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ABSTRACT

Low back pain (LBP) is a large problem in the general population and especially among
people with a lower-limb amputation (LLA). The primary causes of LBP for people with
LLA are whole-body kinematic and muscle asymmetries [1]. However, the sources of LBP
are known to exist at the tissue-level such as within the intervertebral discs or facet joint
capsules [2]. No previous study has identified the connection between determining the source
of pain at the tissue-level and the cause of pain at the whole-body level. Identification of this
interconnectivity is required for better understanding of LBP and therapeutic intervention for
people with LLA. The purpose of this research was to create a multiscale model of the human
lumbar spine in order to help identify and characterize the interconnectivity between whole-
body biomechanics and tissue-level metrics leading to LBP for LLA. The results revealed that
people with LLA have greater tissue-level loads than able-bodied individuals and suggest that
people with LLA may perform certain motions with a more consistent strategy as compared
to people without an amputation. These findings help to improve the current understanding
of multiscale lumbar spine biomechanics, elucidate the greater risk for LBP in people with

LLA, and can help to inform future treatment for biomechanical LBP.
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CHAPTER 1
INTRODUCTION

Low back pain (LBP) is a common problem in the general population and has an even
greater prevalence among people with a lower-limb amputation (LLA) [3, 4]. For many
people with LLA, LBP is known as a secondary condition commonly associated with altered
movement strategies resulting from adaptation to limb loss [5]. Low back pain for LLA
is primarily caused by whole-body kinematic and muscle asymmetries [1]. The sources
of LBP are known to exist at the tissue-level such as within the intervertebral discs or
facet joint capsules [2]. However, the current standard of care to treat LLA with LBP is
physical therapy, which is an intervention at the whole-body level. Research to bridge the
gap between determining the source of pain at the tissue-level and the cause of pain at the
whole-body level is required for better understanding of LBP and therapeutic intervention.
Computational modeling allows for estimation of biological quantities that are difficult or
impossible to measure in vivo. Specifically, musculoskeletal models allow for prediction of
muscle and joint reaction forces, and finite element models allow for estimation of tissue-level
parameters such as stresses and forces within soft tissues. Both modeling frameworks are
beneficial for specific research questions. However, musculoskeletal models lack the fidelity
to incorporate tissue-level parameters such as detailed joint contact models and constitutive
modeling of materials. Additionally, finite element models are too computationally expensive
to model the whole body. Multiscale modeling allows for two or more scales to be combined
into a single framework with interaction between scale levels. Thus, the purpose of this
research was to create a multiscale model of the human lumbar spine in order to help identify
and characterize the link between whole-body biomechanics and tissue-level metrics leading
to LBP. The model was applied to people with and without LLA. The results of this work

will help to improve the current understanding of whole-body and tissue-level lumbar spine



biomechanics and elucidate the greater risk for LBP in people with LLA. The following are

the aims and hypotheses of this work:
e Aim 1: Develop a multiscale model of the lumbar spine.

— Objective 1: A whole-body musculoskeletal model with a detailed lumbar spine

will be created.

— Objective 2: A finite element model of the lumbar spine will be adapted to corre-

spond to the musculoskeletal model scale, orientation, and kinematic constraints.

e Aim 2: Identify differences in whole-body biomechanics and tissue-level metrics within
the lumbar spine between people with TTA and able-bodied individuals during sit-to-

stand.

— Hypothesis 1 (H1): People with TTA will have greater ranges of trunk-pelvis

motion than able-bodied participants [6].

— Hypothesis 2 (H2): People with TTA will have greater peak stress in the annulus
fibrosis, greater peak facet joint contact forces, and greater average intradiscal

pressure than able-bodied participants.

e Aim 3: Investigate the link between whole-body biomechanics and tissue-level metrics

within the lumbar spine.
— Hypothesis 1 (H1): Maximum lumbar spine flexion will correlate with peak an-
nulus fibrosis stress.

— Hypothesis 2 (H2): Maximum lumbar spine axial rotation will correlate with peak

facet joint contact force.

— Hypothesis 3 (H3): Increased lumbar spine flexion will correlate with greater

average intradiscal pressure.



CHAPTER 2
REVIEW OF LITERATURE

The following is a review of scientific literature that provides evidence to motivate the
development and analysis of multiscale modeling of the human lumbar spine in order to
better understand the etiology and pathogenesis of low back pain for individuals with a

lower-limb amputation.
2.1 Anatomy of the lumbar spine

The lowest section of vertebrae in the human spine is the lumbar vertebral column,
consisting of five individual bodies (Figure 2.1). The vertebral levels are denoted as L1-L5
with the first level being the most superior and closest to the thoracic vertebrae above. The
main function of the lumbar spine is to provide support for weight-bearing and the structures
of the lumbar spine protect the spinal cord and nerves.

There are key features with specific functions on typical lumbar vertebrae (Figure 2.2).
The vertebral body is the largest block of bone on a vertebra and is the structure that
provides the most weight-bearing support. Two projections of bone extending from the
vertebral body are the pedicles that each connect to a sheet of bone called the lamina.
Together, these structures protect the spinal cord, which runs through the vertebral foramen.
Extending from the laminae and pedicles are the various processes of the lumbar spine. The
transverse processes are large portions of bone that extend from the pedicles in the transverse
direction and serve as areas for muscle attachments. The posterior bony projection from the
proximal end of the transverse process is known as the accessory process. Each vertebra
has four articular processes: a left and right inferior articular process; and a left and right
superior articular process. Smooth areas of bone covered by articular cartilage are located
on the medial surface of the superior articular processes and the lateral surface of the inferior

articular processes. These areas are known as the facets of each articular process and make up



Figure 2.1: The lumbar vertebral column (shown and magnified in pink) located below the
thoracic vertebrae and above the sacrum [7]

the facet (or zygaphophysial) joints of the lumbar spine. The parts of each vertebra located
between the superior and inferior articular processes is known as the pars interarticularis. A
narrow portion of bone that resembles the shape of an axe blade and projected posteriorly
from the laminae is the spinous process. This process serves as an attachment site for muscles
and ligaments of the lumbar spine. A visual summary of these key features of the lumbar
spine is shown in Figure 2.2.

The intervertebral disc is an integral component of lumbar spine anatomy, specifically
allowing for flexion, extension, lateral bending, and shock absorption. Each disc is located
in between the vertebral endplates of two adjacent vertebral bodies. The two primary com-
ponents of the intervertebral disc are the nucleus pulposus and annulus fibrosis. The nucleus
is the soft inner core of the disc. It is comprised of mucoid material and collagen fibers
that allow the disc to withstand torsional and compressive forces. The annulus fibrosis is

the tough outer ring of the intervertebral disc. It consists of sheets of collagen fibers called
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Inferior view Lateral view Posterior view

Figure 2.2: Features of healthy lumbar vertebrae: vertebral body (VB), pedicle (P), trans-
verse process (TP), vertebral foramen (VF), lamina (L), interior articular facet (IAF),
spinous process (SP), pars interarticularis (PI), superior articular process (SAP), superior
articular facet (SAF), accessory process (AP), interior articular process (IAP) (adapted from

[3])

lamellae that enclose the nucleus pulposus and provide a secure connection to adjacent ver-
tebrae (Figure 2.3). An important feature of the intervertebral disc is that for any applied
load, equilibrium will be achieved due to the tension developed in the annulus fibers exactly

balancing the radial pressure exerted by the nucleus [2].
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Figure 2.3: Structure of a lumbar intervertebral disc (adapted from [9])
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2.2 Low back pain

Approximately 80% of adults experience low back pain (LBP) at some point during the
course of their life, qualifying it as a major socioeconomic problem for the general population
[10]. The International Association for the Study of Pain (IASP) defines LBP as pain
perceived as arising from either the lumbar spine or the sacrum or a combination of both
these regions [11]. The majority of LBP is acute, which refers to short term pain that lasts
a few days to a few weeks and often resolves on its own, while chronic LBP is characterized
as pain that remains for 12 weeks or longer. Chronic LBP is a more serious condition
and typically requires treatment or surgery. The causes of LBP originate primarily from
mechanical events; however, nearly every structure in the lumbar spine has been suggested
as a possible source of back pain at various points in history. In Clinical and Radiological
Anatomy of the Lumbar Spine, Bogduk defines possible causes for LBP by modifying criteria
from Koch’s postulates for bacterial diseases as follows [2]:

An anatomical structure may cause LBP if,

1. “the structure should have a nerve supply, for without access to the nervous system it

could not evoke pain.”

