the four directions (Fig. 3.9). After each
experiment, the device was returned to its original position and the next experiment was
conducted. Likewise, the sacrum and ilium models were used as the moved and fixed
sides, respectively. The force gauge recorded force histories and the camera tracked the
displacement of the sacrum models. In addition, to investigate the difference in
repositioning capacities due to the combination of joint surfaces, the ilium model was
rotated 5 degrees to reproduce the nutation and counter-nutation positions. All tests were

performed one times for each condition.
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3.3 Results
3.3.1 Articular gap height distribution

The articular gap height of the SIJ were narrow at the inferior edges and center points,
and wide at the anterior and posterior regions of the joint (Fig. 3.10). On the nutation and
counter-nutation positions, the intervals changed at the anterior and posterior areas.

Meanwhile, the inferior and center regions showed narrow areas.

In vivo Nutation Counter-Nutation

Patient 1

Patient 2

Patient 3

& »
20 mm 0 4 [mm]

Fig. 3.10 Articular gap height distribution on the sacrum. The gap height increases from

red to blue. A: anterior, I: inferior, P: posterior, S: superior.
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3.3.2 Joint motion resistance

The compression forces were 31 N. In the anterior direction, the change in the friction
coefficients was less than 7% at any displacement position. The friction coefficients in
the anterior and superior directions were around 0.1. The friction coefficients varied
depending on the pulling direction (Fig. 3.11). The order of friction coefficients is as
follows: S—I, A—P, P—A, IS (Fig. 3.12(a)). The friction coefficient also changed
depending on the joint surface alignment. Furthermore, the friction coefficients increased
in the anterior and superior directions at the nutation position, hardly changed in the

anterior, posterior and superior directions at the counter-nutation position and decreased

on others (Fig. 3.12(b)).

0.5

04

0.3

0.2

0.1

Shear resistance coefficient

Inf. — Sup.
Sup. — Inf.
= Post.— Ant.
Ant. — Post.

0 0.5 1 1.5
Displacement[mm]

Fig. 3.11 A representative shear coefficient on the in-vivo condition.

Inf.: inferior, Sup.: superior, Ant.: anterior, Post.: posterior.
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Fig. 3.12 Shear coefficients at four displacement points from initial positions (a) on the
in-vivo conditions and (b) on all conditions. Inf.: inferior, Sup.: superior, Ant.: anterior,

Post.: posterior.
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3.3.3 Joint repositioning

The compression forces were 31 N. Figures 3.13 and 3.14 show that the surface
models could not return to their original positions after unloading with a load exceeding
threshold. The load that caused displacements from the initial positions of more than 2
mm in the direction parallel to the pulling direction was 10 N (to posterior) and 12 N (to
superior) on the in-vivo condition, 12 N (to superior) and 14 N (to anterior) on the nutation
condition and 8 N (to anterior) and 10 N (to superior) on the counter-nutation condition.

The load that caused displacements from the initial positions of more than 2 mm in the
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Fig. 3.13 Repositioning on in-vivo (top), nutation (center) and counter-nutation (bottom)
conditions. The horizontal axes are maximum pulling force in increments of 2N. The
vertical axes are finnal posision returned 0 N on (a) parallel and (b) perpendicular to

pulling directions. Inf.: inferior, Sup.: superior, Ant.: anterior, Post.: posterior.
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direction perpendicular to the pulling direction was 14 N (to posterior) on the in vivo
condition, 14 N (to superior) on the nutation condition and 20 N (to superior) on the

counter-nutation condition.
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Fig. 3.14 Repositioning on the posterior to anterior (1st line), anterior to posterior (2nd
line), inferior to superior (3rd line) and superior to inferior (4th line) directions. The
horizontal axes are maximum pulling force in increments of 2N. The vertical axes are
finnal posision returned 0 N on (a) parallel and (b) perpendicular to pulling directions.

Inf.. inferior, Sup.: superior, Ant.: anterior, Post.: posterior.
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3.4 Discussion

There are to date few studies on the SIJ surface morphology. This study for the first
time investigates the motion resistance depending on alignments of the joint surfaces and
the directions of the slding motion. The upper part of the joint is concaved toward the
ilium, while the lower part of the joint is concaved toward the sacrum. In addition, the
major axis slopes from antero-superior-lateral to posterior-inferior-medial and is twisted
caudally (Katada, 2019). The sacra, that consist of SIJs, are divided into five sacral spines
at birth, however, in adults, they become one sacrum by osseointegration (Tortora and
Derrickson, 2012). Whole-body motion during growth may contribute to bone formation
and may determine the SIJ morphology. It is considered, therefore, that there is a close
relation between articular surface morphology and joint motion. S1J disease is generally
regarded as a joint dysfunction due to a misalighnment of joint surfaces (Murakami, 2017).
Manual therapy, one of the conservative treatments, reduces pain by resolving joint
incompatibility (Asakura, 2015; Ishiguro and Ishiguro, 2017; Katada, 2019), the
combinated position of the joint surfaces may affect the function of SIJs.

In this study, the articular gap height distribution was visualized and the shear
resistance was experimentally investigated. The maximum articular gap height was
apporoximately 3 mm, which is similar to the literature values: 1.5 mm on bilateral joints
of patients with unilateral SIJ disease (Ito et al., 2020), 2.49 + 0.66 mm on healthy young
people (Demir et al., 2007), 3.17 = 1.54 mm on healthy young female (Kalenderer et al.,
2017). The articular surfaces on sacra are convex at the top and bottom and concave at
the center (Kapandji, 1974) and the joint interval distances were narrow at the inferior
and center areas. In the anterior and posterior regions, however, the joint gap was wide,
which may not directly contribute to shear resistance. Since the intervals changed
depending on the alignment of the joint surfaces, it is suggested that the wide joint gap

may contribute to fluid resistance of synovial fluid on narrow flow passages.
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In the SIJ surface, the upper and lower parts are original sacral vertebrae and the
central part is formed by bone fusion. Since mechanical stimulation promotes bone
formation, the morphology of the SIJ surface should be formed mainly by load
environment in growth periods although it changes with aging (Nishi et al., 2018). The
fusion of the sacrum, however, begins around puberty and completes by the ages of 25 to
30 (Anatomy, Back, Sacral Vertebrae). In addition, quadrupeds do not have the SIJ
structure. It is considered, therefore, that the SIJ surface was caused by the load of upright
bipedal walking peculiar to humans. Since humans need to support the trunk load at the
S1J during standing, the downward motion of the sacrum should be strongly restricted.
On the other hand, the upward motion of the sacrum is not beneficial for the potential
energy loss on efficient swing phase during walking. It is reasonable for bipedal walking
that the friction coefficients were high during downward motion and consistently low
during upward motion. In addition, lifting while bending forward is likely to cause low
back pain and the results of this study suggested that this movement had a low coefficient
of friction in SIJs and a large load may be applied to ligaments and muscles. The counter-
nutation position is considered to be the most stabilized state (Katada, 2019), which was
not in agreement with this study. Although there are individual differences, it is necessary
to investigate not only the SIJ surface friction resistance but also the pelvic structure
including ligaments for further research.

The repositioning tests show that the joint become inconfamity due to unevenness of
the surfaces and can not return to its original position when a large load is applied. The
range of SIJ motion has been reported to be less than 1 mm (Miller et al., 1987; Sturesson
et al., 1989, 2000; Takayama, 1990; Jacob and Kissling, 1995; Kibsgard et al., 2012;
Bruna-Rosso et al., 2015; Hammer et al., 2019¢; Toyohara et al., 2020), which is
considered to be the physiological range. In this study, the displacement of 2 mm or more,
which is twice the physiological range after the unloading of shear force, was regarded as
pathological range, i.e., subluxation. Table 3.2 shows the results of a preliminary study

with the finite element model used in Chapter 2 (analytical condition: 70 kg body weight,
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Table 3.2 Summary of preliminary study for shear and compressive forces.

Shear force
Compressive force
Anterior Posterior Superior Inferior
Maximum 684N 733N 39N 1104N 2422N
. 98N 283N
Average (to posterior) (to inferior) 3TN

double leg standing). In this study, a compressive force of 31 N was applied, which
corresponds to a shear force of 5.6 N (backward) and 16.3 N (downward). Permanent
displacement occured with a relatively small load in the anteroposterior directions.
Subluxation is, however, easy to occur in the upward direction, which does not receive a
large load in vivo and it may be necessary to pay attention to impacts such as landing
from a high place. The articular surface morphology diplaced the models in the directions
other than shear direction. Depending on the loading direction, large displacements
occured, which may increase the risk of subluxation. The alighment position of the joint
changes the load that can cause subluxation. Especially in the forward load, the nutation
and counter-nutation were greatly displaced even with a small load, suggesting that there
is a high possibility that a sudden backward fall may cause SIJ dysfunction.

