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Abstract

Low back disorders, including low back pain (LBP), are a highly prevalent musculoskeletal
conditions that impose a significant burden on individuals, industries, and governments. A
substantial portion of the population experiences limitations in daily activities due to back pain,
with mechanical issues such as spinal instability being widely recognized as a major contributing

factor.

Recent research has focused on the development of exoskeletons to assist with lifting tasks.
However, these technologies are often cumbersome, complex to operate, and not easily accessible
to the general workforce. Furthermore, their effectiveness in improving wearer stability is limited.
Consequently, this dissertation aims to investigate the effectiveness of passive methods,
specifically through the increase in intra-abdominal pressure (IAP) and the support provided by
paraspinal muscles and the thoracolumbar fascia (TLF), in enhancing spine stability. The major
focus of this research was to develop and evaluate a novel passive back support device that
facilitates the generation of IAP during trunk flexion. To achieve this, an accurate and
representative model of the spine was first developed to assess the factors contributing to spine
stability when wearing an abdominal belt (AB). Next, a novel back support device was designed,
developed, and evaluated using a unique mechanism to selectively improve stability. The specific
objectives of this study were (1) to investigate the impact of wearing an AB on IAP and spine
stability using numerical simulations, and (2) to develop and evaluate the effectiveness of the novel

back support device in improving spine stability during functional tasks.

The results of objective 1 indicate that the use of an AB improves trunk bending stiffness,
primarily within the lumbar spine, by generating IAP. Wearing an AB may also reduce stress on
the intervertebral discs by decreasing tensile stress within the multifidus and TLF. However, the
study revealed a substantial increase in transverse stress in part of the TLF spinal attachments
associated with the change in IAP, which could have clinical significance in terms of LBP. The
spine model developed in this study was validated through in silico and in vivo comparative tests,
demonstrating its accuracy and effectiveness in representing spine physiology within the defined

scope of validation.
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Preliminary results from objective 2 reveal that the novel back support device increases both
IAP and segmental stability during various functional tasks, for both healthy and LBP groups. This
suggests that the novel device enhances stability during lifting tasks, thereby reducing loading on
spinal tissues, improving the wearer’s confidence in lifting, and potentially facilitating the

reintegration of workers with LBP.

This dissertation contributes to the understanding of passive assistive technologies for
improving spine stability, specifically through the generation of IAP and by mimicking the support
provided by paraspinal muscles and the TLF. These findings have implications for improving the
management and treatment of low back disorders, with potential benefits for individuals,

industries, and society as a whole.



Résumé

Les pathologies lombaires, y compris la lombalgie, sont des troubles musculo-squelettiques
trés répandus qui représentent un fardeau important pour les individus, les industries et les
gouvernements. Une grande partie de la population souffre de limitations dans ses activités
quotidiennes en raison de douleurs lombaires, et les problémes mécaniques tels que ’instabilité de
la colonne vertébrale sont largement reconnus comme un facteur contributif majeur.

Les travaux de recherche récents se concentrent sur le développement d’exosquelettes
permettant de faciliter les taches de levage. Cependant, ces technologies sont souvent
encombrantes, complexes a utiliser et peu abordables pour grand public. De plus, leur efficacité a
améliorer la stabilité de [’utilisateur est limitée. Par conséquent, cette thése vise a étudier
I’efficacité des méthodes passives, notamment par 1’augmentation de la pression intra-abdominale
(PIA) et le soutien fourni par les muscles spinaux et le fascia thoracolombaire (FTL), pour
améliorer la stabilit¢ de la colonne vertébrale. L’objectif principal de cette recherche était de
développer et d’évaluer un nouveau dispositif passif de soutien lombaire qui facilite la génération
de PIA lors de flexions du tronc. Pour ce faire, un mode¢le par éléments finis détaill¢ et représentatif
de la colonne vertébrale a d’abord été développé afin d’évaluer les facteurs contribuant a la stabilité
de la colonne vertébrale lors du port d’une ceinture abdominale. Ensuite, un nouveau dispositif de
soutien lombaire reposant sur un mécanisme unique d’amélioration sélective de la stabilité a été
congu, développé et évalué. Les objectifs spécifiques de cette étude étaient (1) d’étudier I’impact
du port d’une ceinture abdominale sur la PIA et la stabilité de la colonne vertébrale a 1’aide de
simulations numériques, et (2) de développer et d’évaluer I’efficacité du nouveau dispositif de
soutien lombaire pour améliorer la stabilité de la colonne vertébrale lors de taches de levage.

