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Abstract 

Adult spinal deformity (ASD) is prevalent among ~30% of the population above 65 years old. 

While decreased back extensor strength in the form of muscle weakness/dysfunction is well-

documented for these patients, it is unclear what muscle properties lead to such decreased 

strength. The overall goal of this research project was to investigate if biomechanical properties 

of the paraspinal muscles are different in ASD patients; and whether those differences could 

influence spinal loading and be associated with the initiation/progression of ASD. To achieve 

this goal, four studies were conducted. The first study examined the effect of spinal level on 

elastic modulus, slack sarcomere length, and collagen deposition in paraspinal muscles of 13 rats 

revealing independence of those properties on the spinal level. In the second study, the influence 

of the size of single muscle fibers and fiber bundles on elastic modulus was investigated for both 

rodents and humans. Smaller fibers and fiber bundles manifested larger elastic moduli, 

highlighting the necessity of aiming for consistent bundle sizes for passive property 

measurement. For the third study, ethical and technical requirements for intraoperative human 

muscle biopsy acquisition were addressed and paraspinal muscle biopsies were collected from 

nine ASD patients. Although patient-recruitment halted because of COVID-19 and thus the small 

number of patients did not allow performing a statistical comparison between the patients, 

thought-provoking observations were made. In situ- and slack sarcomere lengths had large 

variations; several fiber bundles exhibited substantially high stiffnesses, and histopathological 

analysis unveiled a variety of extracellular and intracellular case-specific abnormalities. The 

variations observed for the biomechanical properties were input to an enhanced musculoskeletal 

model of the thoracolumbar spine, which predicted increases in the intradiscal pressures by 

several orders of magnitudes in some cases. This fourth study highlighted the importance of 
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biomechanical properties along with the muscle force-length curve to the spinal forces. The 

entire thesis demonstrated that biomechanical properties of paraspinal muscles do vary among 

ASD patients and this can dramatically influence the spinal loads. Therefore, future experimental 

and computational studies should be conducted to provide further insight on the potential role of 

these properties in the initiation/progression of ASD.  
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Lay Summary 

About 30% of the people above 65 years old acquire spinal deformity including hunchback. 

Back muscle weakness is considered a primary factor in causing spinal deformity. This thesis 

mainly aimed to investigate what muscle properties in these patients are different that result in 

their back muscles being weak, leading to spinal deformity.  

After addressing two fundamental questions on muscle-mechanics using rat models, 

intraoperative muscle biopsies were collected from adult spinal deformity patients to study their 

passive properties and biological structures. Large variability for muscle passive properties and 

various abnormalities including muscle fiber degeneration and increased connective-tissue were 

present. The effect of the observed variations in muscle passive properties was examined in a 

computational model, which suggested substantial increases in spinal loading. Further studies 

should be conducted to better understand the role of muscle properties in causing age-related 

spinal deformities. That knowledge can help in the development of better treatments/preventative 

strategies.    
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Chapter 1 Introduction  

1.1 Overview 

By 2050, more than 1.5 billion (16%) people in the world will be above 65 years old [1]. 

Associated with that rise in elderly population, the number of patients with adult spinal 

deformity (ASD), which is prevalent among ~30% of adult population [2][3][4], will increase 

causing significant effects on quality of life and social costs [5]. While various risk factors such 

as vertebral fractures, postural changes, degenerative disc disease, and genetic predisposition are 

identified for adult spinal deformity [2][6], many original and recent review studies believe the 

main causative role is played by muscular dysfunction [7][8][9][10][11][12] and decreased back 

extensor strength. 

A decrease in back extensor strength may arise from changes in different muscle parameters 

including smaller anatomical cross-sectional area, lower level of activation, or muscle moment 

arm, all of which have been observed to some extent in patients with adult spinal deformity 

[13][14][15]. While each of these parameters can have an effect on muscle strength, they are not 

sufficient for assessment of the torque generation capacity (strength) of a muscle across a joint. 

Information about other muscle parameters such as fascicle length, pennation angle, sarcomere 

number, specific tension and passive stiffness, which can each play significant roles on muscle 

force generation capacity, is also necessary.  

The overall goal of this thesis is to investigate which biomechanical properties of the paraspinal 

muscles are different in adult spinal deformity patients; and whether those differences could 

influence spinal loading and be associated with initiation/progression of adult spinal deformity.  
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Understanding the effect of each of the muscle biomechanical properties on muscle function 

requires a deeper look into its structure and mechanism of force production which is provided in 

the following sections. Furthermore, musculoskeletal modeling is required to provide insight into 

the influence of these parameters on spinal forces. 

In this chapter, a brief anatomy of the spine and paraspinal muscles is presented followed by a 

review of recent findings on the etiology of adult spinal deformity. A background on muscle 

mechanics, its structure, and its adaptation in different environments is provided. Hill-type 

musculotendon actuator model and recent advances in musculoskeletal modeling of the 

thoracolumbar spine are reviewed and discussed. Finally, the conclusions from these sections 

lead to my research questions and the objectives of this thesis.  
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1.2 Spine Anatomy 

The spine is a pivotal structure in the body that connects the head to the pelvis. The main 

functions of the spine include transferring loads of the upper body to the pelvis, providing 

physiological mobility to the trunk, and most importantly protecting the spinal cord and nerve 

roots [16]. Twenty-four articulated vertebrae along with the sacrum and coccyx comprise the 

spine. The spine has several regions including cervical spine with seven vertebrae, thoracic spine 

with twelve vertebrae, lumbar spine with five vertebrae, the sacrum with four to five fused 

vertebrae, and the coccyx with four to five fused vertebrae (Figure 1-1).    

 

Figure 1-1. Spine from three different views. Adapted from [17] with permission from Elsevier Health 

Sciences. 
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A vertebra is a bony element with two main regions: the anterior region known as the vertebral 

body and the posterior region called the neural arch. A triangular opening is formed between the 

two regions, known as the vertebral foramen, through which the spinal cord and cauda equina 

pass and are protected along the spinal column (Figure 1-2).   

The neural arch of the vertebra has a particular shape with various protrusions, known as 

processes. The spinous process is directed posteriorly, whereas transverse processes are directed 

laterally. Two superior and two inferior articular processes of each vertebra articulate with 

inferior and superior processes of the adjacent vertebrae, respectively, forming the facet joints. 

There are also some minor processes which are helpful landmarks for describing muscle 

attachment sites. These processes include mammillary processes and accessory processes (Figure 

1-2). The pedicle is a thick bridging protrusion between the vertebral body and posterior 

elements; and lamina is a wide bony plate connecting the pedicle to the spinous process. 

 

Figure 1-2. Landmarks of a lumbar vertebra. Adapted from [17] with permission from Elsevier Health 

Sciences. 



5 

 

While facet joints articulate the posterior elements of the adjacent vertebrae, intervertebral discs 

connect their vertebral bodies. Intervertebral discs are comprised of a nucleus pulposus, annulus 

fibrosus, and cartilaginous endplates (Figure 1-3A&B). The major volume of the intervertebral 

disc is filled by the nucleus pulposus, which is a fluid like substance in the middle of the 

intervertebral disc, surrounded by the annulus fibrosus circumferentially and by cartilaginous 

endplates on the top and bottom. The annulus fibrosis consists of several concentric layers of 

fibrocartilaginous bands whose fibers have a small angle of ~30° with the transverse plane but 

are in opposite direction to their adjacent layers (Figure 1-3C) [16].    