There are some limitations in this study. First, the bony surfaces of SIJs are covered
with cartilage; the cartilage thickness is 4 mm on the sacral sides and 2 mm on the ilium
sides (Bowen and Cassidy, 1981; Kampen and Tillmann, 1998; Vleeming et al., 2012).
The joint surfaces are softer than bones and should be deformed by friction. This study,
however, used a resin model and did not consider deformation behavior of cartilage. In
addition, mineralization of cartilage varies on the joints (Poilliot et al., 2020, 2021), which
may affect sliding motion. Next, the surface models were created based on X-ray CT data
and printed out using a 3D printer with a pitch of 0.2 mm. This study can not reflect the
surface geometry with submillimeter accuracy. The surface morphology of the whole

joint, however, was reproduced, which was sufficient to investigate relation between the
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complicated curved surface of SIJs and joint motion resistance. Thirdly, ligament
orientations were not considered, although they vary from place to place (Tortora and
Derrickson, 2012) and may affect joint motion. Finally, the sample size in this study was
three. The surface morphology of SIJs varies greatly among individuals (Kapandji, 1974;

Katada, 2019). For further research, more patients data are needed.

3.5 Conclusions

The articular gap height distribution of SIJs was visualized and the articular shear
resistance was experimentally investigated. A test device was developed for joint motion
resistance tests in this study. It was suggested that the shear resistance of SIJs changed
depending on the shear direction and the alignment position of the surfaces. The SIJ
surface morphology may be designed to accommodate an upright bipedal walking and

joint misalignment could adversely affect walking.
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Chapter 4

Finite element analysis of effect of
pelvic morphology on stress
environment of sacroiliac joint:
acetabular dysplasia pelvis
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4.1 Introduction

Acetabular dysplasia (Fig. 4.1) is one of the most influential factors to progress to
osteoarthritis (OA) of the hip joint due to insufficient bony coverage of the femoral head
(Reijman et al., 2005; Jacobsen et al., 2005; Jingushi et al., 2010, 2011). As a
characteristic of acetabular dysplasia, it has been reported that the iliac bone has an inward
morphological abnormality (Fujii et al., 2011). The posterior part of the iliac bone
constitutes the sacroiliac joints (SIJs). In the pelves, the SIJs have a small range of motion
to work as a shock absorber between the spine and the lower extremities (Lovejoy, 2007;
Vleeming et al., 2012). In humans, the SIJs play a crucial role in the ability to walk upright
on the two legs (bipedal walking) (Toyohara et al., 2020), as they dissipate loads
effectively. Repetitive and/or unexpected movements may cause minor subluxation of the
SIJs, which has been hypothesized to lead to joint dysfunction (Murakami, 2018a). In
general, a joint dysfunction can be defined as a functional disorder of the joint without
known specific cause (Mennell, 1694), i.e., modern medical standards including imaging
equipment and surgical technology are unable to detect the morphological changes
(Katada, 2019). When SIJ dysfunction occurs, nerve endings, mainly in the posterior
ligaments of the joint (Murakami et al., 2018b), may be involved in the generation of pain
as an alarming sign of SIJ dysfunction. Several clinical reports mentioned that hip
disorders could affect the SIJ condition and pain (Morgan et al., 2013; Asada et al., 2019;
Krishnamoorthy et al., 2019). The mechanical effects on both the cartilaginous and the
ligaments of the SIJs in patients with acetabular dysplasia may differ from those in the
healthy pelves.

Peri-acetabular osteotomy is a mainstay in the surgical treatment of acetabular
dysplasia to prevent the progression of OA of the hip. This surgery transects the iliac and
the ischial bones that are in contact with the hip joints; here the osteotomized bone is
rotated outward and anteriorly to improve the bony and cartilaginous coverage of the

femoral head. Acetabular osteotomy, such as rotational acetabular osteotomy and
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periacetabular osteotomy, has been performed and good, long-term results have been
reported clinically in improving hip pain and suppressing OA progression (Clohisy et al.,
2009; Hasegawa et al., 2014; Kaneuji et al., 2015; Yasunaga et al., 2016). It is believed
that acetabular osteotomy alters stress distribution at the hip joint (Vukasinovic et al.,
2012), however, it is unclear to date whether mechanical changes to the SIJs would occur.

In this study, stress distribution of whole pelves was analyzed using preoperative and
postoperative models of the osteoligamentous pelvis of four patients who underwent
unilateral spherical periacetabular osteotomy (Kaneuji et al., 2021). The study aimed to

investigate the stress environment of the SIJs in acetabular dysplasia.

Fig. 4.1 Radiographs of a (a) preoperative and (b) postoperative acetabular dysplasia

pelvis (Iwai et al., 2014).
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4.2 Methods
4.2.1 Finite element model of acetabular dysplasia pelves

Finite element models of acetabular dysplasia pelves (Fig. 4.2) were created based
on computed tomography (1-mm slice thickness) of preoperative (named pre model) and
postoperative (post model) pelves of four female patients (18 - 41 years old). All methods
were carried out in accordance with relevant guidelines and regulations and all patients
provided the signed informed consent for use of the data. This study was approved by
Institutional Review Board committee of Kanazawa Medical University. The bones and
cartilage components were segmented in MECHANICAL FINDER ver. 10 (Research
Center of Computational Mechanics, Inc., Tokyo, Japan) including the lumbar vertebra,
the sacrum, the both hip bones, the proximal ends of both femora, the both SIJ cartilages,
the pubic symphysis, the both hip joint cartilages and the intervertebral disks. These

geometries were modified and the SIJ cartilage was adapted to the bone shape in

Pre model Post model

Fig. 4.2 Finite element models of the preoperative (left) and postoperative (right) pelves
of patient 1. The right is the surgical side. The insets are enlarged views of the right hip
joints. The scale bar: 20 mm. I: inferior, L: left, R: right, S: superior. In the pre model, the
acetabulum does not cover the femoral head sufficiently. In the post model, the

acetabulum widens by the surgical intervention (Toyohara et al., 2022b).
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SpaceClaim 2021R1 (Cybernet Systems Co., Ltd., Tokyo, Japan). All models were then
imported into ANSYS 2021R1 (Cybernet Systems Co., Ltd.). The twelve types of
ligaments and the two types of muscles surrounding the pelvis were modelled by a total
of 210 spring elements (Toyohara et al., 2020) and 20 beam elements, respectively (Fig.
4.3). The ligaments were defined in a way where they could respond only when they are
subjected to tensile loads. Tensile forces of 720 N and 100 N were applied on the gluteus

medius muscle and iliacus muscle on both sides, respectively (Takano et al., 2011).

Posterior

Fig. 4.3 The positions and names of ligaments (red circles) and muscles (blue circles) in
a pelvic model of patient 1 with anterior (right) and posterior (left) view. The ligaments
modelled are as follows: anterior longitudinal ligament (LLA), anterior sacroiliac
ligament (ASL), inguinal ligament (INL), pubic ligament (PL), obturator membrane
(MO), posterior longitudinal ligament (LLP), posterior sacroiliac ligament (PSL),
iliolumbar ligament (IL), interosseous sacroiliac ligament (ISL), long posterior sacroiliac
ligament (LPSL), sacrotuberous ligament (ST) and sacrospinous ligament (SS) (Toyohara

etal., 2022b).
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4.2.2 Material properties

The material properties used in this study were cited from previous studies (Wirtz et
al., 2000; Sichting et al., 2014; Ramezani et al., 2019) (Table 4.1). All tissues were defined
as being uniform and isotropic materials for simplification. Hyper-elastic material
properties were defined using Mooney-Rivlin model, which is the strain energy density
function Wgiven by the following formula, as a complete non-compressional body. Here,
Cio and C,, are material constants. I; and I, are the first and second invariant of the

distortion.