Les résultats du premier objectif indiquent que ’utilisation d’une orthése améliore la rigidité
en flexion du tronc, principalement au niveau de la région lombaire, grace a la génération de PIA.
Le port d’une ceinture abdominale permet également de réduire les pressions exercées sur les
disques intervertébraux en diminuant les tensions dans le muscle multifide et le FTL. Cependant,
I’étude a révélé une augmentation substantielle de la contrainte transversale dans une section des
attaches vertébrales du FTL associée a 1’augmentation de la PIA, ce qui pourrait étre cliniquement
significatif en termes de douleurs lombaires. Le modele numérique de tronc développé dans le

cadre de cette theése a été validé par des tests comparatifs in silico et in vivo, démontrant sa fiabilité
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et son exactitude dans la représentation de la physiologie de la colonne vertébrale dans le cadre
défini par la validation.

Les résultats préliminaires du second objectif indiquent que le nouveau dispositif de soutien
lombaire augmente a la fois la PIA et la stabilité locale pour diverses tdches fonctionnelles a la
fois pour le groupe en bonne santé et celui souffrant de lombalgie. Cela suggere que le nouveau
dispositif améliore la stabilité pendant les tiches de levage, réduisant ainsi la charge sur les tissus
entourant la colonne vertébrale, améliorant la confiance du porteur dans ses capacités de levage et
facilitant possiblement la réintégration des travailleurs souffrant de lombalgie.

Cette thése contribue a mieux comprendre les technologies d’assistance au levage passive
destinées a améliorer la stabilité de la colonne vertébrale, en particulier par la génération de PIA
et en imitant le soutien fourni par les muscles spinaux et le FTL. Ces résultats ont des implications
pour 1’amélioration de la gestion et du traitement des troubles lombaires, avec des avantages

potentiels pour les individus, les industries et la société dans son ensemble.
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1. Thesis Introduction

In most workplaces, workers are required to perform repetitive, and prolonged tasks, such as
bending, lifting, or sitting, which have been opined to participate in the development of low back
pain (LBP) [1]. When heavy loads are involved, lifting aids, such as hoist, trolleys, or lifts are often
used to assist the worker. However, in many situations these lifting aids are not suitable because
they are bulky, heavy and cannot perform complex tasks. Additionally, mechanical lifting aids are
slower than human lifting, which leads workers to prioritize efficiency by lifting heavy loads
without assistance. In other scenarios, such as office work, workers are required to sit at their desks
for prolonged periods of time, often without the recommended ergonomic configuration suggested
by occupational therapists. Back injuries from occupational activities are typically the result of
accumulated damage caused by repetitive sub-failure loads or continuous stress over time, rather
than a single event [2]. Repetitive loading and constant stress may cause the viscoelastic tissue to
slowly deform and creep, resulting in loss of strength, and reduction in failure tolerance eventually
leading to microfailure and local instability [3]. Sustained loading applied to the posterior passive
tissues may also cause damage to the disc annulus (disc herniation) [4, 5]. Studies also suggest that
tissue damage can change the biomechanics of the spine and affect nociceptors (pain sensory
receptors) to further stimulation [6]. Therefore, people with a history of LBP may exhibit motor
control deficits, delayed muscle response, loss of spine range of motion (ROM), and increased
muscle fatigue [7, 8]. Consequently, anatomical changes, lower muscle endurance, lack of balance,

increased sensitivity, and reduced spine stability can be observed in such individuals [7, 9-11].