 

Figure 1-3. Intervertebral disc structure. (A) sagittal plane view of the disc, (B) superior view of the disc, (C) 

and crisscross pattern of the lamellae fibers at about 𝜶 = ± 30° from the vertebral end plates. Adapted from 

[18], [19], and [20] with permission from Schmidt, Cambridge university press, and Wolters Kluwer 

HealthInc. 
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The vertebrae of the spine are connected through several ligaments. Anterior longitudinal and 

posterior longitudinal ligaments cover the anterior and posterior of the vertebral bodies, 

respectively, along the entire spine. The outer layer of annulus fibrosus is also a vertebral body 

ligament as it connects two bones, i.e. the adjacent vertebrae. The ligamentum flavum with its 

short thick bands lies posterior to the spinal canal and spans between the laminae of the adjacent 

vertebrae. The bottom and top edges of spinous processes of adjacent vertebrae are connected via 

interspinous ligaments, while their posterior edges are connected and shielded by supraspinous 

ligament. Several iliolumbar ligaments attach transverse processes of L5 to multiple sites on the 

ilium. In general, the main role of the spinal ligaments is to assist in stabilizing and supporting 

the spine in various postures especially under distraction, bending, and twisting (Figure 1-4)[21]. 

 

Figure 1-4. Major ligaments of the spine. Adapted from [22] with permission from Kevin Tokoph. 
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1.3 Paraspinal Muscle Anatomy 

Functionally and anatomically, back muscles can be divided into extrinsic and intrinsic groups. 

Intrinsic muscles contribute to spinal movement, maintaining its balance, and controlling its 

posture, whereas extrinsic muscles are more involved in limb movements and respiration 

[23][24] (Figure 1-5). Extrinsic muscles are mostly present at the superficial layer and include 

trapezius, latissimus dorsi, levator scapulae, rhomboids, and serratus posterior (Figure 1-6). 

Intrinsic muscles exist mostly at the intermediate and deep layers (Figure 1-7). The only intrinsic 

muscle at the superficial layer is the splenius, which belongs to the cervical spine as the extensor 

of the head and neck (Figure 1-7A). At the intermediate layer, erector spinae muscle is present 

and consists of spinalis, longissimus, and iliocostalis, respectively from most medial to most 

lateral (Figure 1-7B). These muscles are further classified based on the region into which they 

are inserted. For example, superior insertion points of iliocostalis lumborum are in the lumbar 

region, whereas those for iliocostalis cervicis lie in the cervical region. A further classification 

can be made based on the origin points of these muscles.  

At the deep layer of intrinsic muscles, transversospinalis muscle group consists of multifidus, 

semispinalis, and rotatores. Multifidus is present along the entire spine but is the only 

transversopinalis muscle that exists in the lumbar region (Figure 1-7C). Multifidus is well-known 

for its stabilizing role at the lumbar spine region [25]. Interspinalis, intertransversarii, and 

levatores costarum are named minor deep muscles, as with their small sizes they are not expected 

to assist in taking substantial spinal loads; rather, they are postulated to have a proprioceptive 

function [26][23] (Figure 1-7D).  
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Figure 1-5. A summary of spinal muscles according to the classifications presented in Gray’s anatomy [24] 

and Clinically Oriented Anatomy [23]. Adapted from [27] with permission from the University of British 

Columbia. 
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Figure 1-6. The extrinsic back muscles. (a) trapezius and latissimus dorsi; (b) levator scapulae and 

rhomboids; and (c) serratus inferior and posterior. Adapted from Muscle System Pro III app with permission 

from 3D4Medical company. 
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Figure 1-7. The intrinsic back muscles. (a) splenius, spinalis, longissimus, and iliocostalis; (b) semispinalis; (c) 

multifidus; and (d) rotatores, interspinalis, intertransversarii, and levatores. Adapted from Muscle System 

Pro III app with permission from 3D4Medical company.  
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While quadratus lumborum and psoas major may not be included in anatomy books under spinal 

muscles [24][23], they do have attachment sites on lumbar spine vertebrae and contribute to its 

loading (Figure 1-8). Quadratus lumborum originates from the iliac crest and is attached to the 

twelfth rib, sometimes after passing through transverse processes of the lumbar vertebrae [23]. 

Psoas major is known primarily as a hip flexor but it can also flex the spine when the lower limb 

is fixed [28].  

  

Figure 1-8. Quadratus lumborum and psoas major. Adapted from Muscle System Pro III app with 

permission from 3D4Medical company. 
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1.4 Adult Spinal Deformity 

Globally, the number of people above 65 years old is expected to almost double from 2020 to 

2050, increasing from 727 million (9% of the population) to above 1.5 billion (16% of the 

population) [1]. With this growing aged population, the prevalence of degenerative spinal 

disorders including adult spinal deformity will increase, causing significant effect on quality of 

life and social costs [5][29]. The prevalence of adult spinal deformity has been reported to be up 

to ~30% [2][3][4] and in some cases as high as 68% [30] for people above 65 years old. 

Therefore, a better understanding of this condition and its etiology is crucial for development of 

preventative strategies or improved treatments.  

 Definition 

Adult spinal deformity can occur within the sagittal, coronal, or axial planes. Such deformity can 

be in the form of a malalignment between two adjacent vertebrae (segmental deformity), within 

any of the lumbar, thoracic, or cervical regions of the spine (regional deformity), or between the 

upper spine and sacrum (global deformity) [31]. To quantify these deformities, several 

measurements are made on posteroanterior (coronal plane) and lateral (sagittal plane) full-length 

(36-in) standing radiographs (Figure 1-9 & Figure 1-10). 

Global spinal alignment in the sagittal plane is defined by a plumb line dropped from the C7 

centroid [32][33](Figure 1-9a). If the C7 plumb line, also known as the sagittal vertical axis 

(SVA), falls further than 5 cm anterior to the posterior corner of the S1 endplate, the patient has 

global sagittal deformity [34]. Such deformity could arise from regional deformities including a 

thoracic hyperkyphosis and/or lumbar hypolordosis. The normal kyphosis of the thoracic spine is  
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Figure 1-9. Sagittal spinal 

deformity as a result of A) 

hypolordosis or B) hyperkyphosis. 

Regional deformities are typically 

reported in terms of C) lordosis 

angle in the lumbar (𝑿𝟐
° ) and 

lumbosacral regions or kyphosis 

angles in the thoracolumbar 

region (𝑿𝟏
° )  or D) the thoracic 

region (either 𝑿𝟑
°  or 𝑿𝟒

° ) . Adapted 

from [35], [36], and [34] with 

permission from the Korean 

Orthopaedic Association, 

Congress of Neurological 

Surgeons, Radiological Society of 

North America (RSNA), and 

Oxford university press. 
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considered between 20 to 60 degrees [36] (Figure 1-9D). Therefore, a kypohosis greater than 60 

degrees is referred to as hyperkyphosis [31]. On the other hand, the lumbar lordosis ranges 

between 30-80 degrees [31] (Figure 1-9C). Therefore, a smaller lordosis is deemed insufficient 

and is referred to as a hypolordotic or flatback deformity [37]. 

Global spinal alignment in the coronal plane is also defined by the C7 plumb line [38] (Figure 

1-10A). If this line falls 5 cm or more lateral to the mid sacral line the patient has global coronal 

deformity [31]. This deformity may arise from a variety of regional deformities including 

thoracic, thoracolumbar, or lumbar coronal curvature (scoliosis). The location of the curvature is 

determined by locating its apex [34] (Figure 1-10B). The apex of the curve is identified by the 

disc or vertebra that is maximally displaced from the midline and minimally angulated [34]. 

Regional scoliosis is quantified by the Cobb angle, which is the angle between maximally 

angulated (end) vertebrae above and below the apex [38] (Figure 1-10B).  