2. “the structure should be capable of causing pain similar to that seen clinically. Ideally,
this should be demonstrated in normal volunteers, for inferences drawn from clinical

studies may be compromised by observer bias or poor patient reliability.”

3. “the structure should be susceptible to diseases or injuries that are known to be painful.
Ideally, such disorders should be evident upon investigation of the patient but this
may not always be possible. Certain conditions may not be detectable using currently
available imaging techniques, whereupon the next line of evidence stems from post-
mortem studies or biomechanical studies which can provide at least prima facie evidence

of the types of disorders or injuries that might affect the structure.”



4. “the structure should have been shown to be a source of pain in patients, using di-
agnostic techniques of known reliability and validity. From such data, a measure of
the prevalence of the condition in question can be obtained to indicate whether the

condition is a rarity or oddity, or a common cause of back pain.”

Utilizing these postulates, analysis of the lumbar spine and sacrum anatomy can lead to
possible sources of LBP. These sources can be organized into three groups: structural failure

due to kinematics, muscle conditions, and tissue-level conditions.
2.2.1 Lumbar spine kinematics and structural failure

Repetitive movements past the normal range of motion of the lumbar spine along with
increased loading can result in fatigue failure of various spinal elements, which in turn leads
to LBP. The primary movements of the lumbar spine are axial compression/distraction,
flexion/extension, axial rotation, and lateral flexion. The range of motion of the lumbar spine
has been studied using cadavers, radiographs, and spondylometers (Figure 2.4). Though
total ranges of motion do not offer diagnostic insight, they present quantified information on
spinal function that demonstrate the underlying biochemical and biomechanical properties
of the lumbar spine [2]. It is often of interest to compare differences in ranges of motion
for lumbar spine segments between groups with varied age, degeneration, and back pain and
such quantities can be determined with reference to the normal values. Table 2.1 displays
normal ranges of lumbar segmental motion for males between 25-36 years.

The movement that occurs throughout loading on the vertebral column due to weight-
bearing during upright posture or due to contraction of the longitudinal back muscles is
known as axial compression. The annulus fibrosis, the tough circular ring of the intervertebral
disc, and nucleus pulposus, the soft inner-core of the disc, bear the applied load and transfer
it to the vertebral endplates [2]. The vertebral bodies around a disc draw closer to one
another and the disc bulges in the radial direction [15-17]. The reason the vertebral bodies

approximate is because the endplates arch away from the disc and the resulting deflection



Figure 2.4: Example of a spondylometer, instrument consisting of two angled rods and a
protractor, used to measure spinal mobility [12]

of each endplate is nearly half the displacement of the vertebrae [18]. Repetitively loading
the lumbar intervertebral joints in compression may lead to fractures in the subchondral
trabeculae and in one of the endplates [2] (Figure 2.5). Subchondral fractures can occur
even after as few as 1000-2000 cycles from loads between 37-80% of the ultimate compression
strength applied at 0.5 Hz [19]. Additionally, loads in the range of 50-80% of the ultimate
stress can produce fractures in subchondral bone and vertebral bodies after less than 100
cycles [20].

Flexion involves the full lumbar spine leaning forward and straightening the lordosis cur-
vature. During this movement, each intervertebral joint undergoes anterior sagittal rotation,
as well as slight anterior translation until the zygaphophysial (facet) joints are impacted.
Compressive and shear forces are exerted on the intervertebral joints from the weight of the
trunk and are proportional to the angle of the joint [2]. Mathematical analysis has been

conducted in order to determine the concurrent contribution of different structures to resist



Table 2.1: Ranges of lumbar segmental motion in males 25-36 years old. (Based on Pearcy
et al. 1984 [13] and Pearcy and Tibrewal 1984 [14]) [2]

Level Mean range (measured in degrees, with standard deviations)

Lateral flexion Axial rotation Flexion Extension Flexion &

Left Right Left Right extension
L1-2 5 6 1 1 8(5) 5(2) 13(5)
L2-3 5 6 1 1 10(2) 3(2) 13(2)
L3-4 5 6 1 2 12(1) 1(1) 13(2)
L4-5 3 5 1 2 13(4) 2(1) 16(4)
L5-S1 0 2 1 0 9(6) 5(4) 14(5)

lumbar flexion [22]. The findings relate only to resistance of anterior sagittal rotation and
suggest that the approximate resistance distribution is as follows: the intervertebral disc con-
tributes 29%, the supraspinous and interspinous ligaments contribute 19%, the ligamentum
flavum contributes 13%, and the capsules of the facet joints contribute 39%. Repetitively
loading the lumbar spine in flexion can lead to various lesions and fractures. Under pure
bending, repetitive loading has minimal effect on the intervertebral joints [23]. However,
repetitive bending under compression causes several different lesions in numerous structures.
These lesions, ranging from lamellae buckling to radial fissures, are similar in nature to
ones produced by pure compressive loading [2]. As a result of the facet joints resistance
against forward translation during flexion, a bending force is applied on the pars interarticu-
laris. Repetitively loading the inferior articular facets leads to failure of the pedicles or pars
interarticularis (Figure 2.6).

During extension, bending backward in the opposite direction of flexion, the lumbar spine
can be susceptible to a condition known interspinal osteoarthrosis or “kissing spines” [25].
The condition occurs as a result of adjacent spinous processes colliding and crushing the
interspinous ligament during lumbar extension. Because of the innervation of the spinous

process periosteum and interspinous ligament [26], the condition can be considered a source



Figure 2.5: Lumbar spine compression fracture located at the L4 level [21]

of LBP. A similar condition to kissing spines can also disturb inferior articular processes in
which the lamina is impacted during extension. If repeated extension injuries occur, the
periosteum of the lamina can become irritated, causing lesions and pain [27].

Torsional motion of the intervertebral discs is known as axial rotation and as a result,
the facet joints undergo impaction. The fibers of the annulus fibrosis angled towards the
direction of rotation are strained while the other half is relaxed [2]. It has been calculated
that the maximum range of rotation that an intervertebral disc can undergo without injury
is approximately 3° and rotation past this range will result in collagen fibers beginning to

experience micro-injury [16]. Extremely large forces are required to strain the intervertebral
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Figure 2.6: Lumbar spine bending fracture (blue arrow indicates intact pars interarticularis,
red arrow indicates fractured pars interarticularis) [24]

disc past 3° and isolated discs fail at approximately 12° of rotation at the macroscopic
level, suggesting that the range from 3 — 12° of rotation describes continual microfailure
until apparent macrofailure appears [28]. The elements that offer primary resistance to
lumbar spine axial rotation are the facet joints, intervertebral disc, and supraspinous and
interspinous ligaments. The tendency for elements to fail due to repetitive axial rotation
varies depending on the initial range of motion. For example, if the intervertebral segment
does not rotate past 1.5° it can withstand up to 10,000 rotations with no evident damage [2].
However, with a larger initial range of motion, segments can start to fail after 2,000-3,000
repetitions and sometimes even as few as 50 [29]. This failure is often seen as tears in the
annulus fibrosis or fractures of the facet joints, laminae, or vertebral bodies. Due to the
complexity of lateral flexion, which does not incorporate simple lumbar intervertebral joint
movements, very few studies have analyzed this movement and determined corresponding

mechanisms of fatigue [2].
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2.2.2 Muscle function and conditions

Lumbar spine muscles can be potential sources of LBP because of their innervation.
A common way to induce pain in healthy volunteers is with intramuscular injections of
hypertonic saline [30]. This method has been proven through normal volunteers who received
injections of hypertonic saline into their back muscles and as a result experienced LBP
[31, 32]. Spinal muscles provide the main support for the body and allow for upright standing
and various activities of daily living (ADL). Conditions involving spinal muscles can put the
body in misalignment which in turn, can cause pain. It is controversial how to characterize
disorders that influence the muscles of the lumbar spine, however, there are several that have
been agreed upon as possible causes of LBP.

Scientists have come to a common agreement that chronic back pain, resulting from
muscle pain, is due to muscle spasm [33]. This conclusion has been drawn from the suggestion
that muscles develop irregular activity as a result of abnormal posture or articular pain and
thus, become painful [2]. Ischaemia, the restriction of blood supply to muscles, is the main
possible premise for this type of pain, but supporting evidence is unclear [33]. Additional
experimental research must be collected in order to determine if the mechanisms of pain are
from muscle attachment strain, ischaemia, or an alternative.