W = C1o(11 -3)+ 601(12 —3)+ (1 (I, —3)Uz —3) (4-1)

Table 4.1 Material properties for finite element models. C;,, Cy; and C;; mean

the parameter of Mooney-Rivlin model for hyper-elastic bodies (modified from Toyohara

etal., 2022b).
Young’s Poisson’s C10 Cco1 C11
Material
Modulus[MPa] ratio [MPa] [MPa] [MPa]
Cortical bone
(Wirtz et al., 2000) 11,000 02
Cartilage (elastic body)
(Sichting et al., 2014) 150 0.z
SIJ cartilage (hyper-elastic body)
(by personal communication) 41 0.41 0
Symphysis cartilage (hyper-elastic body)
(by personal communication) 0.1 0.45 0.6
Ligament
(Ramezani etal., 2019) 350
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4.2.3 Mesh generation
Meshing was performed using tetrahedral elements consisting of ten nodes each

(Table 4.2).

4.2.4 Loading and boundary conditions

Mimicking double-leg stance, 300 N and 600 N of loads were applied via the lowers
ends of both femora, which were shortened to two thirds of the total length and the base
of the sacrum, respectively. The superior aspect of the second sacral spine and both
femora were fixed in space. For contact type, all surfaces in contact were defined as

“bonded”, which means the surfaces are fixed to each other.

Table 4.2 Number of nodes and elements and average element quality of each finite

element models (modified from Toyohara et al., 2022b).

Number of nodes Number of elements Average element quality

Pre model 253,909 144,502 0.72
Patient 1

Post model 227,920 128.871 0.72

Pre model 242,013 138,004 0.71
Patient 2

Post model 253,002 144,887 0.72

Pre model 249.850 142,448 0.71
Patient 3

Post model 242,042 138,512 0.72

Pre model 219,098 124,072 0.71
Patient 4

Post model 223,523 127,029 0.71
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4.2.5 Analytical parameters

Acetabular head index (AHI, A/B) (Fig. 4.4) is used for an assessment of acetabular
dysplasia and is the ratio of acetabular coverage to the femoral head (Heyman and
Herndon, 1950). Upper coverage (upper) and posterior coverage (posterior) of the femoral
head diameter were measured. The resultant displacement of the pelves, equivalent (Von
Mises) stress of the SIJ cartilages, the normal stress on lateral axes, the angles of rotation
on the SIJs, the maximum elastic force of spring probes and acetabular head indices were
investigated. Equivalent stress is a scalar value that is calculated from normal stresses and
shear stresses without any distinction between tension and compression. Normal stress
on the lateral axes indicates the stress on the normal direction of the contact surfaces. The
maximum elastic force of the spring elements was measured and summed for each of the

ligaments as loads on ligaments.

Posterior

positions with anterior (upper) and posterior (posterior) views. AHI is a ratio of Ato B. A
means a coverage of acetabulum on the top (upper) or center (posterior) of the femoral
heads, and B means a diameter of the femoral head. The left femur and innominate bone
are shown in grey and green, respectively. The scale bar: 20 mm. I: inferior, L: left, R:

right, S: superior (Toyohara et al., 2022b).
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4.3 Results
4.3.1 Acetabular head indices

The AHIs improved mainly in upper coverage of acetabulum. The AHIs on the side
which underwent surgery improved — 1 % to 22% (average 12.5%) in the upper area
coverage and — 4 % to 12% (average 5%) and in the posterior area coverage (Table 4.3).
Coverage improved on both sites only in patient 1. Patients 2 and 4 improved in upper

coverage and patient 3 improved in the posterior coverage.

Table 4.3 Measured acetabular head indices (AHI) of upper and posterior coverage on the
surgical sides. Improve means an increase of AHI from pre model to post model,

respectively (Toyohara et al., 2022D).

Upper Posterior
AHI Improvement AHI Improvement

Pre model 48% 41%

Patient 1 22% 10%
Post model 70% 51%
Pre model 56% 48%

Patient 2 13% 2%
Post model 69% 50%
Pre model 54% 44%,

Patient 3 -1% 12%
Post model 53% 56%
Pre model 46% 48%

Patient 4 16% -4%
Post model 62% 45%
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4.3.2 Displacement of pelves

The acetabular dysplasia pelves tended to rotate inward, called the ‘inflare’. The
displacement vector diagrams (Fig. 4.5) of the pelves showed that the post models of all
patients showed the innominate bones were deformed posteriorly. In the pre models
derived from the patient datasets 1, 3 and 4, however, the innominate bones were
deformed laterally to anteriorly. On the other hand, patient 2 in the pre models showed
that the innominate bone was deformed posteriorly more than the post models. In the pre
models of patients 1, 3 and 4 on acetabular dysplasia, the pelves rotated inward in the
state of inflare as indicated by the red arrows in Fig. 4.6. In the post models, the iliac crest
was more rotated outward than in the pre models as indicated by the blue arrows in Fig.
4.6. The maximum displacement on the iliac crest of surgical sides decreased by
approximately 19% from pre models to post models in patients 1 and 3 which had a high

improvement in posterior AHIs more than 10%.
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Patient 1 Patient 2 Patient 3 Patient 4

Anterior
Pre model

Post model

Pre model

Upper

Post model

o IR TTET T "I o4 [mm]

Fig. 4.5 Resultant displacement vector diagrams of the pelves on anterior (top 2 lines)
and upper (bottom 2 lines) views. ‘Pre’ and ‘post’ reflect pre models and post models,
respectively. The arrows indicate the sides of surgical intervention (Toyohara et al.,

2022D).
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Fig. 4.6 Scheme of pelvic deformation. The red and blue arrows indicate inward rotation

(inflare) and outward rotation, respectively (Toyohara et al., 2022b).

4.3.3 Rotational motion of sacroiliac joints

Sacral nutation decreased when increased acetabular coverage. In the surgical sides
of post models, the rotation of SIJs decreased in patients 1 and 3 and increased in patients
2 and 4 compared to each pre models (Fig. 4.7). In addition, sacral nutation movement is
decreased with posterior acetabular coverage and the overall improvement of the

coverage led to counter-nutation (upper: r = - 0.39, posterior: r = - 0.68) (Fig. 4.8).

005 A

® 0.04

& 0.03 Sacral
= 0.02 nutation
2 0.01

o 0 T

£-0.01 Sacral
g 0.02 count_er-
N 0.03 4 hutation

Pre Post Pre Post Pre Post Pre Post
model model model model model model model model

Patient 1 Patient 2 Patient 3 Patient 4

Fig. 4.7 Degree of rotation at the sacroiliac joints on the sides of surgery in all patients,
i.e., is the angle of rotation on the sacrum for ilium. The positive and negative values

mean the nutation and counter-nutation, respectively (Toyohara et al., 2022b).
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Fig. 4.8 The scatter plots of reduction of sacral nutation on the surgical sides vs.
improvement of acetabular head index (a) on upper coverage and (b) on posterior

coverage (Toyohara et al., 2022b).

4.3.4 Equivalent stress on sacroiliac joints

The equivalent stress on the SIJ cartilages decreased when increasing acetabular
coverage. The equivalent stress of the S1J cartilages decreased on the posterior regions in
patient 1 and increased in the superior regions in all four cases (Fig. 4.9). Maximum
equivalent stress of the SIJ cartilages ipsilateral to the surgical sides of pre models
decreased by 80% in patient 1, while it increased by 67 — 2,834% in the other cases
compared to the post models (Fig. 4.10). Posterior acetabular coverage improvement
reduced the maximum equivalent stress and minimum normal stress (r = 0.26 (upper),

0.71 (posterior)) (Fig. 4.11).
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Patient 1 Patient 2 Patient 3 Patient 4

Equivalent stress
Pre model

Post model

Fig. 4.9 Equivalent stress distribution of the contact surfaces in sacroiliac joints on

surgical sides (Toyohara et al., 2022b).
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Fig. 4.10 Maximum equivalent stress in sacroiliac joints on surgical sides (Toyohara et

al., 2022h).
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Fig. 4.11 The scatter plots of reduction of maximum equivalent stress in the sacroiliac

joint on the surgical sides vs. improvement of acetabular head index (a) on upper coverage

and (b) on posterior coverage (Toyohara et al., 2022b).

4.3.5 Compressive stress on sacroiliac joints

The compressive stress on the SIJ cartilages decreased when increasing acetabular
coverage. Normal stresses yielded that the SIJs were compressed on the inferior and
extended on the superior regions (Fig. 4.12). The minimum normal stress on the surgical
sides decreased by 90% in patients comparing the pre models to the post models, and
increased by 36 — 11,204% in the other cases (Fig. 4.13). In patients 1 and 3, the posterior
coverages were highly increased (10% and 12% increase) and the stresses decreased or
slightly increased. Patients 2 remained the posterior coverage (2% increase) and patient

4 were decreased (4% decrease). These models showed slightly or dramatically increment.
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Thus, posterior acetabular coverage improvement reduced the minimum normal stress (r

= 0.13 (upper), 0.83 (posterior)) (Fig. 4.14).