Typically, adjacent to the major curve which has the largest Cobb angle, there are minor curves 

present in the coronal plane that are further categorized as compensatory or structural [39] 

(Figure 1-11A). Surgical correction of the major curve usually leads to spontaneous correction of 

the compensatory minor curve, while it does not correct the structural curve. Therefore, supine 

side-bending radiographs are required to distinguish between these two curves - compensatory 

curves are less than 25 degrees, while structural curves are above 25 degrees [34] (Figure 

1-11B&C). 
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Figure 1-10. Characteristics of coronal-plane deformity. Global coronal-plane deformity is determined by the 

deviation of the C7 plumb line from the central sacral vertical line (A). A scoliotic curve is characterized by its 

apex, A, and its end vertebrae, E, which are the most angulated vertebrae above and below the apex, and are 

used for Cobb angle measurement (B). A neutral vertebra, N, is the one that is not tilted with respect to its 

adjacent vertebrae, and a stable vertebra, S, is the most distant above the sacrum that is still (nearly) bisected 

by the central sacral vertical line. Adapted from [38] with permission from Radiological Society of North 

America.  
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Figure 1-11. Structural versus compensatory curves in coronal plane deformity. In the neutral standing image 

(A), the curve between the solid lines and the curve between the dotted line are both greater than 25°. 

However, by bending to the right (B), the curve between the dotted lines remains greater than 25°, while when 

bending to the left (C), the curve between the solid lines decreases to less than 25°. Therefore, the curve 

between the dotted lines is the structural and the one between the solid lines is the compensatory curve. 

Adapted from [38] with permission from Radiological Society of North America (RSNA).  

This thesis primarily focuses on global sagittal plane deformity (Figure 1-9), especially given 

that its occurrence is more common [40]. In fact, such deformity is estimated to be prevalent 

among 20-40% of older adults [2]. Yet, the exact etiology of sagittal plane deformity remains 

unknown. 

 Etiology  

While various risk factors such as vertebral fractures [41][42], disc degeneration [2][43][6], 

ligamentous degeneration [44], proprioceptive deficits [11] and genetic predisposition [42] are 

identified for adult spinal deformity, many original and recent review studies believe a primary 



17 

 

causative role is played by muscle weakness/dysfunction [45][11][46][7][8][9][12][47] 

[48][49][50]. 

Paraspinal muscle is pivotal to maintaining the upright posture [50][51]. The weight of the upper 

body generates a flexion moment on the spine which needs to be counterbalanced by extensor 

muscles. In addition to preserving the equilibrium, extensor muscles contribute to guaranteeing 

the mechanical stability of the spine [51]. Therefore, it is reasonable that muscle dysfunction 

may be involved in the development of the spine deformity. In fact, multiple studies have 

observed lower muscle strength in adult deformity patients [46][7][8][9].  

A decrease in back extensor strength may arise from changes in different muscle properties 

including smaller anatomical cross-sectional area, lower level of activation, or shorter muscle 

moment arm, all of which have been observed to some extent in spinal deformity patients 

compared to the normal population [13][14][15]. However, there are other muscle biomechanical 

properties that could contribute to force production capacity of a muscle, but no study to date has 

measured them in adult deformity patients in contrast to the normal population. Those muscle 

properties include passive elastic modulus, slack sarcomere length (beyond which passive force 

starts to develop), in situ sarcomere length (measured inside the body for a certain posture), 

specific tension, fascicle length, and pennation angle. These properties relate to multi-scale 

muscle structure and its function, therefore a review of them is provided in the next section.  

1.5 Muscles 

 Structure 

Muscle is an organized material with several structural levels (Figure 1-12). The functional 

building blocks of muscles are sarcomeres, which consist of interdigitated thin and thick 
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myofilaments mainly comprised of actin and myosin contractile proteins, respectively [52]. 

Actin myofilaments are coupled to one another at the two ends of each sarcomere, forming the 

so-called Z discs, whereas the myosin myofilaments are first linked to titin filaments and then 

connected to the Z discs. A large number of sarcomeres in series form a myofibril. Parallel 

alignment of myofibrils forms a muscle fiber (muscle cell) which contains sarcolemma 

immediately surrounding those myofibrils in addition to a membrane over that known as basal 

lamina. Muscle fibers lie in parallel within an extracellular matrix known as endomysium which 

bonds them together and form muscle fascicles. Muscle fascicles are individually covered by 

perimysium but altogether are wrapped by epimysium forming a muscle [53][54] (Figure 1-12). 

While not considered in classic studies as an independent part of muscle structural hierarchy, 

“muscle fiber bundle” is defined and extensively used in studying muscle biomechanical 

(passive) properties. Fiber bundle is defined as a small number of (~10 - 20) fibers surrounded 

by their connective tissue [52]. In contrast to a fascicle or the whole muscle, which are wrapped 

by perimysium and epimysium, respectively, no biological tissue is identified as the boundary 

for a fiber bundle. In terms of order of magnitudes, a typical bundle has ~20 fibers, while a 

fascicle may contain ~300 fibers [55]. Depending on the number of fascicles, at the whole 

muscle one may expect ~1000 fibers or more in parallel.  
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Figure 1-12. Muscle hierarchical structure. Adapted from Fig. 6.1 and 6.3 of [56] with permission from 

Pearson Education, Inc. 
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 Force Production Mechanism 

For a muscle fiber to contract (twitch), the central nervous system sends a neural signal in form 

of an action potential to the neuromuscular junction of that muscle fiber. The action potential is 

transmitted to the fiber through depolarization of the sarcolemma and is propagated deep into the 

fiber by the transverse tubular system (Figure 1-13). The transverse tubular system signals the 

sarcoplasmic reticulum (a sac-like reservoir for calcium ions surrounding the myofibrils) to 

release calcium ions into the myofilaments region. The calcium ions then initiate a series of 

chemical reactions that lead to formation of cross-bridges between the myosin and actin 

myofilaments. Through myosin-actin interaction (the cross-bridge cycle), the myosin grabs the 

actin filament and slides it toward the center of the sarcomere creating muscle contraction. This 

force generation process continues until the neural signal stops, which results in uptake of 

calcium ions into the sarcoplasmic reticulum and therefore, muscle relaxation [57][52].  

 

Figure 1-13. Transverse tubular system as the interface between sarcolemma and sarcoplasmic reticulum for 

propagating action potential deep into the myofilament regions. Adapted from [58] with permission under the 

Creative Commons Attribution 4.0 International license. 
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The amount of force a muscle generates depends on the position of its myofilaments. The more 

overlap between actin and myosin myofilaments, the higher the number of cross bridges forming 

between them and the larger the amount of active force generated by the sarcomere. On the other 

hand, when the sarcomere is stretched beyond its resting length, titin filaments and other 

molecules act as springs and demonstrate passive resistance to stretch. Such active and passive 

behavior of muscle leads to a force-length relationship as the one shown in Figure 1-14. 

Therefore, the status of sarcomere length, the form of the passive tension curve, and the slack 

sarcomere length (where the passive curve starts to develop) are all factors involved in the 

amount of force a muscle can produce [52].   

The force production of the muscle is also dependent on the type of myosin heavy chain (MHC) 

isoforms [59]. The main MHC isoforms in muscles are slow-twitch Type I, and fast-twitch type 

IIa and type IIb. As for a certain amount of force, the corresponding shortening velocities vary 

between these fibers, they are classified as slow and fast fibers. The effect of these fibers on 

muscle force-velocity curve can be seen in Figure 1-14. Although their effect is significant at 

high shortening speed, they do not differ much in isometric forces or forces at small velocities.  

The ratios between these fiber types however vary between muscles and are dependent on the 

type of activity and conditions [52].  
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Figure 1-14. Muscle force-length relationship (a), and force-velocity curves for three different fiber types (b). 