Moreover LBP is described by the World Health Organization as one of the health problems
that causes the most disability in a lifetime [12], such that an estimated 540 million people
worldwide will be affected at some point in their lives by LBP [13]. In some individuals, the pain
persists and worsens to the point of significantly limiting their daily activities. The time away from
work is most often temporary, but it may last several months or even years, making it a major and
costly cause of absenteeism among workers. In Quebec, the most frequent injury site is the
back (24.9%), which results in annual costs of $672 million [14]. In the United States, the total

annual cost associated with LBP care is estimated to be between $40 and $50 billion annually [15].



The prevalence of LBP in industrialized countries may be associated with the complexity and
multifactorial characteristics of the pathological mechanism [13]. In as high as 85% of lumbar
disorder cases, the etiology is not defined, that is to say there is no definitive pathoanatomical
diagnosis and no medical cause can explain the origin of the pain [16]. Clinical examinations or
medical imaging tests prove to be of little use and a pain diagnosis of non-specific origin is most
often made [17, 18]. Discrepancies in current diagnostic practices and limitations in the diagnostic
technology are at the root of poor diagnosis and unsatisfactory low back care. Healthcare
practitioners have developed a variety of ergonomic intervention strategies to lower the risk of
injury. Their objective is to reduce loading on the spine whether through redesign of the work and
the workstation, better training of workers, or the use of lifting aids. Corsets are one of the earliest
lifting aids worn on the body. They are most often worn tightly over the abdomen, which generates
pressure inside the abdominal cavity, also known as intra-abdominal pressure (IAP). However, the
effectiveness of spinal corsets cannot be determined based on the current literature [19]. The
primary objective of this dissertation is to design and evaluate the usability and performance of a
novel back supporting device for manual lifting tasks. This will be accomplished via two specific

objectives:
Objective 1:

Investigate the effects of wearing an abdominal belt (AB) on IAP and spine stability

numerically.
Objective 2:

Develop and evaluate the effectiveness of a novel back supporting device that increases spine

stability during functional tasks, building on the knowledge acquired in Objective 1.

To investigate the effects of IAP on spine stability, two finite element models (FEMs) were
developed leveraging previously validated work from within the Musculoskeletal Biomechanics
Research Lab at McGill [20]. The first model represented a healthy subject, while an identical
second model including an AB was developed. Using the results from this study, a novel back
support device was developed, and its effectiveness was evaluated in a prospective cross-sectional
study that measured parameters to identify changes in spine stability. The hypothesis is that

increasing stability of the spine may help in preventing injury for those with a history of LBP.



The following flow chart describes the stepwise approach to the objectives of this dissertation:

OBJECTIVE 1 ] | OBJECTIVE 2 ]

Build thoracolumbar spine model « Develop back support device e Study design

J \ J \ J

N\ r N\ e

« Design and construction of motion )

Verify model | : Build proof-of-concept | | apparatus for study |
Validate model » Validate proof-of concept » Ethical approval

J \. J \. J

Assess stability contribution of

abdominal belt * Collect participant data

« Validate effectiveness of device

ARTICLE 1: Section 3.2 ] f )

[ ARTICLE 2: Section 4.2 ]

Figure 1.1.1: Thesis flowchart and research steps.



2. Literature Review
2.1 Functional Anatomy of the Trunk

2.1.1 Anatomical Planes

Anatomical terminology commonly utilizes the anatomical planes and axes to designate
various body sections. The three primary anatomical planes are: transverse, coronal (or frontal),
and sagittal. Additional terminology is also used to express the position and motion of body parts
with respect to one another, such as medial (towards the midline of the body), lateral (away from
the midline of the body), proximal (towards a reference point), distal (away from a reference point),

superior (above), inferior (below), anterior (towards the front), and posterior (towards the back).