Patient 1 Patient 2 Patient 3 Patient 4

Normal stress
Pre model

Post model
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Fig. 4.12 Normal stress distribution on the normal direction of the contact surfaces in

sacroiliac joints on surgical sides (Toyohara et al., 2022b).
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Fig. 4.13 Minimum normal stress in sacroiliac joints on surgical sides (Toyohara et al.,

2022D).
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Fig. 4.14 The scatter plots of reduction of minimum normal stress in the sacroiliac joint
on the surgical sides vs. improvement of acetabular head index (a) on upper coverage and

(b) on posterior coverage (Toyohara et al., 2022b).

4.3.6 Loads on pelvic ligaments

Loading of the pelvic ligaments was reduced when acetabular coverage was
increased. The ligament loading on the sides of surgical intervention of the pre models
compared to the post models decreased by approximately 36% in patients 1 and 3 and
increased by 27% in patients 2 and 4. The change was mainly due to a decrease in
posterior sacroiliac ligament (PSL) loading and an increase in interosseous sacroiliac
ligament (ISL) loading (Fig. 4.15). In relation to the decrease in the ligament loading and
the improvement of acetabular coverage, sacrotuberous ligaments (ST) and sacrospinous

ligaments (SS) loading decreased with increased posterior coverage and interosseous
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sacroiliac ligaments (ISL) and posterior sacroiliac ligaments (PSL) loading increased with
increased upper coverage (upper: r = - 0.19, - 0.08, 0.67, 0.70, posterior: r = 0.96, 0.89,
0.02, - 0.46, respectively) (Figs. 4.16, 4.17).
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Fig. 4.15 Sacrotuberous ligament (ST), sacrospinous ligament (SS), interosseous
sacroiliac ligament (ISL) and posterior sacroiliac ligament (PSL) loading on the surgical

sides of all patients (Toyohara et al., 2022b).
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Fig. 4.16 The scatter plots of reduction of sacrotuberous ligament (ST) and sacrospinous
ligament (SS) loading on the surgical sides vs. improvement of acetabular head index (a)

(c) on upper coverage and (b) (d) on posterior coverage (Toyohara et al., 2022b).
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Fig. 4.17 The scatter plots of increase of interosseous sacroiliac ligament (ISL) and
posterior sacroiliac ligament (PSL) loading on the surgical sides vs. improvement of
acetabular head index (a) (c) on upper coverage and (b) (d) on posterior coverage

(Toyohara et al., 2022D).
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4.4 Discussion

There have to date few studies regarding to the morpho-mechanical coupling between
the hip joints and the SIJs under instances of physiological loading (Joukar et al., 2019;
Kozaki et al., 2021). To our best knowledge, this is the first report investigating the effects
of acetabular dysplasia on the stress environment of the SIJs. In a pelvis with acetabular
dysplasia, the innominate bone rotates inward (Fujii et al., 2011), called in-flare. The
morphological results of the preoperative models obtained from bone scanning also
showed in-flare and similar results were observed. Following the surgical intervention,
this deformation was restored to a non-pathological anatomy including a normal or out-
flare state, except for patient 2 of this given study. The in-flare state seems to open the
posterior part of the SlJs, thereby increasing the load on the posterior ligaments and
increasing the compressive load onto the superior part of the SIJs. On the other hand, in
the out-flare state, the superior side of SIJs is thought to be opened and to be exposed to
high tensile load. In patients 1, 3 and 4, the loading of posterior sacroiliac ligament (PSL)
decreased by 22 - 91% from the preoperative to the postoperative state, indicating that
the in-flare state changed to the out-flare state by peri-acetabular osteotomy for
normalization of the acetabular bone coverage of the femoral head. Since the equivalent
stress of the SIJ cartilages decreased only in patient 1, the equivalent stress state of the
SIJ cartilages was determined by an increase in compressive loading due to the in-flare
position and an increase in tensile loading due to the out-flare position. The equivalent
stress is considered to increase or decrease depending on the extent of rotation. However,
the normal stress of the SIJ cartilages decreased only in patient 1 following the surgery,
which was inconsistent with an increase in tensile loading due to out-flare. This may be
explained as follows: the gluteus medius muscle pulls the iliac crest outward, therefore
the ilium is pressed against the sacrum at the lower part of the SIJs to generate
compressive force. In consequence, the tensile load should not increase at the anterior

aspect of the SIJs even though out-flare was induced. In addition, since the compressive
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force at the SIJs tended to decrease with the improvement of the acetabular coverage, it
was considered that the in-flare tended to result in lowered compressive loads. In this
analytical model, the improvement of the posterior coverage was small and the
compressive load region tended to widen.

Interestingly, some researchers have suggested that the cause of pain originating from
the SIJs is a consequence of overloading of the joint’s cartilaginous region and its
stabilizing ligaments (Murakami et al., 2007, 2018b; Borowsky and Fagen, 2008). The
lower part of the SIJ cartilaginous regions has been shown to be particularly stressed in
patients with SIJ dysfunction (Poilliot et al., 2021). At the same time, the SIJs have the
role of transmitting the load from the trunk to the lower limbs in the sense of form and
force closure, which requires compressive forces to fulfill this function (Vleeming and
Schuenke, 2019). Therefore, two possible pathways may exist to explain the stress
environment at the SIJs due to acetabular dysplasia: relieved in-flare reduced the
equivalent stress of the SIJ cartilage and ligament loading (patient 1); additional force
closure due to the site of compressive loading may likewise increase stability (increased
considerable stress) and decreased ligament loading (patient 3). In finite element analyses
of the healthy pelvis, it has been reported that high equivalent stress is concentrated in the
superior part of the SIJ cartilages (Toyohara et al., 2020; Venayre et al., 2021). In this
given study, the postoperative model showed that following surgery, similar equivalent
stress distribution was close to that of a healthy person. With surgery, the equivalent stress
environment trended to become normal. At the same time, the pre models showed
relatively low equivalent stress in the superior region of the SIJ cartilage. It has been
observed in Japan that patients with acetabular dysplasia secondary progress the hip OA
(Okuzu et al., 2021) and Asada et al. (2019) have reported that the volume of vacuum
phenomena in the SIJs, which indicates the SIJ degeneration, was significantly larger in
the hip OA and the vacuum areas were localized in the antero-superior region of the SIJs.
The abnormal low equivalent stress at the same part may relate to the SIJ degeneration in

acetabular dysplasia pelvis. The high equivalent stress distribution in the lower part of the
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SIJ cartilages before surgery seemed to be characteristic of acetabular dysplasia.
Compared with the report that patients with SIJ dysfunction were loaded at the same
position (Poilliot et al., 2021), it is suggested that acetabular dysplasia may impair the
stress environment in the SIJs.

Various indices such as center-edge angle (CEA) (Wiberg, 1939), acetabular roof
angle (ARO) (Massie and Howorth, 1950), acetabular head index (AHI) (Heyman and
Herndon, 1950) and sharp angle (Sharp, 1961) are used clinically to assess the extent of
acetabular dysplasia. Physicians diagnose acetabular dysplasia at a CEA of 20 degrees or
less (Wiberg, 1953). In this study, AHI was investigated on upper and posterior coverages
of acetabulum. The improvement of the coverage of the posterior acetabulum was
considered to lead to counter-nutation, which is assumed to stabilize the pelvis and to
reduce the equivalent stress on the SIJs and the load on the main ligaments around the
pelvis. The SS, ST and ASL were suggested to have a defined function of limiting the
nutation movement (Kapandji, 1974; Hammer et al., 2019a) and a decrease in these
ligaments’ loading can be observed with the improved posterior coverage of the
acetabulum, indicating that nutation movement weakens. The results were similar to those
of the counter-nutation induction obtained from the measurement of the rotation of the
SIJs. The decrease in displacement at the iliac crest after surgery indicated that the load
from the femora could be stable be stably transmitted to the innominate bone. The
improvement of the posterior coverage of the acetabulum has been suggested to normalize
the load transmission on the pelves and to improve the stress environment of SIJs.
However, it has been reported that an over-improvement of the posterior coverage limits
the range-of-motion of the hip joint (Hamada et al., 2015). The change in the stress
environment of the pelvis due to the improvement of the covering therefore seems to be
limited.