�̃�𝑺 is the sarcomere length normalized by the optimum sarcomere length, which is assumed to be 2.8 µm in 

human. Depending on the sarcomere length of a muscle, the amount of overlap between the myosin and 

active myofilaments, and therefore the number of cross-bridges between them varies. This affects the amount 

of force (�̃�𝒂𝒄𝒕𝒊𝒗𝒆) a muscle can produce when fully activated (green curve), such that in the vicinity of the 

optimum sarcomere length, maximum isometric force is produced, while on the ascending and descending 

limb a smaller force is generated in full activation. When a muscle is stretched beyond its resting length, 

passive force develops (�̃�𝒑𝒂𝒔𝒔𝒊𝒗𝒆). Total muscle force �̃�𝑴 is a summation of active and passive forces. Adapted 

from [295] with permission from Springer Nature.      

 

 Adaptation 

As one of the most adaptive tissues of the body, muscles can change due to various stimuli, 

including neural activation, denervation, exercise, stretch, and overload [54]. Changes can occur 

at all different scales and affect the muscle force generation capability. For example, at the 

molecular scale, the fiber type and the speed of force generation in animals have been shown to 

be changed to slower types in response to overstretch or overload [60][61], though such 

transformation has not been as evident in humans [62][63][64][65].  
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At the subcellular level, the number of sarcomeres in series and parallel can change, leading to 

differences in fiber length and cross-sectional area, respectively. In general, the number of 

sarcomeres in series increases in a muscle when chronically stretched [66][67][68][69][70] and 

decreases when chronically understretched [71][72][73][74][75]. When supplemented with 

overload, protein synthesis accelerates and passive stretch of a muscle leads to even greater 

extent of sarcomere addition[76]. Sarcomeres are therefore thought to adjust their numbers when 

subjected to a change so as to restore their original or optimal length, where maximum force 

production occurs [77]. However, that is not necessarily true. A few studies found an increase in 

sarcomere lengths when subjected to overstretch rather than an increase in sarcomere numbers 

[67][66][78]. Nonetheless, it is well accepted that an increase/decrease in cross-sectional area is 

due to addition/subtraction of sarcomeres in parallel[79]; and that overload increases [65][80], 

while disuse decreases the number of parallel sarcomeres [79]. 

At the cellular level, the peak isometric fiber stress has been shown to increase when overloaded 

[64], and decrease in disuse[81][82]; while at the tissue level, the passive stiffness of the muscle 

has demonstrated adaptation through changes in the composition and volume of the extracellular 

matrix [71][83].  

Finally, at the organ level, the muscle architecture may change in contribution to muscle 

adaptation. It is well documented that overload, especially in form of eccentric exercise, 

increases the cross-sectional area and volume of the muscle [80][65][76], and in contrast 

underload leads to decrease in both [75]. Also, hypertrophy, which can be the result of overload, 

leads to an increase in pennation angle, probably for the muscle to keep its size as small and 

compact as possible, while atrophy or underload, has an opposite effect. 
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 Biomechanical Properties 

A change in the parameters discussed in the previous section including muscle cross-sectional 

area, pennation angle, maximum isometric force, sarcomere length, and passive properties can 

have an influence on muscle force production. It is tempting to explore the extent of influence 

that a change in any of these parameters imposes on paraspinal muscles and consequently the 

spinal forces. However, for the scope of this thesis we only focus on three fundamental 

biomechanical properties given the preponderance of the muscle adaptation literature on them. 

These properties include the sarcomere length of the muscle at a certain joint/limb/body position, 

passive elastic modulus, and the slack sarcomere length, beyond which muscle passive forces 

start to develop. 

1.5.4.1 Sarcomere Length 

For a certain body posture, sarcomere length of human paraspinal muscles varies between 

different muscle groups. For example, in a prone posture multifidus typically manifests an 

average in situ sarcomere length of ~2.3 µm [20][21] while psoas typically has an average in situ 

sarcomere length of ~3.3 µm [21][23]. When the spine moves from prone to a flexed posture, 

multifidus fascicles elongate and accordingly their sarcomere length increases, while psoas 

fascicles shorten and so do their sarcomeres.  

As stated in the previous section, when a muscle is put in a new mechanical condition for a long 

time it seems to remodel to restore its original sarcomere length, but such a phenomenon may not 

necessarily occur in some cases. Elsalanty et al. [67] analyzed 9 adult goats that had underwent 

20% tibial lengthening in one of their hind limbs. They observed after 60 days the fiber length of 

tibialis caudalis muscle had increased 36.7% and that the pennation angle had decreased 37.2%. 
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Interestingly, the increase in fiber length was due to the increase in sarcomere length from 2.18 

µm to 2.97 µm, while muscle mass and PCSA remained constant.  

Makarov et al. [66] studied all 13 different muscles of goat’s tibia in 9 animals after 20% tibia 

lengthening. After distraction, posterior compartments of muscles had 42% increase in fiber 

length and 38% increase in sarcomere length, whereas the muscles at the anterior compartments 

showed a 10% increase in fiber length but 12% decrease in sarcomere length. This study 

demonstrated surprising differences between individual muscles in response to overstretch (limb 

lengthening) and indicated that poor mechanism of sarcomere addition of posterior muscles 

resulted in sarcomere elongation and contracture of the joint.  

In a more recent study [78], it was shown in human soleus muscle, that although fascicle length 

was similar in both cerebral palsy patients and typically developing children, the sarcomere 

length was dramatically different (4.07±0.45 μm vs. 2.17±0.24 μm). While that parameter has 

been measured for various spinal muscles, including psoas, multifidus, iliocostalis and 

longissimus, they have been all measured in normal cadavers or in a mixed heterogeneous group 

of patients undergoing spine surgery [25][84]. No studies to the best of author’s knowledge has 

measured such a difference in patients with a specific spinal disorder including those with adult 

spinal deformity. 

1.5.4.2 Passive Elastic Modulus 

While at the molecular level, actin and myosin, the cross bridge between them, and desmin 

(protein filament that interconnects myofibrils to one another) may contribute to the passive 

properties of a fiber, titin is assumed to be the main element corresponding to passive forces 

within a stretched fiber [85][86][87]. Titin is a giant protein in sarcomeres spanning almost half 
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of the size of a sarcomere and has been shown to have a negative correlation between its size and 

fiber stiffness (i.e. smaller (or shorter) titin leads to higher fiber stiffness and vice versa) 

[86][88][89]. Nonetheless, some studies have cast doubt about this as they did not find any 

correlation between them [25][90][91]. Therefore, further studies remain to be conducted to 

indicate the main mechanism behind the passive behavior of a fiber.  

While the elastic modulus of an animal single muscle fiber can take values as small as ~6 kPa (in 

mice [92]) to values more than 150 kPa (in rabbits [86]), the average elastic modulus of a human 

muscle fiber lies between 20 and 40 kPa [25][93][94]. However, this is only true for healthy 

individuals.  It has been shown that in patients with cerebral palsy the spastic muscle fibers had 

an average elastic modulus of up to 55 kPa [25]. Interestingly, fiber elastic modulus of spastic 

muscles is not equal for all muscles and depends on the location of the studied muscle. Friden 

and Lieber [93] studied the muscles of upper extremities, including biceps brachialis, extensor 

carpi radialis, flexor carpi ulnaris, pronator teres, and subcapularis and found on average about 

two times stiffer fibers in cerebral palsy patients. Mathewson et al. [95] also found gastrocnemius 

and soleus in cerebral palsy patients to be stiffer than normal individuals. However, Smith et al. 