: Craniocaudal axis

==

Ve Sagi; tal pigy,
e

cof onal ¥

Figure 2.1.1: Anatomical planes and axes (accessed February 13, 2023. [Online]. Available:
https://commons.wikimedia.org/wiki/File: Anatomical _Planes-en.svg).

2.1.2 Structure of the Spine

The spinal column generally consists of 33 vertebrae divided in five anatomic regions:
seven cervical (C1-C7), 12 thoracic (T1-T12), five lumbar (L1-L5), five sacral (S1-S5), and four
coccygeal bones [21]. Vertebrae share a common structure consisting of a disc-shaped vertebral
body and a vertebral arch. The arch comprises two pedicles, two laminae, and seven processes,

including spinous, transverse, and articular processes. The lamina provides support and protection



for the posterior side of the spinal cord. The spinous process extends posteriorly from the vertebra,
while the transverse processes protrude laterally from the junction of the lamina and the pedicle
on either side of the vertebra, serving as attachment points for muscles and ligaments that mobilize
and stabilize the spine. Articular processes project upward and downward from the vertebral arch
of each vertebra serving as contact surfaces between adjacent vertebrae, facilitating movement and
supporting the weight of the body.
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Figure 2.1.2: Characteristics of cervical (a), thoracic (b), and lumbar (c) vertebrae.

Vertebrae are separated at each level by intervertebral discs (IVDs). The discs are made up of
the central nucleus pulposus, the peripheral annulus fibrosis, and the endplate of the disc. The
nucleus pulposus, a gel-like substance with high water content, can be represented as a quasi-
incompressible fluid. The annulus fibrosis is made up of collagen fibers in concentric laminated
bands that help resist rotational, tensile, and shear stresses. To protect the IVDs, vertebral endplates
act as an intermediary layer between the vertebrae and the discs. The endplates are strong but
porous, allowing blood and nutrients to flow from capillaries in the bone to cells in the discs. The
structure of the disc is viscoelastic, allowing it to deform according to the loading rate. This
property provides flexibility to the spinal column and acts as a shock absorber in the spine. IVDs
undergo age-related degenerative changes making them less resilient and stiffer, which contributes

to some of the most common causes of impairment and disability in older people.
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Figure 2.1.3: Major spinal ligaments and structure of intervertebral discs composed of the nucleus pulposus
surrounded by the annulus fibrosis.

The spine stabilizing system comprises three distinct subsystems: active, passive, and
neural [22]. Muscle activation controls the active subsystem, which may create compressive
pressures on the spine via tendon attachments and pressure buildup inside trunk cavities. In in
addition to the previously described vertebrae and IVDs, the passive system comprises ligaments,
tendons, fascia, and passive muscle contribution. The anterior and posterior longitudinal ligaments
are crucial in maintaining the stability and preventing injury of the spine by limiting hyperflexion
and hyperextension [23]. The elastic ligamentum flavum, which connects adjacent vertebrae,
stores energy during movement, reducing the spinal load and potential injury [23]. Lastly, the
neural system is made up of the central nervous system (CNS) and nerve roots, which are in charge

of monitoring sensory information and activating subsystems to provide stability.

The primary curvatures in the adult spine are kyphosis in the thoracic and sacral regions, and
lordosis in the cervical and lumbar regions. The four normal curves occur in the sagittal plane,
while no curve is observed in the frontal plane of a healthy spine. The cervical and lumbar lordosis
become more prominent during early childhood due to the gravitational forces created by the

weight of the head and upright posture [24].
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Figure 2.1.4: Vertebrae and corresponding spinal curvatures: cervical, thoracic, lumbar, sacrum, and coccyx
(accessed March 3rd, 2023. [Online]. Available: https://commons.wikimedia.org/wiki/File:Spinal _column
_curvature_es.svg).