Finally, this study has a number of limitations. First, the conclusions were derived
from a small sample size which was available. In addition, only female patients were

investigated. Female pelves have a high sacral slope which means SIJs are easily exposed
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to shearing stress. Since the shearing force is applied more to female than to male
(Bellamy et al., 1983; Joukar et al., 2018), the load on the SIJs due to hip joint disease
and the change in load on the SIJs after surgery may be more significant for females.
Secondly, only a subset of anatomical structures has been modeled, including the most
relevant osseous, cartilaginous, ligamentous and muscular components. Further
refinement of the given models may help gain more insight into the variations in load
distribution related to surgery of acetabular dysplasia. Another limitation is related to the
choice of the material models (isotropic, homogeneous) and testing conditions (quasi-
static). Furthermore, the tissues around the hip joint were composed of deformable
cartilage and two major muscles and did not design ligaments nor joint slip. The actual
hip joint slides in the joint capsule during exercise, however, the analytical condition of
this given simulation was only in standing position, where the bones did not move enough
to perform intracapsular movement in the hip joint, so only compressive force
transmission occurred. Therefore, this model seemed to reproduce the stress environment

in the pelves during standing.

4.5 Conclusions

Finite element analysis based on CT datasets of patients with acetabular dysplasia
undergoing surgery was performed to assess stress distribution in double-leg stance in a
preoperative and postoperative condition. Comparing the pre- and postoperative findings,
the preoperative innominate bones were rotated inward, called in-flare. Improving the
posterior coverage of the acetabulum relieved this rotation and the innominate bones were
deformed laterally to anteriorly. This reduced the equivalent stress, compressive stress
and ligament loading at the SIJs, suggesting that insufficient acetabular morphology may

worsen the S1J stress environment.
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Chapter 5

Numerical and experimental validation
of effectiveness of pelvic belts as a
treatment for sacroiliac joint dysfunction
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5.1 Introduction

Sacroiliac joint (SIJ) dysfunction is considered to account for approximately 15% to
30% of symptoms in patients with low back pain (Bernard and Kirkaldy-Willis, 1987,
Schwarzer et al., 1995; Forst et al., 2006). The SIJs are located between the sacrum and
the ilium and serves as a shock absorber that receives and aids in dissipating the impact
of the trunk and the lower limbs (Lovejoy, 2007; Vleeming et al., 2012). Unexpected force
or repeated impact is believed to cause joint misalignment and instability and provoke
pain arising from the SIJs (Murakami, 2018a; Murakami et al., 2018b). Typical
conservative (non-surgical) treatment strategies to relieve the painful SIJs include pelvic
belts (Mens et al., 2006; Hammer et al., 2015), injection of local anesthetics into the joint
(Murakami et al., 2007; Lee et al., 2010) and physical therapy (Kirkaldy-Willis and
Cassidy, 1985; Katada, 2019). Pelvic belts and SIJ fixations are used to improve joint
stability by minimizing the extent of joint motion (Wise and Dall, 2008; Smith et al.,
2013). Pelvic belts have not been comprehensively investigated in the context of SIJ
dysfunction. A study in healthy young women indicated that pelvic belts help reduce SIJ
laxity (Damen et al., 2002). Moreover, mathematical analysis indicates that compression
force exerted on the anterior superior iliac spine (ASIS) increased SIJ compression and
reduced muscle activity (Pel et al., 2008). These reports imply that if the SIJs are fixed
with pelvic belts, stability would be enhanced, however, the effectiveness based on the
type and tightening method of the pelvic belts remain poorly understood. It has been
reported that pelvic belts with a textured sacral pad may enhance the sensory performance
of the hip joint and improve motor control (Delshad et al., 2020). Compressive pelvic
belts may also be beneficial in the treatment of SIJ dysfunction.

This study aimed to analyze the effect of pelvic rubber belts or padded pelvic belts
on stress distribution within the pelves and clarify the effectiveness of such treatments
that bilaterally compress the posterior superior iliac spine (PSIS). The pressure

distribution was assessed in the pelvic region when pelvic belts were applied. Finite
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element analysis of the pelvic model with soft tissues was conducted. It was hypothesized
that padded pelvic belts would more effectively compress the SIJs and thus reduce tension

of the surrounding ligaments.

5.2 Methods
5.2.1 Finite element model of pelves with surrounding soft tissues

A finite element model of a pelvis with surrounding soft tissues (Fig. 5.1), was
created based on the total human model for safety (THUMS \ersion 4.02 AM50
pedestrian model, 175 cm, 77 kg, Toyota Central R&D Labs, Inc. & Toyota Motor
Corporation) using SpaceClaim 2021R1 (Cybernet Systems Co., Ltd., Tokyo, Japan).
This model comprises three types of tissues: bones, cartilages and soft tissues (including
skin, fat, muscle, etc.). Bones were modeled for the 3rd, 4th and 5th lumbar vertebrae, the
sacrum, the both innominate bones and the proximal ends of the both femurs. Cartilage
tissues, L3 - 4 disc to L5 - S1 disc, the S1J cartilages and the hip joint cartilages, were

created based on the shape of the pelvic bone models. Soft tissues were defined between

the body surface and the pelvic models. A total of 210 spring elements were added in

Fig. 5.1 Finite element model of the pelvis including soft tissue, displayed on whole
model (left) and hidden the soft tissue (Right) with anterior views. The scale bar: 100

mm. S: superior, L: left (Toyohara et al., 2022a).
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Anterior Posterior

Fig. 5.2 The positions and names of the pelvic ligaments modelled in this study, in a
meshed pelvis model with anterior (left) and posterior (right) views. The ligaments are
the anterior longitudinal ligament (LLA), anterior sacroiliac ligament (ASL), iliolumbar
ligament (IL), inguinal ligament (INL), long posterior sacroiliac ligament (LPSL),
obturator membrane (MO), posterior longitudinal ligament (LLP), posterior sacroiliac
ligament (PSL),pubic ligament (PL), interosseous sacroiliac ligament (ISL), sacrospinous
ligament (SS) and sacrotuberous ligament (ST). The scale bar: 60 mm. S: superior, L: left,

R: right (Toyohara et al., 2022a).

place of the ligaments around the pelvis (Toyohara et al., 2020) and 12 types of ligaments
were modeled (Fig. 5.2). The ligaments were defined as tension only and could not sustain
the bones in the case of compressive load. ANSYS 2021R1 (Cybernet Systems Co., Ltd.,

Tokyo, Japan) was used for the analysis.

5.2.2 Material properties

Bones were defined as elastic bodies, cartilage as elastic or hyper-elastic bodies and
soft tissues as hyper-elastic bodies, respectively. For simplicity, all the tissues were
defined as uniformly isotropic materials. The results obtained by Wirtz et al. (2000),

Majumder et al. (2007), Sichting et al. (2014) and Ramezani et al. (2014) were used for
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Table 5.1 Material properties for the finite element model. C;,, Cy; and C;; mean the
parameter of Mooney-Rivlin models for hyper-elastic bodies. Material properties for
cartilage were used for the cartilage model except for SIJs and symphysis cartilages

(modified from Toyohara et al., 2022a).

Young’s Poisson’s C10 Co1 Cl11
Material

Modulus[MPa] ratio [MPa] [MPa] [MPa]

Cortical bone
(Wirtz et al., 2000) 11,000 0.2

Cartilage (elastic body)
(Sichting etal, 2014) 150 0.2

SIT cartilage (hyper-elastic body)
(by personal communication) - - 4.1 0.41 0

Symphysis cartilage (hyper-elastic body)
(by personal communication) - - 0.1 0.45 0.6

Soft tissue (hyper-elastic body)
(Majumder et al, 2007) - - 0.0855 0.02138 0

Ligament
(Ramezani etal, 2019) 350

the material properties (Table 5.1). The following strain energy density function, W, was
introduced, which is used for a hyper-elastic body, using the Mooney-Rivlin model of a
complete non-compressional body. C;q, Cy; and C;; are material constants. I; and

I, are the first and second invariants of the distortion, respectively.

W = C1o(11 -3)+ Co1(12 -3)+ (1, —3)Uz —3) (5-1)

5.2.3 Mesh generation
Amesh was created using tetrahedral elements each consisting of 10 nodes (Fig. 5.2).
Consequently, the total number of elements and nodes were 264,938 and 442,001,

respectively. The average element quality was 0.751, indicating good mesh quality.
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Fig. 5.3 Sample of the (a) pelvic rubber belt and (b) padded pelvic belt used in this study
(modified from Toyohara et al., 2022a).