[94] did not observe any difference between cerebral palsy patients and the control group in terms 

of the fiber stiffness of gracilis and semitendinosus. This implies different remodeling 

mechanisms of the muscles at different locations in the body. 

The elastic modulus of a bundle of fibers (~3 to ~30 fibers ensheathed in their connective tissue 

matrix) is not the same as the elastic modulus of single fibers. This is due to the extracellular 

matrix, despite its low percentage (~10% of the muscle volume), playing a significant role in 

stiffening the muscle fiber bundles. In contrast to single fiber elastic modulus, muscle fiber 

bundles demonstrate a wide range of elastic moduli (Table 1-1). Values as low as 25 kPa, as was 
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measured for semitendinosus in [94], up to 463 kPa (16 times stiffer than its single fiber), as was 

in upper extremities [96]) have been measured for elastic modulus of human muscle fiber 

bundles. Lieber et al. [96] showed that in subjects of their study, while spastic muscles had 

higher fiber elastic modulus compared to the control group, the bundle elastic modulus was 

much lower due to lower quality of ECM in the muscles of cerebral palsy patients. The influence 

of ECM on stiffness of muscle bundles is also muscle specific. The cerebral palsy patients in the 

study by Mathewson et al. [95] had stiffer single fibers compared to the control group, but not 

different fiber bundle stiffnesses in their gastrocnemius and soleus, whereas an opposite 

observation was reported by Smith et al. [94] for gracilis and semitendinosus: stiffer bundles 

with no difference in fiber stiffness. 

The elastic modulus of single fiber and fiber bundles has been measured for human spinal 

muscles but has not been contrasted against different groups of patients. Ward et al. [25] 

collected muscle biopsies from three sub groups of erector spinae: multifidus, iliocostalis 

lumborum, and longissimus thoracis. They found similar single fiber elastic modulus for the 

three subgroups (~30kPa), but larger elastic modulus for fiber bundles of multifidus (~90kPa) 

compared to iliocostalis and longissimus (~60 kPa). Whether elastic modulus of these muscles in 

patients with spinal conditions, particularly those with adult spinal deformity, is any different 

than others is unknown.   
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Table 1-1. Summary of passive elastic modulus of muscle fiber and muscle fiber bundle in various human and 

animal studies.  

Study Subject Muscle 

Fiber Elastic 
Modulus  
(kPa) 

Fiber Bundle 
Elastic Modulus 
(kPa) 

Ward  

2009 [25] 
Human Multifidus 33.7 ± 1.9 91.3 ± 6.9 

 Iliocostalis Lumborum 37.1 ± 3.7 58.8 ± 7.7 

 Longissimus Thoracis 32.8 ± 3.2 62.9 ± 14.7 

     

Friden  
2003 [93] 

Human Upper extremity (Spastic) 55.0  ± 6.6  Not Measured 

 Upper extremity (Normal) 28.2 ± 3.3 Not Measured 

     

Lieber  
2003 [96] 

Human Biceps brachialis, extensor carpi radialis, 
flexor carpi ulnaris, pronator teres, and 
subcapularis (Spastic) 

55.0 ± 6.6 111.2 ± 35.5 

 Adductor pollicis longus, brachioradialis, 
extensor carpi radialis longus, flexor 
digitorum superficialis, flexor digitorum 
superficialis (Normal) 

28.2 ± 3.3  462.5 ± 99.6 

     

Smith  
2011a[94] 

Human Gracilis (cerebral palsy) 21.5 ± 2.4  60.4 ± 11.8  

 Gracilis (Normal) 21.5 ± 1.8  36.1 ± 3.9  

 Semitendinosus (cerebral palsy) 23.6 ± 1.7  40.7 ± 4.9  

 Semitendinosus (Normal) 22.47 ± 1.8  25.2 ± 2.9 

     

Mathewson 
2014 [95] 

Human Gastrocnemius (cerebral palsy vs. Normal) Stiffer No Difference 

 Soleus (cerebral palsy vs. Normal) Stiffer No Difference 

     

Brown  

2011 [90]  

Rabbit Multifidus (Injured) L3 ~95  ~115  

 Multifidus (Normal) L3 ~70  ~50 

 Multifidus (Injured) L7 ~70  ~105 

 Multifidus (Normal) L7 ~55  ~55  

     

Brown  

2012 [91] 
Rat Rectus Abdominis ~50  ~55  

 External Oblique 

 Internal Oblique 

 Transverse Abdominis 

     

Meyer  
2011 [92] 

Mouse Extensor Digital Longus 6.3 40.5 

     
Prado  
2005 [86] 

Rabbit Extensor Digital Longus 70.9 158.5 

 Gastrocnemius 53.5 106.5 

 Psoas 157.1 91.6 
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Elastic modulus of muscle fibers and fiber bundles are determined typically through a uniaxial 

stretch test. Single fibers and fiber bundles of different sizes are tested and normalized for cross-

sectional area under the assumption that this eliminates the effect of size (i.e. cross-sectional 

area). The size of muscle fiber bundles tested for their elastic modulus varies from 3 to 30 fibers 

in the literature [96][90][97][98][55][99]. Whether the effect of size on elastic modulus 

disappears after normalizing for cross-sectional area is unclear.  Noonan et al. [100] recently 

demonstrated that elastic modulus does depend on the size of the muscle fiber. This question, 

however, has not been solved for bundles of muscle fibers. 

Another consideration in measurement of elastic modulus is that most studies of single muscle 

fibers or bundles of muscle fibers assumed a cylindrical shape and only measured diameter of 

those specimens in one plane [98][55][101][86][91][102]. Other researchers believe 

measurement of diameters in two different planes (i.e. both top and side views) is required 

[103][99]. Blinks [104] investigated 16 frog fibers and observed ~20% difference in the 

calculated cross-sectional area when measuring only one diameter versus two. For humans or 

rodents, whether the assumption of a cylindrical shape is trustworthy and to what extent it 

impacts the measured cross-sectional area of a muscle fiber or a bundle of muscle fibers remains 

unclear.   

It should be noted that as shown in Figure 1-14, the passive behavior of a muscle fiber/fiber 

bundle demonstrates a nonlinear curve, in most cases an exponential curve with a toe region at 

its beginning. Hence, depending on where the slope is tangent to the curve the reported stiffness 

may vary. However, for the sake of comparison, in order to represent the curve by one single 

value, some studies have neglected the toe region and approximated the second part of the curve 
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by a line and reported its slope [93][96][90], while some have selected an arbitrary point (e.g. 4 

microns) and reported the tangent at that point as the stiffness [91][94].  

1.5.4.3 Slack Sarcomere Length 

Slack sarcomere length, the point where the passive force starts to develop, is another 

characteristic of the passive curve that should be considered when studying the muscle passive 

behavior. This parameter has been shown to vary between different muscles as well as for 

different patient groups. For instance, the spastic patients of the study by Friden and Lieber [93] 

had smaller slack sarcomere length compared to the control group (1.84±0.05 𝜇𝑚 vs. 

2.20±0.04 𝜇𝑚). This obviously has influence on muscle force calculations and thus, should be 

considered. 

 Extracellular Matrix 

Extracellular matrix plays an important role in modulating the passive properties of the muscle at 

the tissue level. The larger stiffness of fiber bundles than single fibers arises from the 

extracellular matrix and properties of its constituents [105]. The largest constituents of muscle 

extracellular matrix are collagen isoforms [106][105], among which fibrillar collagens, 

specifically type I (~70% of total collagen) and type III, are the most prevalent [107][105][108]. 

Collagen I is associated with increasing tensile stiffness of the tissue [107][109] while collagen 

III is deemed to act in opposite and make the tissue more compliant [109][110].  