Through observations in the field of sports medicine, muscle strains have been believed
to cause pain after intense exertion or abrupt stretching. Therefore, it can be hypothesized
that such an injury could occur in the back muscles and cause LBP [2]. Failure at the
myotendinous junction following muscles stretching against contraction has been commonly
demonstrated in animal studies [34-36]. As a result, a lesion develops and is often acknowl-
edged as a source of pain. There is no current evidence that directly supports lesions as a
cause of back pain, however, it is not impossible to study further due to technology such as
magnetic resonance imaging (MRI).

Sensitive areas in muscle are known as trigger points, or muscle knots, and are able to

produce pain. They are identified as points with severe sensitivity in palpable bands of taut
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muscle fibers [2]. Figure 2.7 shows a schematic of a trigger point complex. The taut fibers
have a reduced width and contain swollen contraction knots within the trigger point. These
points are believed to originate due to a reflex response to joint disease [37] or repetitive
strain of the damaged muscle [38]. Studies have shown that the iliocostalis, longissimus,
multifidus [39], and quadratus lumborum [40] muscles have been affected by trigger points,
however, the diagnostic criteria is difficult to satisfy and it is unknown how frequently they

cause LBP [2].
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Figure 2.7: Schematic of a trigger point complex [41]

The concept of muscle imbalance refers to the ratio between the strength of agonist and
antagonist muscles crossing a joint [42]. It is believed that deviations from normal muscle
response in postural and phasic muscles, resulting in imbalance, can lead to pain [43]. Though
many support the theory of muscle imbalance leading to LBP, it is unclear whether the pain

emerges from one or more muscles or from resulting stresses on the affected joint [2]. The

13



theory was formed on the basis of clinical observation, but future research with objective

confirmation must be conducted for the theory to be truly valid.
2.2.3 Tissue-level conditions

Because numerous elements within the biological mesoscale are innervated, many possible
sources of pain are found within soft tissue. Namely, the lumbar fascia, dura mater, epidural
plexus, sacroiliac and facet joints, spinal ligaments, and intervertebral disc are all probable
sources of LBP. The thoracolumbar fascia creates a compartment around the back muscles.
This has lead to the idea that the back can be affected by compartment syndrome [44, 45],
which is the concept that the back muscles enlarge during activity but their expansion is
limited by the thoracolumbar fascia. Subsequently, pain can develop as a result of high strain
in the fascia.

There are clinical similarities between patients with ligament injuries within the appendic-
ular skeleton and patients with LBP. Thus, ligament sprain has been suggested as a possible
source of back pain. The only two ligaments that have existing recorded data describing
them as sources of back pain are the interspinous and iliolumbar ligaments [2]. Experimen-
tal stimulation of the interspinous ligament, which connect adjacent spinous processes, has
been found to produce LBP [46]. Additionally, the interspinous ligaments are often degen-
erated centrally when analyzed post-mortem [47]. The iliolumbar ligament connects the tip
of the L5 vertebral transverse process to the iliac crest’s inner lip posteriorly and provides
resistance against flexion, rotation, and lateral bending of the L5 vertebra [48-50]. During
these movements the iliolumbar ligament can be susceptible to strain injury. Tenderness
over the posterior superior iliac spine has been attributed to iliolumbar ligament sprain, but
also the lumbosacral joint and back muscles, and it is unclear what specific disorder may be
leading to pain [2].

Stressing the sacroiliac joint with injections of contrast medium was found to produce
somatic joint pain in normal volunteers [51]. However, there is much uncertainty on me-

chanical disorders affecting the joint due to it’s small range of movement. Studies have
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determined that sacroiliac joint pain can be diagnosed by using intra-articular injections of
local anesthetic and about 15% of patients with chronic LBP were found to have sacroiliac
joint pain [52, 53]. The pathology of this pain in unknown, but it can possibly be attributed
to ventral capsular tears [53].

It has been established that the lumbar facet joints can produce LBP in normal vol-
unteers. Particular patients have experienced relieved pain by anesthetizing one or more
lumbar facet joints [54-58]. Though the prevalence is apparent for this pain, the pathology
still remains unclear. The facet joints can be affected by various disorders, but the condi-
tions have not been determined as the causes of pain in patients who have received anesthetic
blocks [2]. Studies analyzing lumbar spine biomechanics have demonstrated that the facet
joints can be injured by numerous movements. During extension, continued impact of an
inferior articular process on the lower lamina causes the contralateral inferior articular pro-
cess to rotate and capsular disruption of that joint [59]. This same damage can occur during
continued axial rotation, as well as subchondral bone fractures, articular process fractures,
and pars interarticularis failure [2]. A syndrome defined clinically as ‘acute locked back’
in which a patient is unable to straighten after bending forward because of severe pain is
related to the facet joints. One theory is that one of the fibroadipose meniscoids within the
joint is drawn out during flexion but is unable to re-enter the cavity during extension and
thus causes pain from joint capsule swelling [60].

The most thoroughly studied and widely understood cause of chronic LBP is internal
disc disruption (IDD). Out of all conditions, IDD has the strongest correlations between
it’s formation, biophysics, and pain [2]. IDD is defined as degradation of the disc’s nuclear
matrix with the existence of radial fissures directed from the nucleus to the annulus fibrosis
(Figure 2.8). These fissures are given grades, from 1-4, depending on the extent at which they
permeate the annulus [61]. IDD is a focal disorder in which the intervertebral disc may bulge,
but the external boundary of the annulus stays intact. A disc with IDD exhibits decreased

or non-existent nuclear stress and high stresses in the posterior annulus above normal, which
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correlate well with reproducing pain through stimulation [62]. After repetitive compression
loading, a vertebral end-plate fracture may occur which can result in healing or may induce
IDD. If the degradation grows along a radial fissure for the full thickness of the annulus, disc
herniation can occur [2]. It is currently not possible to diagnose IDD clinically, however, it
is the single most common observable cause of chronic LBP, with a prevalence of at least

39% [63).

Vertebral body

Intervertebral foramen

Anulus fibrosus \

Nucleus pulposus

Internal disc disruption

Lateral view Superior view

Figure 2.8: Example of a radial fissure in internal disc disruption (adapted from [64])

2.2.4 Summary

For decades, countless research analyses have been conducted in order to better under-
stand the causes of LBP. Many concepts pose numerous elements of the lumbar spine as
potential causes of pain. These theories must still be further tested, however, to determine
the pathology of various conditions. A summary of the proposed sources of LBP and the
extent to which they satisfy the postulates for a structure to be considered a source of LBP

is shown in Table A.1.
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2.3 Persons with a lower-limb amputation

In addition to the general population, LBP has been reported to affect up to 71% of
persons with a lower-limb amputation (LLA) [4]. LBP is a major cause of secondary disabil-
ities in the amputee population and nearly one-third of people with LLA and LBP report
their pain as severe and that it hinders their ability to work and perform daily activities
[5]. Though LBP has been known to significantly affect the LLA population, determination
of the etiology and mechanisms of LBP remain controversial and inconsistent. Nonspecific
LBP, which occurs in people with LLA, is proposed to involve many factors such as biome-
chanical, psychological, and social [65, 66]. In populations with abnormal spine kinematics,
biomechanical factors play a large causal role [1].

Studies suggest that the increased prevalence of LBP in people with LLA is mainly
due to kinematic and muscle asymmetries, rather than degenerative arthritis-related pain
[3, 67]. People with a transfemoral ampuation (TFA) and LBP were found to have increased
transverse plane motion and extension of the lumbar spine compared to able-bodied controls
[1]. During the stance phase of the prosthetic limb, most people with TFA laterally flex
their trunk towards the amputated side [68] and throughout the gait cycle, show greater
pelvic range of motion in the frontal and sagittal planes [69]. Decreased pelvic drop was
reported to occur during the stance phase of the prosthetic limb and slight hip-hiking during
swing phase of the prosthetic limb for people with a transtibial amputation (TTA) [70].
In order for kinematic asymmetries to exist, altered muscle recruitment must control the
movement. People with TFA have increased muscle activity at the hip joint of the intact leg
and people with TTA have increased activity of the hip extensors during early stance of both
the intact and amputated legs compared to the corresponding leg on able-bodied controls
[71]. An experimental study based on physical measures found significantly stronger back
extensors in participants with TFA when compared to those with TTA, but significantly
decreased back extensor muscle endurance in participants with TFA versus TTA [72]. A

recent modeling study found that people with TTA had increased back extensor (erector