5.2.4 Loading and boundary conditions

A pelvic rubber belt (Balance Control Band, Hakkosha Co., Ltd., Tokyo, Japan) (Fig.
5.3(a)) and a padded belt on the lumbar region (Smartspine SI Support, Ottobock SE &
Co. KgaA, Duderstadt, Germany) (Fig. 5.3(b)) was investigated. The pelvic rubber belt
was tightened forward (termed “front belt”) and backward (termed “back belt”). For the
padded belt (termed “padded belt”), two pads were placed around the lateral sides of the
PSIS bilaterally. The pressure distribution was measured under the three conditions. A
body pressure distribution measuring device (FSA, Takano Co., Ltd., Nagano, Japan) was
used to measure the distribution of the tightening pressure of the pelvic belts. A healthy
participant (a 23-year-old man, 182 cm body height, 70 kg body weight) volunteered for
this study. Pressure sensors were placed on the body and the pelvic belts were wrapped
around the device (Figs. 5.4 and 5.5). Before conducting the measurement, both ASISs
were palpated to position the pressure sensors. After wrapping the pelvic belt, the
participant stood on both legs and 22 frames were measured for 6.8 s in a sufficiently
stable state. The average value of 20 frames, excluding the maximum and minimum
values, was used for further analysis.

The soft tissue of the pelvic model was divided into 32 areas in the circumferential

direction and 11 areas in the vertical direction at approximately 500 mm? and the obtained
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pressure was applied to the surface of the soft tissue based on the position of the ASISs
(Fig. 5.6(a)).

Four conditions were analyzed, including three types of pelvic belts and the control
condition without a pelvic belt attached. To simulate the double-leg stance, a vertical
upward surface load of 300 N and a vertical downward surface load of 600 N were applied
to the lower ends of both femurs and base of the sacrum, respectively (Fig. 5.6(b)). The
anterior aspect of the second sacral spine (Lee et al., 2010) and both entire femora were
fixed in space to reproduce sacral motion and reduce the computational load by limiting
unnecessary movement of the femur, respectively. Because the soft tissues were not
displaced in the vertical direction by tightening of the belt, vertical displacement of the
cross-sections of the soft tissues was suppressed. The contact on each surface was defined

as follows: the contact surfaces of bone and soft tissue were not separated; the contact

| 2
»
a7 B

Fig. 5.4 Scheme of pressure measurement in this study. (Left) A pressure measuring
device was placed on a body and the pelvic belts were wrapped on the device. Blue: a
pressure measuring device. Orange: pelvic belt. (Right top) Pressure distribution on the

pelvic belts and (right bottom) straightly opened results (Toyohara et al., 2022a).
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surfaces of the SIJ cartilage and bone were rough; and the other contact surfaces were
bonded. A lack of separation contact means that the contact surfaces can not be detached
and can slide frictionlessly. Rough contact was defined as contact surfaces with detached

contact but no ability to slide.

Front belt

Back belt

Padded belt

o M T T T 10 kPa]

Fig. 5.5 Pelvic belt types and related pressure measurements in-vivo in a setup on the

volunteer (left row), and pressure distribution on the pelvic belts (right row). Black areas

indicate the anterior superior iliac spines as reference marks (Toyohara et al., 2022a).
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Fig. 5.6 (a) The red arrows indicate the places and directions the pressures are applied
(trimetric view), and (b) the orange arrows indicate where the loads are applied (anterior

view). The scale bar: 60 mm. S: superior, L: left, A: anterior (Toyohara et al., 2022a).

5.2.5 Analytical parameters

The minimum principal strain of the soft tissues and the pelvis, horizontal
displacement of the innominate bone, the minimum principal stress of the SlJs, the
displacement of the SIJs and the ligament loading force were investigated. The ligament
loading force is the sum of the maximum elastic forces of the spring elements,
representing each ligament.
5.2.6 Model validation

Model validation was performed with literature values (Hammer and Klima, 2019).
The maximum and mean SIJ displacements, mean strain of the sacrotuberous and
sacrospinous ligaments, and ligament load rate in the control condition were used for

validation.
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5.3 Results
5.3.1 Horizontal displacement of innominate bones

When both types of pelvic belts were applied, the innominate bones rotated outward
relative to the control (Figs. 5.7, 5.8). In the control group, the iliac crest moved inward,
whereas in the pelvic belt group, the iliac crest was scarcely displaced. The extent of the
inward displacement with pelvic belts decreased by 2.99 pm to 8.11 pm (- 2% to 52%
compared to the control). The front belt (right: 8.11 um, - 1%; left: 5.30 pm, 15%) and
padded belt (right: 6.85 um, 15%; left: 6.37 um, - 2%) had similar changes and the back
belt (right: 6.73 um, 16%; left: 2.99 pm, 52%) exhibited low change. Focusing on the
displacement of the ischial limb, the control was displaced outward and the pelvic belt

models were displaced inward.
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Control Front belt Back belt Padded belt

Anterior

Posterior

' ) @
100mm o I T T o fum

Fig. 5.7 Horizontal displacement of the innominate bones shown from an anterior (1st

line) and posterior (2nd line) view. The positive directions are the directions that the
arrows point to, to right on the models. The scale bar: 100 mm. S: superior, L: left, R:

right (Toyohara et al., 2022a).

Fig. 5.8 Scheme of pelvic deformation. The innominate bone was rotated outward by

using pelvic belts (Toyohara et al., 2022a).
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5.3.2 Minimum principal stress on sacroiliac joints

The minimum principal stress indicates the maximum compressive stress with a
negative value. In Fig. 5.9, red represents the high-compression area. The anterior and
superior parts of the SIJs were in a high-compressive stress state. When the pelvic belt
was applied, the compressive stress region increased in the inferior parts. The mean
minimum principal stress increased up to 5% with the attached padded belt compared

with the control (Fig. 5.10).

Control Front belt Back belt Padded belt

Left

40mm -9 T TTT [ [ -10KPa

Fig. 5.9 Minimum principal stress distribution of right (1st line) and left (2nd line)
sacroiliac joint cartilage shown from left and right, respectively. The red area shows the
tensile area, and the tensile area decreased by pelvic belts. The scale bar: 40 mm. S:

superior, A: anterior, P: posterior (Toyohara et al., 2022a).
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Fig. 5.10 The comparison of mean minimum principal stress rates for the control
condition. Right and left mean right and left sacroiliac joints, respectively (Toyohara et

al., 2022a).

5.3.3 Displacement of sacroiliac joints

When the pelvic belt was applied in the numerical model, the mean total
displacement of the SIJs decreased by 5% to 11% compared with the control condition
(Figs. 5.11, 5.12). In particular, it decreased in the front belt (right: - 10%, left: - 9%) and
the padded belt (right: - 11%, left: - 8%). The decrease in the back belt was lower than
that in the others (right: - 8%, left: - 5%).
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Control Front belt Back belt

Padded belt

40mm -o M T [ "I 001 mm]

Fig. 5.11 Resultant displacement distribution of right (1st line) and left (2nd line)

sacroiliac joint cartilage shown from left and right, respectively. The very low

displacement area (blue area) increased with pelvic belts. The scale bar: 40 mm (Toyohara

etal., 2022a).

110%

105%

100%

95%

90%

Displacement change rate

85%

O Control

O Front belt

@ Back belt

O Padded belt

Right Left

Fig. 5.12 The comparison of mean resultant displacement rates for the control. Right and

left mean right and left sacroiliac joints, respectively (Toyohara et al., 2022a).
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5.3.4 Loads on pelvic ligaments

Pelvic belt application decreased the ligament loading force on the interosseous
sacroiliac ligament (ISL; right: - 6%, left: - 6%), posterior sacroiliac ligament (PSL; right:
- 4%, left: - 10%), sacrospinous ligament (SS; right: - 3%, left: - 8%) and sacrotuberous
ligament (ST; right: - 7%, left: - 12%). In contrast, the anterior sacroiliac ligament (ASL;
right: 7%, left: - 6%) exhibited opposing trends on the left vs. right side, increasing on

the right side and decreasing on the left side (Fig. 5.13).