Smith et al. [108] studied the contribution of extracellular components to the stiffness of 

semitendinosus muscle in typically developing children in contrast to those with contractures due 

to cerebral palsy. In total, collagen I and total proteoglycan acted as positive and collagen III and 
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biglycan as negative predictors of muscle stiffness. When analyzing the groups separately, 

however, the determining collagenous factors for typically developing children were collagen I 

and collagen IV, while for cerebral palsy patients it was the ratio of collagen I to collagen III.  

In a recent study by Ward et al. [55] collagen content and passive stiffness of several lower 

extremity muscles were measured in six rabbits. The measurements were made at multiple scales 

including fiber bundle (~20 fibers), fascicle (~300 fibers), and whole muscle. The results 

revealed a nonlinear increase in both stiffness and collagen content from smaller to larger scales. 

At the whole muscle level, collagen was the strongest predictor of muscle passive function. 

However, not just the content but the organization and quality of collagen also seem to influence 

the muscle stiffness [111]. 
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1.6 Musculoskeletal Modeling 

Knowledge of the muscle forces and human body joint loads is important to a variety of 

applications including implant design, surgical planning, rehabilitation and ergonomics. 

Currently, non-invasive direct measurement of muscle forces and joint loads is not feasible. 

Calculation of muscle forces is not trivial and depends on several muscle parameters. 

Furthermore, the intricate anatomy and architecture of the musculoskeletal system, particularly 

in the spine region, adds to its complexity. Therefore, musculoskeletal models are developed to 

offer a unique opportunity in providing estimations of the muscle forces and joint loads of the 

human body for a variety of activities and scenarios. Obviously, the predictive accuracy of these 

models depends on their input material properties and the solution method they adopt, which is 

discussed in this section. 

 Hill Type Muscle-Tendon Actuator 

Given the special force production mechanism of muscles and their force-length and force-

velocity relationships, a muscle can be represented by a combination of a contractile element in 

parallel with a passive spring (Figure 1-15). The tendon attaching the muscle to its anchor sites 

on bones can also be represented by a passive spring in series with that muscle. This entire unit is 

defined as a Hill-type muscle-tendon actuator, per the classical description by Hill [112] and is 

adopted by most musculoskeletal models throughout the literature for modeling an entire muscle-

tendon [113].  
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Figure 1-15. Illustration of a muscle-tendon unit and its equivalent model as Hill-type musculotendon 

actuator. 

The force of the muscle component in Hill-type muscle-tendon model is computed in form of:  

𝐹𝑇 = 𝐹𝑀(𝑎, 𝑙𝐹 , 𝑙�̇�) × 𝑐𝑜𝑠 𝛼

= 𝑃𝐶𝑆𝐴

× (𝑎 × 𝑆𝑇 × �̃�𝑎𝑐𝑡𝑖𝑣𝑒 (
𝑙𝐹

𝑙𝑜
𝐹

) × �̃�𝑎𝑐𝑡𝑖𝑣𝑒
𝑣𝑒𝑙 (

𝑙�̇�

𝑙𝑜
𝐹

) + 𝐾 × �̃�𝑝𝑎𝑠𝑠𝑖𝑣𝑒 (
𝑙𝐹

𝑙𝑜
𝐹

))

× 𝑐𝑜𝑠 𝛼 

(1-1) 

where on the left hand side, 𝐹𝑀 is the muscle force as a function of three state variables of the 

muscle, namely the activation level of the muscle (𝑎), muscle fiber length (𝑙𝐹), and muscle fiber 
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contraction velocity (𝑙�̇�).  In the right-hand side, however, in addition to the three state variables, 

several biomechanical and anatomical properties of the muscle are required to compute the 

muscle force. These parameters include physiological cross-sectional area (𝑃𝐶𝑆𝐴), specific 

tension (𝑆𝑇), passive curve scaling factor (𝐾), pennation angle (𝛼), and optimum fiber length 

(𝑙𝑜
𝐹). In the above equation, �̃�𝑝𝑎𝑠𝑠𝑖𝑣𝑒, �̃�𝑎𝑐𝑡𝑖𝑣𝑒, and �̃�𝑎𝑐𝑡𝑖𝑣𝑒

𝑣𝑒𝑙   are the force multipliers obtained from 

the muscle force-length and force-velocity curves as functions of normalized fiber length and 

normalized fiber velocity. A description of these anatomical and biomechanical properties 

follows. 

1.6.1.1 Optimal Fiber Length  

Optimum fiber length is the muscle fiber length at which the maximum isometric force is 

produced. Based on cross-bridge theory on muscle force production mechanism, this happens 

when the sarcomere length is at its optimum point, which is considered to be the middle point of 

the plateau in the active force-length curve (Figure 1-14a). For humans, the optimum sarcomere 

length is assumed to be between 2.7 µm [114] to 2.8 µm [115]; we used 2.8 µm throughout this 

manuscript. 

Currently, most anatomical muscle parameters of the human body, particularly those used in 

musculoskeletal models, are measured in cadavers. Therefore, optimum fiber length is not 

measured experimentally, but calculated based on muscle current fiber length and its 

corresponding sarcomere length. With the optimum sarcomere length equal to 2.8 µm, the 

optimum fiber length is computed as: 



35 

 

𝑙𝑜
𝐹 = 𝑙𝐹 ×

𝑙𝑜
𝑆

𝑙𝑆
= 𝑙𝐹 ×

2.8 𝜇𝑚

𝑙𝑆
 (1-2) 

Therefore, note that for using the force-length and force-velocity curves appropriately, one needs 

to know the sarcomere length corresponding to the fiber length measured for a muscle [116]. 

Otherwise, optimum fiber length cannot be calculated, and consequently the force-length and 

force-velocity curves cannot be used for calculation of Hill-type muscle forces.    

Experimentally, the length of a muscle fiber can be measured using a caliper (or ruler). 

Measurement of its corresponding sarcomere length, however, requires special tools or 

techniques. Sarcomere length manifests a range between ~1.5 µm to ~5µm for human muscles. 

For measurement in such scale, either a microscope should be used or more commonly the laser 

diffraction technique is employed [115][117][118].  

In this method, a laser beam is used to transilluminate a fixated muscle sample. Light 

interference occurs when the beam passes through the striated pattern of the muscle and results 

in a diffraction pattern consisting of light and dark points on the projected plane (Figure 1-16). 

Knowing the wavelength of the laser beam (e.g. 𝜆 = 660 𝑛𝑚), in addition to the distance 

between the center light dot and the first light dot next to it (𝑌), and the distance from the muscle 

sample to the plane (𝐿), the length of the sarcomere (𝑑) can be obtained as: 

𝑑 =
𝜆√𝑌2 + 𝐿2

𝑌
 (1-3) 
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Figure 1-16. Measurement of sarcomere length using laser diffraction technique. When a coherent beam hits 

a myofibril, consisting of in-series sarcomeres (denoted here by vertical red line segments), the beam passes 

through the slits/gaps between the sarcomeres and thus, light interference (dotted blue lines) occurs which 

results in a diffraction pattern consisting of light (yellow dots) and dark points on the projected plane. By 

knowing the laser wavelength, 𝝀, and measuring the dimensions indicated here, one can measure the 

sarcomere length, d, using the formula above. 

1.6.1.2 Specific Tension 

The maximum isometric force per unit area a muscle can generate actively is defined as its 

specific tension. Based on cross-bridge theory for muscle force production mechanism, this force 

takes place when its sarcomere is at its optimum length, which is within the plateau of the force-

length curve. 