17



spinae) muscle forces on the intact side when compared to able-bodied participants [6].
Altered mechanical loads at various joints and in surrounding tissue result from the
biomechanical asymmetries in people with LLA. Increased trunk lateral flexion toward the
residual side is thought to help stabilize the body [70] but has been found to increase peak
laterally-directed joint reaction forces and lateral bend moments by 83% and 41%, respec-
tively, in prosthetic versus intact stance among people with TFA [73]. In the same study,
peak anteriorly-directed reaction forces and extension moments were reported as 31% and
55% greater, respectively, among people with TTA versus able-bodied controls [73]. The
asymmetric and increased mechanical loads at the low back that are found in people with

LLA are potential causes of LBP, especially through repetitive abnormal loading.
2.4 Biomechanical modeling techniques

Validated computer models of the human musculoskeletal system are imperative to the
field of biomechanics when certain parameters to be analyzed are difficult or impossible to
measure in vivo. Musculoskeletal (MSM) and finite element (FE) modeling are convention-
ally accepted ways to model biological phenomena at the macro- and mesoscale, respectively.
A newer, emerging technique in biomechanics is multiscale modeling which combines two or
more scale levels in one simulation framework. The following sections describe the three

modeling methods, studies of the spine, and current limitations.
2.4.1 Macroscale modeling

The components of the musculoskeletal system are fundamental in producing coordinated
motion. However, there are important variables, such as joint contact and individual muscle
forces, that are not measurable in vivo. The development of MSM has enabled scientists to
produce computer generated dynamic simulations of human movement in silico to calculate
estimates of values impossible to measure experimentally. Several of the established MSM
platforms (both commercial and open-source) that are available currently include SIMM

[74], AnyBody [75], and OpenSim [76]. Key capabilities of MSM are to analyze macroscale
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biomechanics at the whole-body level in order to understand coordination of movement,
the effects of various surgeries and pathologies, medical device design, and performance
optimization.

The two main methods for generating MSM dynamic simulations in order to study muscle
recruitment are the forward and inverse dynamics approaches [77]. Both methods apply the

classical equations of motion, which can be written as:
M(q)i+Clg,q) +G(q) =T (2.1)

where M(q) is the system mass matrix, ¢ is the vector of generalized positions, ¢ is the
vector of generalized velocities, ¢ is the vector of generalized accelerations, C(q,q) is the
vector of Coriolis and centrifugal forces, G(q) is the vector of gravitational forces, and 7 is
the vector of generalized forces (as described in the OpenSim documentation). The major
difference between the two methods is that the forward dynamics approach applies muscle
excitations or joint torques to a musculoskeletal model in order to produce movement and
determine muscle force profiles while the inverse dynamics approach applies a known motion
to a model in order to determine joint torques and muscle forces. The available input
largely determines the MSM analysis method used. If electromyography (EMG) signals or
joint torques are known, the forward dynamics method is utilized and if laboratory-recorded
motion-capture data is available, the inverse dynamics method is employed. If all of these
inputs are available, either or both methods may be used and results can be compared to
one another.

Many whole-body musculoskeletal models define the head, arms, and torso as one lumped
segment [78-80]. For studies analyzing the lower-extremity, this is an acceptable approxi-
mation. However, studies investigating the lumbar spine require more anatomical detail in
the torso region in order to obtain realistic spinal loading and kinematic results. Muscu-
loskeletal models of the lumbar spine have been developed and validated for various analyses,
such as determining lumbar spine kinematics and estimation of muscle force profiles during

walking, jogging, and trunk movements. The first published model of the human lumbar

19



spine was created in the AnyBody software and incorporated seven rigid segments (pelvis,
5 lumbar vertebrae, and lumped thoracic part), 154 muscles, and lumbar vertebral joints
defined as 3-degrees-of-freedom (DOF) spherical joints [81]. Improving upon this was a lum-
bar spine musculoskeletal model created in the OpenSim platform which included the same
seven rigid upper-extremity segments, 238 muscle fascicles, and lumbar vertebral joints de-
fined as 6-DOF joints in which each lumbar vertebrae is assumed as a linear function of the
coordinate of interest (flexion/extension, axial rotation, and lateral bending) (Figure 2.9)

82).

Figure 2.9: Musculoskeletal model of the human lumbar spine developed in OpenSim. Muscle
wrapping objects are shown in blue mesh and muscle fascicles shown in red [82].

The lumbar spine MSM developed in OpenSim was further modified to incorporate 6-
DOF stiffness at each intervertebral joint in order to obtain more accurate lumbar spine
motion and loading [83]. Many musculoskeletal models do not incorporate stiffness of passive
intervertebral structures, such as facet joints, ligaments, and intervertebral discs, which are
thought to provide a crucial role on the muscle forces affecting joint loading [84]. Adding

more detail to developed musculoskeletal models can provide better comparisons to in vivo
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results. Established MSMs of the lumbar spine in both OpenSim and AnyBody have been
adjusted to include the details of the thoracolumbar spine and articulating ribcage in an
effort to more accurately predict spinal loading [84-86].

In order to test the sensitivity of lumbar spine loading to various anatomical parameters,
Putzer et al. parameterized important vertebral features in a musculoskeletal model with
several simulation cases and reported that vertebral body height and disc height had the
largest effects on lumbar loading [87]. Another MSM study with a focus on spinal loading
modeled an instrumented vertebral body replacement (VBR) in a whole-body MSM in order
to determine the predictive power of the model to estimating in vivo spinal loads [88].
Currently, only one study has analyzed trunk and low back metrics using a musculoskeletal
model of subjects with a unilateral, transtibial amputation. The study determined that
people with unilateral TTA have different trunk-pelvis motion, greater L4L5 joint contact
forces, and greater trunk-pelvis muscle forces compared to able-bodied controls [6]. The
results provide a starting point for further work to discover a causative link between trunk-

pelvis biomechanics and LBP among people with LLA.
2.4.2 Mesoscale modeling

If investigation of tissue-level stresses, strains, deformations, and loads is of interest,
MSM approaches are no longer viable. Computer modeling of phenomena occurring at the
mesoscale, or tissue-level, is most commonly performed with FE modeling and simulation.
The FE method is a numerical analysis technique that utilizes integration for determining ap-
proximate solutions to boundary value problems for partial differential equations. There are
many different FE modeling platforms available such as ABAQUS, ANSYS, LS-DYNA, and
FEBio. Due to the difficulty in solving engineering problems at the mesoscale, FE analysis
subdivides large systems into finite elements in order to obtain a solution. In biomechanics,
this allows for soft tissues and joint contact surfaces to be modeled and analyzed.

Research groups have been analyzing spinal segments through FE modeling since the

early 1990s [89-91]. The methods used to create these models have been developed over
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time and currently, there is a standard method to create FE models of the lumbar spine,
with differences lying typically in numerically defined values. The distinguishable features
of the vertebral body are generally the cortical shell, cancellous core, bony endplates, and
posterior bony elements. the distinguishable features of the intervertebral discs are generally
the nucleus, annulus fibers, annulus ground substance, and cartilaginous endplates. In order
to obtain realistic anatomical geometry, FE models of the human lumbar spine typically
use geometry extracted from computed tomography (CT) or MRI scans. The majority of
studies analyzing the lumbar spine define the vertebral cortical and cancellous bone as linear
elastic isotropic material with Young’s modulus of 12,000 and 10 M Pa and Poisson’s ratio
of 0.3 and 0.2, respectively [92]. The bony and cartilaginous endplates and posterior bony
elements are also defined as linear elastic isotropic materials with varying values for Young’s
modulus and Poisson’s ratio. The articular facet joints are defined as unilateral frictionless
connections that transmit only compressive forces with a designated initial gap [92].

The intervertebral disc plays an important role in load bearing and movement which is
not captured in musculoskeletal modeling. In FE modeling, the nucleus pulposus, which
contributes the most in compressive stiffness of the disc, is typically modeled as a fluid-like
solid with linear elastic isotropic material properties. The annulus fibrosis, which provides
protection for the nucleus pulposus, has frequently been defined as a linear elastic material
with an isotropic matrix of tension-only elastic fibers [92]. The ligaments of the human body
are behave nonlinearly [93], however, many FE studies of the lumbar spine have adopted a
linear elastic definition [92]. A full FE model of the lumbar spine is shown in Figure 2.10 as
a reference to the definitions previously described.

The anatomical geometry for FE models of the lumbar spine are typically taken from
CT scans of a single subject. Several studies have explored this area further. Lalonde et al
developed a free-form deformation (kriging) technique to deform a FE model of the lumbar
spine to patient-specific geometry of 10- and 82-year-old asymptomatic spines [95]. Campbell

et al developed a method to automatically create FE models of the lumbar spine from CT
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Figure 2.10: Finite element model of the human lumbar spine developed in ABAQUS. Bony
elements are shown as white elements and intervertebral discs as blue elements [94].

geometry using a novel landmark identification approach [94]. Niemeyer et al parameterized
geometric features of a FE model of the lumbar spine in order to determine which parameters
account for the majority of variance of the model response [96].