The structural and physiological changes that occur in the IVDs and vertebrae over a lifetime
vary for each individual. The variations can be amplified in particular by congenital
malformations, aging of the spine, traumatic injuries, neurological disorders, imbalances of the
paraspinal muscles, or the formation of osteophytes [25]. Osteophytes, which are bony growths
that develop on the spine or around joints, are a natural response to joint instability caused by
arthritis. They form as a way to alleviate stress on the affected joint, which can otherwise lead to
spinal imbalances and other pathological conditions. Since the spine is flexible in nature, there is

a significant ability to compensate for abnormalities or deformities.
2.1.3 Function of the Spine

The human endoskeleton functions to provide stability to the spinal column, internal support
to the soft tissues and organs, protection for the spinal cord and associated nerve roots, and
controlled movement to the trunk, head, and limbs. The physiological curvatures increase the

flexibility and elasticity of the spine, allowing it to absorb shocks more effectively. The forces on
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the spine emerge from the force of gravity, the ground reaction forces, and the forces produced by
muscular contractions. The spongy cancellous, or trabecular, structure of mature adult bone is
arranged in columns, forming a three-dimensional latticework that offers robust mechanical
support along lines of stress, while minimizing the vertebrae’s weight. Due to the load-bearing
function of the spine, the vertebral bodies increase in size from the cervical to the lumbar region.

Load is transferred to the lower limbs via the pelvic bone.
2.1.4 Abdomen

The human abdomen is a cavity that houses vital organs of the digestive, urinary, endocrine,
exocrine, circulatory, and parts of the reproductive system [26]. It is located anterior to the spine
and extends from the diaphragm superiorly and the pelvic brim inferiorly, as shown in Figure 2.1.5.
The spine is a rigid boundary while the abdominal cavity is continuous with the pelvic cavity [27].
The anterior wall of the abdomen has multiple layers, most notably the skin, external
obliques (EOs), internal obliques (IOs), transversus abdominus (TrA), and the peritoneum. The
peritoneum is a continuous membrane divided into visceral and parietal layers lining the organs
and cavity wall, respectively. This results in the formation of the peritoneal cavity, which is filled
with extracellular fluid to lubricate the surfaces and reduce friction. The abdominal cavity
comprises the peritoneal cavity and all organs within the abdomen. The abdominal cavity is
regarded as having a closed volume of incompressible fluid with uniform pressure, defined as IAP
[28]. The abdominal wall and diaphragm’s flexibility allows for changes in the volume enclosed
in the abdominal compartment, resulting in pressure variations during functional activity. The
activation of the abdominal muscles leads to a typical range of IAP between 1 and 16 mmHg [29],

which may increase up to 150 mmHg during demanding physical activities [30].
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Thoracic cavity

Diaphragm Transversus abdominis
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Figure 2.1.5: Location of the abdomen with upper and lower bound along with cross-section of the abdomen showing
the layers of the thoracolumbar fascia and connections to neighbouring tissues. LD: latissimus dorsi, QL: quadratus
lumborum, PM: psoas major, ES: erector spinae, MF: multifidus.



As the volume inside the abdomen changes, the shape of its cavity also changes in the
transverse plane [31]. Between 0 and 12 mmHg, the abdominal wall expands in the anteroposterior
direction while contracting in the left-right direction, causing the cavity to transition from an
elliptical to a nearly circular shape [31]. However, in patients with obesity, this shape change may
not occur [32]. When the IAP exceeds 15 mmHg, the rectus abdominis (RA) muscles start
stretching until reaching the elastic limit of the abdominal wall (typically around an IAP of