115%

OControl OFront belt mBack belt oPadded belt

2 110%
105%
100% | B B B B B B - B B

95%

o U8l i

ASL ST SS PSL ISL |ASL ST SS PSL ISL
Right Left

©
(@)
S

Ligament load rate[%

Fig. 5.13 A comparison of ligament loading rates on anterior sacroiliac joint (ASL),
sacrotuberous ligament (ST), sacrospinous ligament (SS), posterior sacroiliac ligament
(PSL) and interosseous sacroiliac ligament (ISL) for the control. The left and right graphs
are the results on the right and left sides of ligaments, respectively (Toyohara et al.,
2022a).
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5.3.5 Minimum principal strain on soft tissues and pelves

The minimum principal strain indicates the maximum compressive strain. In the soft
tissue, all pelvic belts in this study were compressed mainly at the anterolateral and
posterior parts under ASIS levels (Fig. 5.14). In the pelvis, the anterolateral parts were

also deformed, however, the posterior sides were compressed over the ASIS levels.

Control Front belt Back belt Padded belt

Posterior
Soft tissue

Pelvis

Soft tissue

Right

Pelvis

Soft tissue 0 -0.05 [¢g]

Pelvis 0 -50 [uel
Fig. 5.14 Minimum principal strain distribution of soft tissue (1st and 3rd lines) and pelvis

(2nd and 4th lines). The top and bottom two lines are shown from posterior and right
views, respectively. The gray lines indicate the level of the anterior superior iliac spines.

The scale bar: 100 mm. S: superior, R: right, A: anterior (Toyohara et al., 2022a).
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5.3.6 Comparison with previous studies

The range of the SIJ motion was set for maximum displacements, which is 0.47 mm
in healthy individuals (Kibsgard et al., 2012), 0.3 mm in cadavers (Hammer et al., 2019¢),
and 0.6 mm in FEM (Toyohara et al., 2020) and for mean displacements, which is 3.0 um
on cadavers (Varga et al., 2008). In this study, the maximum and mean displacements of
the SIJ cartilage in the control were 0.17 mm and 7.33 um, respectively. The reported
mean strains of ST and SS were 0.08% and 0.04% (Buford et al., 2010) and 0.048% and
0.072% (Sichting et al., 2014) and in this study were 0.015% and 0.021%, respectively.
The ligament load rates were 2% and 4% for ASL, 11% and 7% for ST, 8% and 5% for
SS, 29% and 8% for PSL and 39% and 71% for ISL to the total unilateral ligament load
in the literature (Toyohara et al., 2020) and in this study, respectively. The results of this
study were compared to those of the contemporary literature and yielded values similar

to those of previous studies (Table 5.2).

Table 5.2 Summary of comparison.

Validation data Literature This study

0.47 mm (healthy)

Maximum displacement of the sacrum relative to the innominate bone 0.3 mm (cadaver) 0.17 mm
0.6 mm (FEM)
Mean displacement of the sacrum relative to the inmominate bone 3.0 um (cadaver) 7.33 um
0.08%
Mean strain of sacrotuberous ligaments 0.015%
0.048%
0.04%
Mean strain of sacrospinous ligaments 0.021%
0.072%
Anterior sacroiliac ligaments 2% 4%
Sacrotuberous ligaments 11% 7%
Ligaments load rates Sacrospinous ligaments 8% 5%
Posterior sacroiliac ligaments 29% 8%
Interosseous sacroiliac ligaments 39% 1%
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5.4 Discussion

In this study, effectiveness of a rubber belt and a padded belt were investigated,
showing similar load transfer mechanisms. Because the soft tissue is relatively thin in the
anterior lateral parts of the lumbar region, the strain distribution on the pelvis matched
the pressure point. Although the posterior pressure points were below the ASIS level, the
pelvic area above the ASIS level was deformed. Regardless of the location of the pelvic
belt, the upper part of the PSIS was compressed. The strain distribution in the pelvis with
the padded belt was similar to that in the front and back belts, although the padded belt
locally compressed the posterior region. This study suggests that the padded belt exerts
the same pressure on the pelvis as the rubber belt, which may depend on the location of
the pad. Statically, pressure on the buttocks reaches the upper part of the PSIS and
compresses the posterior soft tissue, which is not considered to directly affect the pelvis.
It may, however, support muscles and contribute to strengthening of the force closer
(Vleeming and Schuenke, 2019).

Pelvic belts are considered an established treatment for SIJ dysfunction. Bertuit et al.
(2018) reported the effectiveness of pelvic belts in patients during pregnancy, where a
visual analogue scale (VAS) at the SI1J was reduced by 20 mm in the group with a pelvic
belt compared to the group without. Few studies, however, have investigated the
mechanisms underlying treatment with pelvic belts in detail. In this study, the difference
in the effect between the rubber belt and padded pelvic belt was investigated using a finite
element analysis.

When the pelvic belt was applied, the displacement diagrams of the innominate bone
showed that the anterior part of the bone moved outward and the ischial limb was
displaced inward, which indicated a relatively outward rotation of the innominate bone,
called out-flare. The SIJs were considered to be in a compressed state because the
compressive force increased and the compressive stress area widened. Vleeming et al.

reported that form and force closure improve SIJ stability and the compressive force
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supports the force closure (Vleeming and Schuenke, 2019). Therefore, the pelvic belt
reduced displacement of the SIJs and enhanced stability.

Ligament loading was reduced on the ST, SS, PSL and ISL. Sichting et al. (2014)
have also reported that the mean strain values for the ST and SS decreased, which is
consistent with the results of this study. The ST and SS are considered to limit the nutation
motion (Kapandji, 1974; Hammer et al., 2019a), and pelvic belts seemed to weaken the
nutation with subsequent ST and SS strains. The reduction in the loads of the PSL and
ISL was caused by a decrease in SIJ displacement. The opposite loading trends of the
ASL may have resulted from slight asymmetry of the pelvic belts or minute differences
in the pressure exerted.

Klima et al. (2018) reported that the pelvic belt decreased the angles of nutation and
increased the counter-nutation motion of the sacrum using human post-mortem tissues.
Sichting et al. (2014) showed that the pelvic belt enhanced the inward rotation of the
innominate bone on the coronal plane based on the measurement of the pelvis and SIJ
deformation based on a finite element analysis. These results differ from the outward
rotation of the innominate bone on the transverse plane observed in this study. Sichting
et al. (2014) placed the pelvic belt at a high position around the ASISs, which may be the
reason that the results were different. This indicates that the height at which the pelvic
belt is positioned may alter its therapeutic effects and treatment mechanisms. Depending
on the position of the pelvic belts, patients with SIJ dysfunction reported increased pain
relief despite using the same pelvic belts (Soisson et al., 2015). Different patients and/or
pathologies may require pelvic belts with different treatment mechanisms to reduce pain.
In this study, all pelvic belts yielded similar effects on pelvic kinematics. Only the back
belt exhibited a smaller decrease in displacement at the ASISs and SIJs than the others.
The difference in the tightening pressure in each belt could have affected the results.

There are few limitations to this study. First, for simplification, the soft tissue was
uniform in the model used in this study and the role of the muscles was not considered.

Although the soft tissue of the lumbopelvic region is mainly composed of skin, fat and
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muscle, these components were modeled as one soft tissue in this study. The material
properties of each tissue are different and muscle properties can change during standing
and walking. In this actual measurement, the pressure distribution was different when the
muscle worked and the simulation should include the muscle conditions. Since these
considerations are complicated and this study was conducted in a rest condition without
any motion, a simple soft tissue setup was adopted. Second, the tension of the pelvic belt
was not specifically controlled although the pelvic belts were worn as tightly as possible
to minimize the tension difference in each belt. Third, the pressure distribution
measurement system of the pelvic belt did not precisely follow the body shape. The device
used in this study was mainly developed to measure body pressure distribution with the
participant in the lying position. Because of its mat shape, it became columnar when
wrapped around the body and could not be tracked in the exact position. In addition, this
could affect the wearing condition of the pelvic belt, since it is necessary to attach the belt
while maintaining the shape of the device. For future research, it is important to develop
a measuring instrument that can track the shape of the lumbar region without interfering

with the pelvic belt.