One large reason for utilizing FE modeling to study the lumbar spine is that degeneration
and pathological abnormalities can be simulated. Degeneration of the intervertebral disc is a
common cause of LBP and understanding it’s biomechanical differences from asymptomatic
discs is of great interest. Two previous studies have created FE models of the lumbar
spine with varying degrees of intervertebral disc (IVD) degeneration in order to understand
how degenerated IVDs affect intersegmental rotations, intradiscal pressures, and facet joint
forces [97, 98]. In wivo loads on the lumbar spine are impossible to measure unless an
instrumented device is surgically implanted. Still, these devices are typically implanted
in symptomatic patients. FE modeling of the lumbar spine allows for estimation of these
loadings on healthy and pathological subjects and an understanding of their biomechanical

implications. Dreischarf et al reviewed estimated loads on the lumbar spine during various
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postures determined from several in vivo and computational model studies [99] and Schmidt
et al analyzed the response of the lumbar spine during regular ADL [100]. Rohlmann et al
combined an in vitro experiment using an internal fixation device and computational FE
study to estimate trunk muscle forces for upper body positions in the sagittal plane [101].
Schmidt et al analyzed the biomechanics of a FE model of a lumbar motion segment in
pure and combined shear loads [102] and Dreischarf et al determined that caution must be
used when estimating the compressive force in the lumbar spine from intradiscal pressure
measurements [103].

Improvement of FE models of the lumbar spine should continue with new scientific find-
ings and technologies. Several studies have explored methodologies to improve current com-
putational models. Zander et al modeled the lumbar spine with the highest and lowest values
for ligament stiffness from the literature separately in order to understand how ligament stiff-
ness influences the biomechanics of a functional spinal unit [104]. Schmidt et al developed a
calibration method to find the ideal material parameter combination of annulus fibers and
ground substance for an FE model of a lumbar functional spinal unit [105]. Additionally,
Schmidt et al also conducted a review study on what FE modeling studies of lumbar IVDs
have found over the past four decades, such as the roles of its constituents, its biodynamics,
and its transport [106]. Dreischarf et al compared eight published, validated FE models
of the lumbar spine and determined that the combination of models provides an improved

prediction in estimating the response due to loading [107].

2.4.3 Multiscale modeling

Biological phenomena span across many spatial scales and in order to understand how a
higher level scale influences a lower level scale, and vice versa, MSM and FE methods are
no longer valid individually. Techniques of modeling multiple spatial scales simultaneously,
defined as multiscale modeling, are required to understand the integrative nature of system
levels. These methods have been in existence for many years in areas such as chemistry,

mathematics, and material science and have also been employed previously in the field of
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biomechanics for various parts of the human body. In the musculoskeletal system, studies
of pain in which the etiology is multi-factorial or relative to locomotion necessitates the
need for a multiscale modeling approach. Disorders and injuries that involve the interaction
of muscle activation and soft tissue deformation, such as diabetic foot ulceration, require
understanding the relation between macro- and mesoscale biomechanics. Mechanism of
noncontact anterior cruciate ligament (ACL) injury could also be better understood through
a multiscale approach by modeling detailed muscle wrappings and activations, as well as
accurate interaction with surrounding tissue [108]. Utilizing multiscale modeling techniques
to better understand low back pain for persons with a lower limb amputation is thus a similar
concept.

Several groups have reviewed the large need for further development of multiscale mod-
eling in computational biomechanics, as well as addressed past work and current limitations
[108, 109]. Tawhai et al. recognized current tools that can be used for multiscale biome-
chanics analyses such as open-source musculoskeletal [76] and finite element [110] modeling
programs and atlasing projects such as the Allen Brian Atlas [111]. Priorities in multiscale
computational biomechanics determined by Tawhai et al. are sharing of models, development
of a standard format, and dissemination of a solution database [108]. Ateshian et al. also
addressed several challenges that must be overcome in what they term “integrative biome-
chanics.” They also propose the development of supporting databases, as well as in vivo
measurements of structure and function that are higher spatially and temporally resolved
and building a close partnership between engineers, biomedical scientists, and clinicians to
promote patient-specific treatment [109].

Despite the numerous challenges and limitations, multiscale biomechanical modeling has
been employed throughout the human body. Halloran et al. reviewed the need for multi-
scale modeling in studying cartilage mechanics and proposed a simulation structure in which
muscle forces and joint movement from musculoskeletal modeling can be used to inform a

finite element model of the whole knee joint, the cartilage stress-strain from the joint FE
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model can be used to inform a microstructural FE model of soft tissue, and the chondrocyte
stress-strain from the tissue FE model can be used to inform a microscale model of tissue
fiber. This pathway, used with feed-forward coupling, can provide potential causes of carti-
lage damage and mechanical catalysts at the multiscale level on chondrocytes [112]. Another
study utilized multiscale modeling to determine if and how the lines of action of hip joint
muscles cause edge loading on a well-designed and well-positioned hip replacement. The
framework consisted of extracting muscle origins, insertions, and forces from a musculoskele-
tal model in OpenSim and using them to simulate a finite element model of a hip joint in
Matlab as shown in Figure 2.11 [113]. Phillips et al. also utilized musculoskeletal and finite
element modeling in a multiscale framework. A structural optimization routine was devel-
oped to predict the structure of the femur during two loading cases with a musculoskeletal
model of the lower limb and a FE model of the femoral segment with cortical and trabecular
bone modeled according to their structural properties [114].

Few studies have modeled the human spine using a multiscale approach. McDonald et
al. developed a multiscale FE model of the osteoporotic lumbar vertebral body to study the
mechanics of vertebral compression fracture at the apparent and microstructural levels. The
model consisted of the whole vertebral body using linear shell elements and the microstruc-
tural internal trabecular bone core using a lattice structure determined from micro-CT scans
[115]. McDonald’s multiscale model was implemented completely in a finite element frame-
work, while Han at el. developed a multiscale model entirely in a musculoskeletal framework.
The purpose of their work was to add short segmental muscles, lumbar ligaments, and disc
stiffnesses to an existing musculoskeletal model to determine what role passive soft tissues
have in spinal loading [84]. Although their model lacks the detail that FE models provide, the
model is still considered multiscale since it incorporates bones and muscles at the macroscale
and disc stiffnesses and lumbar ligaments at the mesoscale. Instead of creating a multiscale
model within one simulation framework, Zhu et al. incorporated both FE and musculoskele-

tal modeling. The purpose of the study was to determine te effects of the definition of the
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Figure 2.11: Diagrams indicating the line of action of the rectus femoris (blue line) and its
hip joint reaction force (green/red arrow). The left column shows the discretized hip joint FE
model and the right column shows representative positions from the musculoskeletal model
[113].

center of rotation and the elasticity of bony structures when combining a musculoskeletal
model and FE model of the spine. Anatomical geometry was adjusted to match in both
models. Intervertebral rotations of 20 deg flexion and 10 deg extension were applied to the
musculoskeletal model and muscle forces determined through optimization. These muscle
forces were transferred to the FE model and the resulting motion (intervertebral rotations)
were observed. Various deviations of intervertebral rotations occurred between models and

Zhu et al. concluded that the fixed centers of rotation and the rigidity of the bony structures

used in musculoskeletal models will often lead to different intervertebral rotations when es-
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timated muscle forces are used with elastic FE models [116]. Although not specific, this is
an important finding for studies that involve using motion-captured kinematics to estimate
muscle forces that drive a FE model to determine tissue stresses and strains. Future work
in multiscale modeling of the spine must ensure convergence between all scale levels and

simulation platforms.
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CHAPTER 3
DEVELOPMENT OF A MULTISCALE MODEL OF THE LUMBAR SPINE:
APPLICATION FOR PERSONS WITH A TRANSTIBIAL AMPUTATION DURING
SIT-TO-STAND