Experimentally, this parameter is measured using fresh muscle samples. A single muscle fiber 

can be extracted from a fresh biopsy and placed in a physiological solution bath, where it is 

mounted on two fixed colinear pins and secured to them by suture loops. A microscope or laser 

diffraction technique can be used to ensure the sarcomeres of the fiber are at their optimum 



37 

 

length by adjusting the position of one of the pins. By saturating the concentration of calcium 

ions in the bath and having a uniaxial force transducer attached to one of the pins, the maximum 

isometric force of the fiber can be measured. Dividing that force by the cross-sectional area of 

the fiber gives us the specific tension. The same concept can be applied at the bundle, fascicle, or 

whole muscle levels to obtain the specific tension. Theoretically, those measurements should all 

result in similar values. The average specific tensions measured experimentally through this 

manner ranges between ~10 to ~40 𝑁/𝑐𝑚2 for human muscles [119][120]. This parameter, 

however, has never been measured for human paraspinal muscles to date.  

1.6.1.3 Pennation Angle 

The fibers in a muscle-tendon unit are not necessarily all along its line of action, rather in some 

muscles they insert onto the tendon at a certain angle (Figure 1-15). The angle between muscle 

fibers and the line of action of the muscle-tendon unit is called the pennation angle (𝛼). This 

angle decomposes the force a muscle produces into two components, one component along the 

line of action, and the other component perpendicular to that. Equation (1-1) provides the 

effective component along the line of action, while the other component in Hill-type muscle-

tendon model is deemed to compress the tendon against the muscle belly and cancels out by 

muscle incompressibility. In the Hill-type model, the assumption of muscle incompressibility 

dictates that the muscle fiber length times the sine of the pennation angle at any state remains 

constant (Figure 1-15).  

1.6.1.4 Physiological Cross-Sectional Area (PCSA) 

Physiological cross-sectional area (PCSA) of a muscle is an important anatomical property for 

calculation of muscle force. This property is defined to reflect the sum of cross-sectional areas of 
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all fibers in a muscle when they are at their optimum lengths. This definition allows calculation 

of the maximum active force of a muscle simply by multiplying its PCSA by the specific tension. 

If the muscle is pennated, the muscle maximum active force along its line of action would be a 

product of PCSA, specific tension, and the cosine of the pennation angle (equation (1-1)).  

 

Figure 1-17. Illustration of 𝑷𝑪𝑺𝑨, 𝑷𝑪𝑺𝑨𝜶, and 𝑨𝑪𝑺𝑨𝒐 on a muscle-tendon unit.  

To calculate PCSA, the volume of a muscle can be measured by immersing it into a volumetric 

cylinder [28] or by dividing its mass by the density of muscle, known to be 1.056 𝑘𝑔/𝑚3, 

through the following formula: 

𝑃𝐶𝑆𝐴 =
𝑀

𝜌 × 𝑙𝑜
𝐹
 (1-4) 

where 𝑀 is the muscle mass, 𝜌 is its density, and 𝑙𝑜
𝐹 is the fiber optimum length. Note that all 

parameters on the right-hand side of equation (1-4) are constant for any individual muscle. 

Therefore, PCSA is a constant for any muscle, independent of its position.  

While some studies used the PCSA definition presented above [115][28][121], some other 

studies [122][116][52] adopted an alternative definition as: 
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𝑃𝐶𝑆𝐴𝛼 =
𝑀 × cos 𝛼𝑜

𝜌 × 𝑙𝑜
𝐹

 (1-5) 

where 𝛼𝑜is the pennation angle of the muscle when its fibers are at their optimum lengths. The 

superscript 𝛼 in 𝑃𝐶𝑆𝐴𝛼 is used to differentiate between the two definitions by referring to the 

usage of pennation angle in the formula of the latter (Figure 1-1). In this manuscript, the first 

definition of 𝑃𝐶𝑆𝐴 is preferred. The reason is that for calculation of muscle force in equation 

(1-1), cos 𝛼 changes with the muscle fiber length. It is noteworthy that 𝑃𝐶𝑆𝐴𝛼 is equal to 𝑃𝐶𝑆𝐴 

times cos 𝛼𝑜; thus 𝑃𝐶𝑆𝐴𝛼 is also a constant.  

The optimum pennation angle terminology is not commonly used, but in the author’s opinion is 

necessary to avoid confusion. In fact, many studies have measured the surface pennation angle of 

a muscle which was not necessarily at its optimum fiber length and used that value for 

calculation of 𝑃𝐶𝑆𝐴𝛼 in equation (1-5) [115][28]. This can result in incorrect values as when the 

fiber length changes, its pennation angle also changes [123]. Therefore, depending on at what 

fiber length a muscle is fixed in a cadaver, its pennation angle may vary and be different than the 

optimum pennation angle.  

Advances in medical imaging have provided a great opportunity for measurement of muscle 

cross-sectional areas in a live human body. Care should be taken, however, when transforming 

those measurements into PCSA. Some studies have measured the cross-sectional area 

perpendicular to the line of action of the muscle, which can be named anatomical cross-sectional 

area (ACSA). One cannot simultaneously measure the pennation angle and calculate PCSA by 

multiplying the ACSA by the sine of that pennation angle. Note that ACSA changes with 

changes in muscle fiber length. Therefore, only 𝐴𝐶𝑆𝐴°, which is the ACSA measured when the 
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muscle is at its optimum fiber length, can be converted to PCSA through multiplication by 

cos 𝛼𝑜 (Figure 1-17). Calculation of the optimum fiber length requires knowledge of the muscle 

fiber length and its corresponding sarcomere length. Therefore, only imaging studies that have 

measured those two lengths in the same muscle position as its ACSA was measured can provide 

a valid estimation of PCSA.  

1.6.1.5 Passive Curve Scaling Factor  

In equation (1-1), 𝐾 is a scaling factor for the normalized passive force-length curve. It has the 

same unit and functionality as the specific tension has for scaling the normalized active force-

length curve. In Figure 1-14, active forces measured experimentally for different lengths are 

normalized by the maximum isometric force. To present both active and passive curves in one 

plot, one may choose to normalize the passive forces measured experimentally for different 

lengths by the maximum isometric force. In that case the value of 𝐾 value is equal to 𝑆𝑇. 

Experimentally, passive behaviour of a muscle is tested using fresh muscle samples. Similar to 

the method described for active testing, a single muscle fiber can be extracted and mounted on 

two collinear pins in a physiological relaxing solution bath. One of the pins is connected to a 

uniaxial force transducer, while the other pin is attached to a length controller. Starting from a 

slack length, one can stretch the muscle fiber by certain increments and read the force data at the 

end of each increment after ~2 to ~4 minutes of relaxation time. Using a microscope or laser 

diffraction technique the sarcomere lengths can be measured at the end of each increment. By 

dividing the measured forces by the cross-sectional area of the muscle fiber, passive stresses at 

different sarcomere lengths are obtained. One can normalize the stresses by dividing them by an 

arbitrary 𝐾 values; or by 𝐾 = 𝑆𝑇 to present it side-by-side the normalized active force-length 
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curve. Following the same concept, the passive behaviour of a fiber bundle, a fascicle, or whole 

muscle can be tested.  

As discussed in section 1.5.5, in contrast to specific tension, the passive elastic modulus of a 

muscle increases nonlinearly from smaller to larger ones. Therefore, for passive muscle 

behaviour, testing at the whole muscle level is ideal. Nonetheless, such measurement is 

technically challenging for paraspinal muscles and has never been conducted in any species to 

date. In that case, one may measure muscle constituents at the whole muscle level and indirectly 

estimate the stiffness using the existing correlations in the literature [55][108].  