5.5 Conclusions

The stress distribution within the pelvis when the pelvic belts were attached was
evaluated using finite element analysis. The deformation of the innominate bone and the
stresses on the SIJ were shown. Two types of pelvic belts caused the innominate bones to
rotate outward, called out-flare, thus enhancing the compression force on the SIJ and

decreasing S1J mobility.
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Chapter 6

Conclusions and prospects
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6.1 Conclusions

Sacroiliac joints (SIJs) can become incompatible due to unexpected forces or
repeated impacts, which causes SI1J dysfunction in association with pain. This disease is
considered to account for approximately 15% - 30% of the symptoms in patients with low
back pain. SIJs have a small range of motion and are often considered a non-movable
joint. Therefore, SIJs are not considered as a cause of pain and medical doctors may
overlook this disease. SIJ dysfunction is not a well-known disease, however many people
may potentially suffer from it. Biomechanics on SIJs in physiology and pathology are
poorly studied to date. Physiological functions of SIJs have not been well explained and
current surgical treatments to fix the joints may lead to loss of the functions. This study
aimed to clarify mechanical functions of SIJs on physiological and pathological pelves
and the effect of SIJ morphologies to mechanical environment in the pelves. This study
also aimed to visualize stress environment caused by pelvic belts, which is a basic
treatment for SIJ dysfunction, to clarify the treatment mechanism.

Chapter 2 demonstrated motions and functions of SIJs during walking. SIJs are
considered to be a shock-absorbing system, however, the stress environment has not been
well studied. This chapter reproduced in-vivo walking conditions in a kinematic model
combining a finite element model of a pelvis, that reproduces the detailed SIJ structure
and ligament arrangement, with 3D walking analysis data. Functions of SIJs were
investigated in a virtual pelvis without SIJ structures by changing the material properties
of SIJs from cartilages to bones. As a result, in models with bilateral SlJs, the
displacement differed greatly between the sacrum and the both hip bones on SlJs as the
boundary. In models without SlJs, the displacement of the pelvis and loads of pelvic
ligaments decreased and the equivalent stress of SIJs increased compared to the model
with SIJs. The walking loads cause distortion of the entire pelvis and stress concentration

at SIJs were seen due to the morphology of the pelvic ring. However, S1Js helped dissipate

117



the resulting stresses and the surrounding ligaments were likewise involved in load
transmission.

Chapter 3 investigated relations between the SIJs surface morphology and joint
motion resistance. SIJ surface models were creased based on CT data of healthy joints
and the surface morphologies were characterized. This analysis visualized bony surfaces
at the anterior sides and center points may contact each other. In addition, the original
friction resistance test equipment was developed and motion resistance was investigated.
Differences in resistance due to joint movement directions and combination positions
were clarified although it varied from person to person. It was suggested that joint
conditions may affect the mobility of SIJs.

Chapter 4 analyzed mechanical environment on SIJs caused by pelvic morphology,
using acetabular dysplasia pelves as a pathological example. Acetabular dysplasia is a
pelvic morphological abnormality at hip joints, which should affect the stress
environment of SlJs. Pelvic finite elemet models were created based on CT data and
analyzed to visualize stress distribution on standing. In addition, the abnormal
pathological pelves were compared with the postoperative pelves as a physiological
condition. The preoperative models were relatively inflare, the sacral nutation movement,
S1J cartilage equivalent stress and the load on the surrounding ligaments decreased with
increasing posterior acetabular coverage, i.e., the lack of posterior acetabular covergage
increases stress on SIJs. This suggested that the bony structure of acetabulum might play
an important role to transmit loading from femurs effectively. Inappropriate pelvic
morphologies can worsen stress environment on SlJs, which may contribute to pain
development.

Chapter 5 visualized load transfer within the pelvis caused by pelvic belts which are
one of treatment options for SIJ dysfunction. This therapy is frequently used in clinic,
however, few studies have investigated the mechanism of its effects. This study measured
lumbar pressure distribution wearing pelvic belts and reproduced stress environment of

pelves affected by pelvic arthoses using a finite element model. With the application of
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pelvic belts, the innominate bone rotated outward, which was termed an out-flare. This
caused SIJs to compress and cause reduction in sacrotuberous, sacrospinous, interosseous
and posterior sacroiliac ligament loading. In addition, this analysis demonstrated that the
pressure areas on the skin by pelvic belts and on the bony tissues of the pelvis did not
match. This result proposed that an analytical investigation should be important to realize
an effective stress environment on the SIJs by pelvic belts.

From the above, these studies successfully showed that the SIJ plays an important
role in relieving stress concentration in the pelvic structure. It was clearly suggested that
the stress environment may be sensitively affected by the morphologies of SIJs and pelves

and that the pelvic belts may change the pressure environment on SIJs.
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6.2 Prospects

The studies presented in this dissertation have advanced our understanding of
fundamental biomechanics of SIJs. Chapters 2 and 4 analyzed stress environment on
physiological and pathological pelves, respectively. Chapter 3 investigated the
relationship between SIJ surface morphology and joint motion resistance. Chapter 5
elucidated mechanism of pelvic belt treatments. These findings and additional
experiments may develop new treatment strategies that relieve mechanical stimuli by
controlling load transmission systems on SlJs.

Chapter 2 demonstrated SIJ movement in physiological pelves and clarified SIJ
functions by comparison of a model without S1J structure virtually. It was not, however,
an analysis in pathological pelves, such as SIJ dysfunction. Although medical imaging
tests can not provide strong findings (Murakami, 2017), SIJ degeneration may occur
(Asada et al., 2019). Since SlJs are assumed not to be able to function well in this disease,
pelvic structures or SIJ alignments should be changed. In addition, as shown in Chapter
4, stress environment of SIJs may alter in pathological pelves with pain not derived from
SIJs. It has also been reported that immobilization of SIJs inhibits efficient gait (Sanaka
et al., 2020), indicating that patients with SIJ dysfunction may walk differently from
healthy people. Therefore, SIJs may have high sensitivity to mechanical environments.
The current FE model did not consider friction resistances attributed to SIJ surface
morphology shown in Chapter 3. Further numerical analysis with surface morphology
information and/or actual pelvic data of SIJ dysfunction may reveal mechanical functions
of S1Js and contribute to effective treatments for SIJ dysfunction.

Chapter 3 showed shear resistance on nutation positions on physiological SIJs
increased or decreased, compared with other positions. Ito et al. (2020) reported that in
patients with SIJ dysfunction, the sacra rotated 2.1 degrees downwards, indicating SIJs
may keep nutation positions in pathological pelves. This implies that sacra should be

rotated to counter-nutation in order to keep constant motion resistance or that load
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transmission in the direction of low motion resistance should be controlled. Chapter 4,
however, suggests that the morphologies of pathological pelves can affect stress
environment on SlIJs. In addition, SIJ dysfunction-affected joints showed higher
mineralization values than that on healthy joints (Poilliot et al., 2021), implying that the
joints may be loaded mechanically and pathology due to SIJ dysfunction. Nishi et al.
(2018) reported that the SIJ high-degeneration group aged over 60 years showed lower
concavities at the middle and the lower parts and sharp angles at the posterior edge than
the low-degeneration group. Therefore, it is highly possible that not only joint positions
but also joint surfaces change in pathological pelves. The relations in patients with SIJ
dysfunction should be analyzed to utilize the findings on motion resistance due to SIJ
surface morphologies for treatments.

In addition, this study investigated the relationship between SIJ surface morphology
and joint motion resistance from the perspective on shear resistance, however,
considering the joint structure, synovial fluid resistance should be focused on. Fluid
properties of articular synovial fluid are mainly explained by squeeze effect and wedge
effect. These effects are considered not to be dominant factors because the gaps between
the sacrum and ilium are approximately 3 mm (Demir et al., 2007; Kalenderer et al., 2017,
Ito et al., 2020) and the range of motion is too small. As shown in Chapter 3, SIJ surfaces
have fine small irregularities and gap heights vary from place to place. The morphologies
may interfere synovial fluid flow, which can affect fluid resistance and joint motion.

Pelvic belts may be the best treatments on the existing methods to control the load
transmission mechanism on SIJs with minimal invasiveness. With application of pelvic
belts, this study demonstrated that innominate bones rotated outward, while Sichting et
al. (2014) showed enhanced inward rotation. This indicates that pelvic stress environment
can easily change depending on types and/or usage of pelvic belts. Pelvic belt treatments
have the highest potential to induce expected loads and to control the load-transmitting
mechanisms of SIJs among existing treatment methods. As shown in Chapter 5, however,

the pressure on skin is not directly linked to load on the pelvis, which requires additional
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simulation with various force application and further understanding of underlying
mechanical properties. In addition, Delshad et al. (2020) indicated that a pelvic belt with
a textured pad enhances effectiveness of pelvic orthoses by additional sensory stimulation,
which means that it is necessary to consider not only mechanical analysis but also
biological reactions.

Therefore, it is conceivable that treatment techniques considering biomechanics of

SIJs are highly required.
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