A manuscript to be submitted to IEEE Transactions on Biomedical Engineering

or Journal of Biomechanics

Jasmin D. Honegger!, Jason A. Actis?, Deanna H. Gates®, Anne K. Silverman?,

Ashlyn H. Munson®, and Anthony J. Petrella’
3.1 Abstract

Persons with a transtibial amputation (TTA) have an increased prevalence of low back
pain (LBP) compared to the general population, which is related to biomechanical causes.
However, how different kinematics at the whole-body level affect potential sources of pain at
the tissue-level remains unclear. A multiscale model was constructed by combining muscu-
loskeletal and finite element (FE) models of the lumbar spine to characterize the intercon-
nectivity between the two scales without invasive measurements. Kinematic and kinetic data
were collected from people with (n = 4) and without (n = 4) TTA during sit-to-stand. An

inverse kinematics solution was determined for an eight-segment model with 19 degrees of
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freedom, which as then input with ground reaction forces and a musculoskeletal model into a
static optimization framework that solved for muscle recruitment. Geometry, muscle attach-
ment locations, muscle forces, joint contact forces and moments from the torso-L1 joint, and
L5 vertebra orientation were transferred from the musculoskeletal model to the FE model.
Lumbar spine kinematics were similar between models with the greatest discrepancy (12.89°
in flexion) occurring at the moment of lift-off. Participants with TTA had different lumbar
kinematics compared to able-bodied participants (e.g., more flexed posture) throughout the
motion. Regression models predicted more than 50% of the variance in each tissue-level
metric for annulus fibrosis von Mises stress vs. flexion/extension, facet joint contact force
vs. axial rotation, and intradiscal pressure vs. flexion/extension for all participants. The
multiscale model provides insight into the interconnectivity between scale lengths and can

extend to use with other activities to inform treatment of LBP.
3.2 Introduction

Low back pain (LBP) is a common problem in the general population and has an increased
prevalence among people with a lower-limb amputation (LLA) [3, 4]. For many people with
LLA, LBP is known as a secondary condition commonly linked with altered movement
strategies as a result of adaptation to limb loss [5]. The primary causes of LBP for people
with LLA are related to biomechanical consequences such as whole-body kinematic and
muscle asymmetries [1]. The sources of LBP are known to exist at the tissue-level such as
within the intervertebral discs or facet joint capsules [2]. However, the current standard of
care to treat people with LLA and LBP is physical therapy, which is an intervention at the
whole-body level. There is a need to bridge the gap between determining the source of pain
at the tissue-level and the biomechanical cause of pain at the whole-body level to better
understand mechanical LBP and the appropriate therapeutic intervention.

Computational modeling techniques allow for estimation of biological quantities that are
difficult or impossible to measure in vivo. Dynamic rigid-body simulations of human move-

ment can be performed with musculoskeletal models to estimate muscle forces and joint
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loading. Finite element (FE) models can be used to simulate certain regions of the body and
estimate tissue-level mechanics. Previous musculoskeletal modeling studies have tested the
sensitivity of lumbar spine loading to various anatomical parameters [87], determined the
predictive power of a musculoskeletal model to estimate in vivo spinal loads from vertebral
body replacements [88], and analyzed low back kinematics and loading for people with a
unilateral transtibial amputation (TTA) during walking [6]. Finite element modeling stud-
ies have primarily focused on the effects of ligament stiffness [104], annulus fiber and ground
substance material parameters [105], and other material properties on lumbar spine biome-
chanics. Separately, musculoskeletal and FE modeling techniques have certain limitations
such as lack of constitutive detail in musculoskeletal models and computational expense in
FE models.

Multiscale modeling involves analyzing models that span multiple spatial scales in one
simulation framework. These models allow for the investigation of the coupling and intercon-
nectivity between spatial scales. Few studies have modeled the human lumbar spine using
a multiscale approach. McDonald et al. developed a multiscale FE model of the osteo-
porotic lumbar vertebral body to study the mechanics of vertebral compression fracture at
the apparent and microstructural levels [115]. Another study added short segmental muscles,
lumbar ligaments, and disc stiffness to an existing musculoskeletal model to determine what
role passive soft tissues have on spinal loading [84]. Zhu et al. incorporated both muscu-
loskeletal and FE modeling techniques in a multiscale model to determine the effects of the
centers-of-rotation and elasticity of bony structures on intervertebral kinematics during 20°
flexion and 10° extension [116].

The sit-to-stand movement is a common daily activity that is often used to assess lower-
limb strength in the elderly and in populations with lower-limb deficiencies [117]. Previous
studies have found that people with LBP have motion compensation and altered load sharing
strategies such as straight leg raise, altered moments and powers acting across the lumbar

spine and hips [118], and reduced sagittal-plane mobility [119] during sit-to-stand when
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compared with asymptomatic individuals. Additionally, lumbosacral joint moments and
powers have been found to be significantly larger among people with a unilateral transfemoral
amputation as compared to able-bodied participants [120]. These studies provide helpful
insights on whole-body metrics for patients with LBP and people with LLA during sit-to-
stand, but to our knowledge, no previous study has combined the benefits of musculoskeletal
and FE modeling techniques to investigate tissue-level metrics commonly associated with
LBP during dynamic movements, such as sit-to-stand.

The purpose of this study was to create a multiscale model of the human lumbar spine to
identify and characterize the interconnectivity between whole-body biomechanics and tissue-
level metrics leading to LBP for people with a unilateral transtibial amputation (TTA) during
sit-to-stand. We hypothesized that: 1) People with TTA would have greater ranges of trunk-
pelvis motion than able-bodied participants; 2) People with TTA would have greater peak
von Mises (vM) stress in the annulus fibrosis, greater peak facet joint contact forces, and
greater average intradiscal pressure than able-bodied participants; 3) Maximum lumbar spine
lateral bending would correlate with peak annulus fibrosis vM stress; 4) Maximum lumbar
spine axial rotation would correlate with peak facet joint contact force; and 5) Increased

lumbar spine flexion would correlate with greater average intradiscal pressure.

3.3 Methods

3.3.1 Multiscale model development

A whole-body musculoskeletal model with lumbar spine fidelity was developed in Open-
Sim 3.3. The model includes detail of the lumbar spine and torso from [82], the lower
extremity from [78-80, 121, 122], muscle strengths from [85], and body mass distribution
from [123]. Muscles were represented with 294 Hill-type musculotendon actuators with force-
length-velocity properties [124]. The model contains 18 body segments (torso, five lumbar
vertebrae, sacrum, pelvis and left and right femur, shank, calcaneus, talus, and toes) and
19 degrees of freedom (DOF) (subtalar and metatarsophalangeal joints locked) with the

motion of the five lumbar intervertebral joints constrained as a linear function of the total
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trunk-pelvis motion [82]. Another version of the model was created to represent a person
with TTA by removing the twelve muscles crossing the amputated leg ankle joint, decreasing
the residual shank mass, and shifting the residual shank center-of-mass location proximally
[125]. Estimates of L4-L5 loading and muscle activations from the musculoskeletal model and
static optimization framework have been validated with in vivo measurements of intradiscal
pressure and surface electromyography during planar trunk-pelvis movements [126].

A validated FE model of the lumbar spine created in Abaqus/Standard [127] replaced
the L1-L5 geometry of the musculoskeletal model (Figure 3.1a). The FE geometry was reg-
istered to the nominal configuration of the musculoskeletal lumbar spine using the Iterative
Closest Point algorithm. Lumbar spine muscle attachment locations were obtained using a
plugin developed for OpenSim [113, 114] and were transferred from musculoskeletal model
to the FE model (Figure 3.1b). The fixed centers-of-rotation for each musculoskeletal model
intervertebral joint were implemented in the FE model to constrain the motion of the joints

to 3 rotational DOF (Figure 3.1c).