25 mmHg), at which point IAP increases exponentially [33].
2.1.5 Spinal Muscles

Muscles of the spine are essential structures of the back. These muscles can be divided into
three groups: superficial, intermediate, and intrinsic. The superficial muscles, which include the
splenius cervicis and splenius capitis, are responsible for the movement of the shoulders and neck.
The intermediate back muscles are mostly responsible for the movement of the thoracic cage.
These muscles are divided into three groups of longitudinal muscles that span the length of the
spine on both sides: iliocostalis, longissimus, and spinalis, which form a column known as the
erector spinae (ES). These muscles generally have a similar function, which is to extend and
laterally flex the spine. Each of these muscle groups consists of three subdivisions, which
corresponds to the anatomic region of the spine to which they insert: lumborum, thoracis, cervicis,
and capitis. The longissimus thoracis muscle, which appears between the iliocostalis and spinalis
muscles, is the longest and thickest muscle in this group. Its primary function is to maintain the
erect posture of the thoracic and lumbar regions, and to laterally flex the spine. Located underneath
the ES, the deep intrinsic muscles are a group of short muscles that insert into the transverse and
spinous processes of the spine. There are three major muscles in this group: semispinalis,
multifidus (MF), and rotatores. The MF muscles have a distinct anatomical structure in which they
fill the groove between the transverse and spinous processes of the vertebrae, providing additional
support to the spine. Due to their insertion onto all the vertebrae except the atlas, the MF muscles
are capable of extending, rotating, and laterally flexing the spine. Another important deep muscle
group is the intertransversarii muscles, which span between the adjacent transverse processes,
stabilizing adjacent vertebrae during spinal movements. The deep muscles are essential in
articulating the spine and contributing to proprioception, which ultimately aids in balancing and

stabilizing the spine.



Other significant muscles include the psoas major, which is one of the strongest muscles in the
lower back, serving as a hip flexor while simultaneously providing support for upper body
straightening, and the trapezius (Trap) and latissimus dorsi (LD), which may activate to set the

thoracolumbar fascia (TLF) in tension [34, 35].

Intertransversarii
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.. Latissimus

Longissimus i

thoracis dorsi
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Figure 2.1.6: Major paraspinal soft tissues

2.1.6 Thoracolumbar Fascia

The TLF which extends from the thoracic spine to the sacrum, is a significant structure that
plays an important role in transferring forces between the spine, pelvis, and lower limbs [36]. In
the lumbar spine, the TLF is a strong sheet of dense connective tissue divided into three distinct
layers. The posterior layer attaches to the lumbar spinous processes, interspinous ligaments, and
sacrum, and connects the LD to the gluteus maximus vertically (see Figure 2.1.5). The anterior

and middle layers surround the quadratus lumborum muscle.

As the three layers come together laterally, they attach to the TrA. Barker et al. noticed a
substantial increase in the thickness of the middle TLF at the sites of attachment of the transverse
processes, suggesting the involvement of TrA in lumbar segmental control [37]. In the thoracic
spine, the TLF forms a thin sheet covering the ES muscle. As a result, when the MF or ES contracts,
the TLF undergoes a longitudinal increase in tension, which may result in load transfer to
surrounding tissues [36, 38]. Barker and Briggs have found superior extensions of the fascia,
suggesting transmission of tension to numerous additional tissues, such as the Trap [39]. Under

tension, the TLF may increase segmental stiffness and reduce muscle activation by generating
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tensional forces posterior to the spinous processes, and by acting as a spring-like energy storage

system [40].

Traditionally viewed as passive, the TLF is believed to act as a sensory organ through
proprioceptive and nociceptive innervation, adding to the musculoskeletal system’s feedback
control [41]. However, Schleip et al.’s correlation between myofibroblast density and contractile
response in fascia suggests the TLF has an active role in musculoskeletal dynamics, but further

investigations are necessary [42].
2.1.7 Myofascial Meridians Lines

A theoretical framework explored by Myers discusses the complexity and interdependence of
the human body’s musculoskeletal system in what is referred to as the myofascial meridian lines.
Myers proposes that the body’s fascial network, composed of the muscles, ligaments, tendons, and
fascia, forms a series of continuous, interconnected pathways, or meridians, that influence
movement, posture, and overall structural integrity. These myofascial meridians differ from
traditional anatomical models that focus on individual muscles or discrete systems. Instead, Myers
emphasizes the fascial connections that span multiple regions and link various muscle groups and

joints.