(b) (c) (d) (e)

Figure 3.1: Workflow of the multiscale model development: (a) Scaling and registration of
the FE model geometry to the musculoskeletal model, (b) determination of lumbar spine
muscle attachment locations, (c¢) application of fixed centers-of-rotation in each FE model
intervertebral joint, (d) prescription of L5 rotational boundary conditions for match the
experimental motion, and (e) application of joint contact forces and moments for the torso-
L1 joint and lumbar spine muscle forces to the FE model.
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3.3.2 Experimental protocol

Four people without an amputation (able-bodied, 1M/3F, 23.3+2.9 years, 1.66+0.06 m,
65.9+9.3 kg) and four people with a unilateral transtibial amputation (TTA, 4M, 45.5+14.8
years, 1.84+0.02 m, 99.4 £+ 15.3 kg) provided informed consent to participate in the protocol
approved by an Institutional Review Board. No participant had more than minimal LBP
as indicated by the Modified Oswestry Low Back Pain Questionnaire [128]. All participants
performed five self-paced sit-to-stand trials, starting from seated with hips, knees, and ankles
at 90° of flexion and feet hip-width apart on separate force plates recording at 1200 Hz.
Participants were instructed to keep arms folded across the chest for the duration of the
motion. Kinematics were collected at 120 Hz using a 20-camera motion capture system and
a full-body marker set including reflective markers placed at C7, T8, xyphoid process, and
bilaterally at the acromion, posterior superior iliac spine (PSIS), anterior superior iliac spine

(ASIS), iliac crest, and greater trochanter.
3.3.3 Simulation workflow

Kinematics and ground reaction forces (GRF's) were low-pass filtered with a bidirectional
4th-order Butterworth filter with cutoff frequencies of 6 Hz and 10 Hz, respectively. The
portion of sit-to-stand data used for the simulations was from the moment of lift-off from
the seat. An inverse kinematics solution was determined using least-squares optimization
algorithm with an eight-segment model [129] in Visual3D and input to the musculoskele-
tal model. A residual reduction algorithm was performed in OpenSim to reduce residual
forces and moments and improve dynamic consistency between ground reaction forces and
accelerations estimated from the measured marker kinematics and Newton’s 2°¢ Law. The
orientation of the L5 vertebra at each increment of the motion was determined from the
musculoskeletal model and applied to the FE model (Figure 3.1d). A custom OpenSim
plugin was used [113, 114] to obtain the unit vector of each muscle at each increment in

time. Using a static optimization method that minimized the sum of muscle activations
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squared, the force developed by each muscle was estimated at each instant in time during
the motion. These unit vectors and forces were then applied to the FE model as loading
conditions. Joint contact forces and moments were also determined for the joint between
the torso and L1 in the musculoskeletal model and applied to the FE model for dynamic

consistency (Figure 3.1e).
3.3.4 Output and statistical analysis

To evaluate the accurate transfer of muscle forces and consistency of the models at the
two length scales, FE output kinematics were compared to OpenSim input kinematics. The
tissue-level metrics extracted from the FE simulations were contact force at the facet joints,
vM stress in the annulus fibrosis, and fluid cavity pressure within the nucleus of the interver-
tebral discs. All hypotheses were tested by comparing participants with and without TTA
using unpaired t-tests (a = 0.05). Scatter plots of each lumbar spine rotational degree of
freedom (DOF) versus each tissue-level metric were generated to determine the most appro-
priate regression model for each comparison (Figure 3.2). To account for the existence of
possible asymmetries, right-side facet joint contact forces were adjusted to negative values
and added to left-side contact forces for all DOF (denoted as “with +/—"). For flexion/ex-
tension, actual facet joint contact forces from the left and right sides were added together
to capture the total magnitude of contact force at each increment in the motion (denoted
as “without +/—"). Only peak values of annulus fibrosis vM stress were extracted at each
time increment for analysis.

Based on the relationship scatter plots (Figure 3.2), the regression models chosen were:
logarithmic for intradiscal pressure vs. flexion/extension and vM stress vs. flexion/extension;
linear for facet joint contact force vs. flexion/extension (with +/—); quadratic for intradiscal
pressure and annulus fibrosis vM stress vs. axial rotation and lateral bending and facet joint
contact force (‘without +/—) vs. flexion/extension; and cubic for facet joint contact force
(with +/—) vs. axial rotation and lateral bending. Average curves from participant trials

were used for the regression analyses. Residual versus fits plots were generated for each
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Figure 3.2: Scatter plots of each lumbar spine rotational DOF during sit-to-stand versus each
tissue-level metric to determine the most appropriate regression model for each comparison
for able-bodied (AB) participants and participants with TTA. Facet joint contact force plots
labeled as“With +/—" and “Without +/—" to denote force calculation method.

regression comparison in order to ensure that the correlation and assumption of equal error
variance was reasonable. Normal probability plots were also generated for each regression to

determine if each data set was normally distributed.
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3.4 Results

The output kinematics from the FE model compared well to the input kinematics from
OpenSim (Figure 3). For all DOF, the greatest difference was 12.89° and occurred at the
moment of lift-off in the sagittal plane. The maximum differences in kinematics for lateral
bending and axial rotation were 0.77 and 0.78 degrees, respectively. Participants with TTA
had greater average ranges of trunk-pelvis motion in the sagittal and frontal planes compared
to able-bodied participants (Figure 4) of 9.54 and 1.57 degrees, respectively. In the transverse
plane, able-bodied participants had a greater average range of motion than participants with
TTA by 1.42 degrees. However, no significant differences were found in ranges of trunk-pelvis
motion between participants with and without TTA.

The means of peak annulus fibrosis vM stress and facet joint contact force were not
different between able-bodied participants and participants with TTA (Table 3.1). Only
the average intradiscal pressure at the L3-L4 and L4-L5 levels and averaged across levels
was different between participant groups (p = 0.0449, 0.0269, and 0.0396, respectively).
However, all tissue-level metrics at all lumbar levels had greater mean values for participants
with TTA compared to able-bodied participants.

None of the residuals versus fits plots showed indication of incorrect mean structure and
all points were randomly dispersed. Only the regressions for annulus fibrosis vM stress vs.
flexion /extension, facet joint contact force vs. axial rotation, and intradiscal pressure vs.
flexion/extension had a normal distribution. Due to this finding and the results from the
relationship scatter plots (Figure 3.2) and regression analyses (Table 3.2), annulus fibrosis vM
stress vs. flexion/extension was selected for further analysis instead of annulus fibrosis vM
stress vs. lateral bending (Figure 3.5). All p-values were less than 0.000 and simple R? values
were used because adjusted R? values differed by 0.008 (£0.004). Overall, the regression
equations matched the dependent tissue-level metrics well (Table 3.2). All R? values greater
than 0.7 occurred in the regressions for annulus fibrosis vM stress vs. flexion/extension

and axial rotation, facet joint contact force vs. axial rotation, and intradiscal pressure vs.
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Figure 3.3: Multiscale lumbar spine kinematic evaluation (mean + 1 standard deviation)
for all participants between the OpenSim input (black curves) and Abaqus output (green
curves) kinematics.

flexion /extension. Participants with TTA had higher R? values than able-bodied participants
for all regressions except for facet joint contact force vs. lateral bending. Regression models

fit well to the normally distributed data for each participant group (Figure 3.5).
3.5 Discussion

The purpose of this study was to create a multiscale model of the human lumbar spine to
identify and characterize the interconnectivity between whole-body biomechanics and tissue-
level metrics leading to LBP for people with a unilateral transtibial amputation (TTA) during

sit-to-stand. In this multiscale framework, the FE model played the role of sensor to deliver
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Figure 3.4: Trunk-pelvis kinematics (mean + 1 standard deviation) for participants with
TTA (blue curves) and able-bodied (AB) participants (red curves) determined by inverse
kinematics within the musculoskeletal model framework.

tissue-level metrics (annulus fibrosis vM stress, facet joint contact force, intradiscal pressure,
etc.) not represented by the musculoskeletal model. The lumbar spine kinematic comparison
to evaluate the transfer of loads from the musculoskeletal to FE model was good, with
the largest discrepancy was the FE model under-predicting flexion by 12.89 degrees at the
initiation of sit-to-stand. This disagreement may be due to the difference in control scheme
between the two models, where the whole-body musculoskeletal model was displacement-
controlled and the tissue-level FE model was force-controlled. In addition, utilization of

bushing elements at the intervertebral joints in the musculoskeletal model [83, 130] with
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Table 3.1: Mean (£ standard deviation) of peak annulus fibrosis vM stress, peak facet joint
contact force, and average intradiscal pressure for participants with TTA and able-bodied
participants at each lumbar spine level and averaged across levels (« = 0.05; significant
difference denoted by *).

Tissuelovel metric Lumbar  Participants Able-bodied p-value
level with TTA participants

L1-L2  57.54 (19.37)  51.93 (33.79)  0.8062

beak anmilus fbrogis | L2L3 10046 (117.27) - 61.90 (59.37)  0.0082
M stress (MPs) L3-L4  180.77 (113.66) 60.67 (64.74)  0.1160
VAL stress (ATa LA-L5 21255 (124.57)  129.08 (65.95)  0.2811
AVG 154.54 (88.28)  68.45 (44.15)  0.1317

L1-L2 2124 (3543)  9.19 (16.39) 0.3946

Peak facet joint L2-L3 4055 (59.72)  20.43 (28.51)  0.4044
L3-L4 4147 (59.25)  24.72 (34.79)  0.5017

contact force (N) L4L5 4538 (57.18)  25.03 (3L79)  0.5007
AVG 3525 (51.24)  19.67 (27.42)  0.4609

L1-L2 0.5 (0.12) 0.21 (0.21) 0.7778

Average intradiscal L2-L3  1.53(1.03) 0.43 (0.34) 0.0886
MPa) L3L4  1.28 (0.68) 0.35 (0.29) 0.0449*

pressure (MPa LA-L5  2.10 (0.77) 0.91 (0.27) 0.0269*
AVG 1.29 (0.59) 0.48 (0.20) 0.0396*

Table 3.2: Results from the regression analyses for each participant group (ALL: all partici-
pants, AB: able-bodied participants, TTA: participants with TTA). R* > 0.7 are shown in

bold.

Tissue-level Flexion/Extension  Lateral Bending Axial Rotation

metric ALL AB TTA ALL AB TTA ALL AB TTA

Annulus fibrosis R? 0.723 0.527 0.780 0.536 0.277 0.531 0.545 0.341 0.702

vM stress p 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
p 0.000 0.000 0.000

Facet joint R? 0.074 0.107 0.225 0.208 0.686 0.220 0.594 0.282 0.950

contact force p  0.000* 0.000* 0.000* 0.000 0.000 0.000 0.000 0.000 0.000
R? 0.086* 0.164* 0.268*

Intradiscal R? 0.705 0.460 0.829 0.500 0.337 0.483 0.551 0.459 0.694

pressure p 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

*Facet joint contact force without +/—
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stiffness calibrated to closely match the stiffness of the soft tissues in the FE model could
help to reduce the discrepancy in kinematics.

Participants with TTA had greater average ranges of trunk-pelvis motion compared to
able-bodied participants in all DOF except for the transverse plane, which differed by only
1.42 degrees. Throughout the duration of the sit-to-stand motion, participants with TTA
were in a more flexed posture than able-bodied participants. Additionally, participants
with TTA leaned and rotated towards their right side as opposed to the opposite occurring
for able-bodied participants. Three of the four participants with TTA had their left side
amputated and this kinematic result implies that people with an amputation favor their
intact limb when performing sit-to-stand, which is in agreement with movement strategies
for people with LLA during sitting and standing movements [120, 131, 132].

The means of peak annulus fibrosis vM stress, peak facet joint contact force, and average
intradiscal pressure were all greater for participants with TTA as compared with able-bodied
participants. However, only average intradiscal pressure at the L3-L4 and L4-L5 levels and
averaged across levels was significantly different between participant groups (Table 3.1). This
may indicate that the peaks of various tissue-level metrics are not different between TTA
and able-bodied participants but that the values of these metrics throughout the duration of
the motion are greater for participants with TTA. This finding suggests that it may be more
beneficial to focus on movement strategies throughout entire cycles of motion as opposed to
peak ranges of motion when studying people with TTA.

The regression analyses for annulus fibrosis vM stress vs. flexion/extension, facet joint
contact force vs. axial rotation, and intradiscal pressure vs. flexion/extension predicted more
than 50% of the variance in each tissue-level metric for all participants (Table 3.2, Figure 3.5).
The residuals vs. fits plots for annulus fibrosis vM stress vs. flexion/extension had increased
variance for greater values of flexion which indicates a need to use separate regression models
for flexion and extension. The smaller R? values for all comparisons (Table 3.2) indicated

that the selected regressions are not appropriate for the respective metrics. Additionally,
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a multiple linear regression may be more suitable for these comparisons due to kinematic
coupling of lumbar spine movements [2]. The R? values for all but one of the comparisons
were greater for participants with TTA as compared to able-bodied participants. This is an
interesting finding that could suggest that people with TTA perform sit-to-stand with a more
consistent strategy whereas people without TTA do not. Reduced variability among people
with TTA may be related to people with TTA favoring their intact limb during movement
[133] and could have potential implications for LBP development [68].

The sample size for this study is one of several limitations. With more participants,
the differences between participants with and without TTA and the predictive power for
the regression analyses may potentially increase. Additionally, calibration of intervertebral
joint stiffness in the musculoskeletal model to match the stiffness of the soft tissues in the
FE model could help to improve the multiscale kinematic evaluation for flexion/extension
(Figure 3.3). One possibility for future work would be to replace the 3-DOF spherical joint at
each intervertebral joint in the musculoskeletal model with 6-DOF bushing elements [83, 130]
and calibrate the musculoskeletal model’s intervertebral joint stiffness to match that of the
FE model. Lastly, the geometry for the musculoskeletal and FE models were taken from
an average male lumbar spine and scaled in size to each participant. Incorporating subject-
specific lumbar spine geometry and lordosis from imaging methods would help to represent
each participants physiology more accurately and may improve the muscle force and joint

loading estimates from the musculoskeletal model [134].
3.6 Conclusions

A multiscale model of the lumbar spine was successfully developed to help identify and
characterize the interconnectivity between whole-body biomechanics and tissue-level metrics
leading to LBP for people with a unilateral transtibial amputation (TTA) during sit-to-stand.
Different movement strategies were found between participants with and without TTA which
lead to differences in values for various metrics at the tissue-level. Certain motions proved to

predict trends in tissue loads well (i.e. flexion/extension and annulus fibrosis vM stress) and
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coupled motions may help improve tissue-level metric predictions in future analyses. This
research can be extended for use with subject-specific geometries and other populations,

such as people with a transfemoral amputation.
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Figure 3.5: Regression model results (grey curves) for annulus fibrosis vM stress vs. flex-
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44



CHAPTER 4
CONCLUSIONS

The purpose of this research was to create a multiscale model of the human lumbar
spine to identify and characterize the link between whole-body biomechanics and tissue-level
metrics leading to LBP. The model was constructed by combing musculoskeletal and finite
element (FE) modeling techniques. Experimental kinematic and kinetic data were collected
from people with (n = 4) and without (n = 4) a unilateral transtibial amputation (TTA)
during sit-to-stand and applied to the multiscale model. People with TTA had different
movement strategies than able-bodied participants, which led to differences in tissue-level
metrics. Regression models for certain motions proved to predict trends in tissue loads quite
well, such as flexion/extension vs. annulus fibrosis vM stress and intradiscal pressure. In
the future, implementing intervertebral joint stiffness in the musculoskeletal model will be
necessary so that the kinematics of the MSM and FE model can converge. Intervertebral joint
bushings can be defined in the MSM and the stiffness between the MSM joint bushings and
FE intervertebral discs can be calibrated. Additionally, people with a lower-limb amputation,
both TTA and TFA, can develop LBP. This study only focuses on people with TTA. A
further extension can be to develop a unilateral, TFA musculoskeletal model and apply TFA
experimental data to the multiscale model. Finally, due to inter-subject variability, people
can have vastly different values for their tissue properties and it could be of interest to
quantify the sensitivity of tissue-level metrics to a range of independent parameters such as
anatomical shape, ligament and disc properties, and muscle strength. An extension of this
work could be to perform a probabilistic analysis with the multiscale model to quantify the
sensitivity of metrics that may correlate with LBP such as facet forces, intervertebral disc

pressure, and ligament strain.
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APPENDIX
SUPPORTING TABLES

Table A.1: The extent to which proposed causes of back pain satisfy the postulates for a structure to be a source of LBP [2]

Structure or Postulates
cause Innervated Pain in Pathology Identified in Prevalence

normal known patients Acute back Chronic

volunteers pain back pain
Vertebral bodies Yes No Yes Yes Rare Rare
Kissing spines Yes No Presumed  Yes Unknown Unknown
Lamina impaction Yes No Presumed  No Unknown Unknown
Spondylolysis Yes No Yes Yes < 6% < 6%
Muscle sprain Yes Yes Yes Anecdotal Unknown Unknown
Muscle spasm Yes Yes No No Unknown Unknown
Muscle imbalance Yes No No Uncontrolled Unknown Unknown
Trigger points Yes Yes No Unreliable Unknown Unknown
Iliac crest syndrome Yes Yes No Yes Unknown 30-50%
Compartment syndrome  Yes No No Yes Unknown Unknown
Fat herniation Yes No Yes Yes Unknown Unknown
Dural pain Yes Yes Presumed  Yes Unknown Unknown
Epidural plexus Yes No No No Unknown Unknown
Interspinous ligament Yes Yes Presumed  Uncontrolled Unknown < 10%
[liolumbar ligament Probably No No No Unknown Unknown
Sacroiliac joint pain Yes Yes No Controlled studies Unknown 13% (£7%)
Zygapophysial joint pain  Yes Yes No Controlled studies Unknown < 10%,

32% (elderly)

Internal disc disruption  Yes No Yes Controlled studies Unknown 39% (£10%)
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