Several myofascial meridians play important roles in stabilizing the spine, but the Superficial
Back Line (SBL) and the Deep Front Line (DFL) are the most significant. The SBL runs along the
posterior part of the body, including structures such as the plantar fascia, calves, hamstrings, ES,
and nuchal ligament. It plays a crucial role in maintaining an upright posture and distributing
tensile forces during activities such as walking and running. The DFL is an anterior meridian line
that extends from the toe flexors to the deep cervical flexors, through the tibialis anterior,
adductors, hip flexors, and abdominal muscles. The DFL contributes to core stability, gait
coordination, and spinal alignment. Dysfunction or deficiency along the SBL or DFL can

compromise the stability of the spine and affect overall movement.
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Figure 2.1.7: Myofascial meridian lines of the (a) Superficial Back Line, and (b) Deep Front Line (reprinted
from [43]).

2.2 Spine Stability and Instability

2.2.1 Definitions

The spine is a complex system that requires the input and collaboration of multiple structures
to maintain the posture and movements of the human body. Maintaining a stable spine is critical
for efficiently transferring forces between the upper and lower limbs, generating active forces in
the trunk, preserving the spine’s long-term biomechanical health, and minimizing energy
expenditure during muscular activity. The literature explored numerous biomechanical and clinical
definitions of spine stability, but no widely recognized definition has been established. According
to White and Panjabi, spine stability refers to the spine’s ability to maintain its displacement
patterns when subjected to physiological loads, as to not damage or irritate the spinal nerve roots
and to prevent major deformity or pain caused by structural changes [23]. Similarly, the American
Academy of Orthopedic Surgeons defined spine stability as the vertebrae’s ability to maintain

cohesiveness and preserve normal displacements during physiological movements [44].
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Spine instability, the opposite of spine stability, is hypothesized as a potential mechanism
explaining LBP symptoms and disability [45]. Such a diagnosis is non-specific and confirms the
pathomechanism’s complexity. Similar to spine stability, there is no universally accepted
definition for spine instability. Pope and Panjabi described spine instability as a loss of stiffness,
resulting in atypical and increased motion within the segments [46]. In 1985, Louis built from
Denis’ three-column theory to separate stability in axial and transverse. According to this theory,
a “loss of stability is a pathological process which can lead to displacement of vertebrae beyond

their normal physiological limits” and is caused by the dysfunction of one of the columns [47, 48].

All the definitions of stability and instability refer to a change in spinal movements beyond the
physiological limits which are associated with back and/or nerve root pain. This is consistent with
the concept of engineering stability in structures, which refers to the tendency of a structure to
return to its original equilibrium position following a disturbance [49, 50]. In Figure 2.2.1, the four
cones are in equilibrium. If perturbed slightly, cone A will move away from its equilibrium
position (unstable equilibrium), cone B will return to its original equilibrium position (stable
equilibrium), and cone C will find a new equilibrium position after being displaced (neutral
equilibrium).

—

A. Unstable equilibrium B. Stable equilibrium

C. Neutral equilibrium D. Spine

Figure 2.2.1: Equilibrium of a cone. If perturbed slightly, cone A will move away from its equilibrium position
(unstable equilibrium), cone B will return to its original equilibrium position (stable equilibrium), cone C will find a
new equilibrium position after being displaced (neutral equilibrium), and cone D will attempt to return to its original
equilibrium position using the passive, active and control subsystems (cyan and yellow lines/arrows). The blue arrows
represent the line of action of the weight of the cone passing through the center of gravity.

The spine is inherently unstable, similar to cone A. Following a perturbation, it requires the
involvement of the passive, active and control subsystems to maintain its equilibrium position and
maintain movements within physiological limits (cone D). In clinical settings, the comprehensive

analysis of global spine stability poses challenges due to the need for sophisticated biomechanical
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assessment tools, such as motion capture systems. Accessible alternatives, such as assessing
individual soft tissue stiffness, muscle activity, and segmental radiography imaging (see Figure
2.2.2), provide cost-effective solutions for assessing local spine stability. However, the normal
physiological limits continue to be debated because of the consid