 Approaches for Determining Muscle Forces  

1.6.2.1 Forward-Dynamics versus Inverse-Dynamics 

With the Hill-type muscle-tendon model, a musculoskeletal model turns into a typical 

mechanical system comprised of several masses connected through various joints, springs, 

dampers, and actuators. The equilibrium equations for such a system can be formed as functions 

of muscle activations and two other state variables including position and velocity of the 

generalized coordinates corresponding to the degrees of freedom of the system [27]. With known 

boundary conditions and external forces including the gravity force, the equilibrium equations of 

the system are complete and ready to be solved.    

To solve the equilibrium equations of the system, two approaches could be adopted. When 

muscle activations are treated as known inputs into the equilibrium equations to solve for the 

generalized coordinates of the system, the approach is called forward-dynamics. The alternative 

is to have generalized coordinates as known inputs to the system of equations to solve for muscle 
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forces and consequently muscle activations. This method is known as inverse-dynamics 

approach.  

To simulate a certain activity using a forward-dynamics approach, muscles’ activation level can 

be measured for that activity through electromyography (EMG). By feeding the measured 

activation levels as input to the model, body positions, muscle forces and consequently joint 

loads can be determined. Alternatively, inverse-dynamics approach may be adopted using 

experimental kinematics data captured for that activity in a gait lab as input to the model. By two 

times derivation of input kinematic data with respect to time, accelerations of body segments are 

obtained and used in equilibrium equations to solve for the joint torques. Joint torques are then 

distributed among the muscles crossing that joint, through which muscle forces and consequently 

joint loads can be determined. A limitation of this approach is the sensitivity of the calculated 

joint torques to the input kinematics, especially since it involves double differentiation of such 

data. Forward-dynamics approach is also limited when it relies on EMG data, as EMG from all 

muscles involved in an activity is not always feasible, particularly where compact and dense 

presence of motoneurons requires multiple needles, leading to crosstalk issues. Either of these 

two approaches could be utilized depending on the availability of the input data and the type of 

the problem to be solved [124]. 

1.6.2.2 Addressing Muscle Redundancy  

For most musculoskeletal models, the number of muscles crossing a joint is more than the 

degrees of freedom of the system. Therefore, the system is indeterminate, meaning that different 

sets of muscle forces (or equivalently muscle activation levels) can result in the same joint 

torques and kinematics. Regardless of the utilized approaches, i.e. forward dynamics or inverse 
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dynamics, optimization is required to find a unique set of muscle forces (or equivalently muscle 

activation levels) for a simulated activity.  

In an optimization problem, a cost function is defined and the unique set of variables that 

minimize that cost function and meet the optimization constraints is sought. For addressing 

muscle redundancy in musculoskeletal models, a variety of optimization cost functions have 

been introduced throughout the literature [124]. These cost functions can be classified into three 

sub-groups: kinematics-based, neuromuscular performance, and bone/joint loading cost functions 

[125]. Examples of kinematics-based cost functions include trajectory tracking error [126], jerk 

[127], negative of maximum height a model can jump [128] or negative of maximum velocity a 

model can reach [129] (negative is required, as cost functions are defined to be minimized). 

Sums of different powers of muscle forces, muscle activations, muscle stresses, and muscle 

energy consumption are examples of neuromuscular performance cost functions 

[130][131][132][133]. Sum of joint forces [130], negative of maximum joint moments [132], or 

negative of maximum producible force by a limb along a certain direction have been used as 

joint/bone loading criteria [134]. Although an optimization problem can only have one cost 

function, it can be a weighted summation of many sub-cost functions. 

Depending on the type of simulation activity and the research question, static or dynamic 

optimization may be used. In addition to static activities, dynamics activities can also be 

simulated using static optimization. In this technique, complete optimization problem is solved 

independently for each instant of time before moving to the next time step in solution. Most 

musculoskeletal models for gait analysis use static optimization. However, to simulate an activity 

like the maximum height a model can jump, especially when no gait kinematics is available, a 

dynamic optimization is adopted. In this technique, the optimization problem is solved once and 
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that is for the entire cycle of movement. For activities where both static and dynamic 

optimization could be applied, similar results for muscle and joint forces were achieved [135]. 

Therefore, wherever possible, static optimization is used due to its much faster solution than 

dynamic optimization [126].   

An exemplar static optimization approach is the forward-dynamics assisted data tracking 

[124][136]. In this method, the gait kinematics are used but not as input to the equilibrium 

equations of the system (as is the case for inverse dynamics), rather as reference trajectories in 

the optimization cost function. For each instant of time, the best set of values for muscle 

activation levels are sought through optimization, so when fed to the forward dynamics solver, 

they produce the closest kinematics to the reference trajectories [137]. In contrast to inverse 

dynamics approach that requires segmental kinematics of all rigid bodies of the system as input, 

in this approach the reference trajectory of a single target point in the entire model is sufficient 

although the trajectories of as many target points/bodies as desired could be assigned to the 

solver. In comparison to inverse dynamics, the predictions of this approach are less sensitive to 

input kinematics [124]. 

 Musculoskeletal Models of the Lumbar Spine 

Since the first application of finite element method (FEM) to the spine by Belytschko et al. 

[138], more than four decades have passed, through which computational modeling of the 

lumbar spine has evolved tremendously providing invaluable insight into spine biomechanics 

[139][140][141]. In 1980s, several musculoskeletal models of the lumbar spine were introduced 

by Schultz et al. [142], McGill & Norman [143], and Bean et al. [144] highlighting the 

importance of paraspinal muscles on spinal loading. Since then considerable efforts were 
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devoted by Macintosh and Bogduk [145][146][147][28][121] amongst others to provide 

quantitative fascicular anatomy of the paraspinal muscles. More detailed musculoskeletal models 

[148][149][26] revealed that even a slight change in muscles’ line of action (between 5° to 15°) 

can result in large variations (greater than 100 N) in spinal forces [26]. Therefore, 

musculoskeletal models of the lumbar spine moved toward incorporation of more anatomical 

data, thanks to further quantitative anatomical studies [150][115]. Although other forms of 

muscle models have been used [51], most models of the lumbar spine have used the Hill-type 

muscle-tendon model. Physiologically detailed models of the lumbar spine require knowledge of 

sarcomere lengths of all muscles in the model to use force-length curves appropriately. This has 

become possible recently [151][152][153] with the recent anatomic and experimental studies 

[154][155][114][156].   

An important aspect of musculoskeletal models is their methodology in determining the muscle 

forces. Based on that methodology, musculoskeletal models of the lumbar spine can be 

categorized as EMG-driven [143][157][158], optimization-driven [159][160][151], or driven by 

EMG-assisted optimization (EMGAO) [161][162]. The superiority of EMG-driven models is 

their ability to include activations of both agonist and antagonist muscles, although they are 

limited in satisfying moment equilibrium at all vertebral joints [158]. On  the other hand, 

optimization-driven models are typically not able to predict muscle co-activations [163][164]. 

EMGAO, combines these two methods to benefit from their advantages [161]. When comparing 

the results of these three techniques for simulation of a flexion/extension task, Cholewicki et al. 

[158] found significantly different muscle activation pattern predicted by the optimization-driven 

model as opposed to EMG-driven and EMGAO. The compressive joint loads, however, were 

only lower by 32% in extension and 43% in flexion in the optimization-driven model. A recent 
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study compared two optimization-based models to an EMGAO model for simulating the spinal 

loads during walking with backpack loads. They observed slight differences in maximum joint 

loads (less than 19%) and joint force profiles (root-mean-square of less than 25%) [165].  Given 

the complexity of collecting and processing EMG data for EMGAO, most recent models suffice 

to the optimization technique alone[165].  

With the advent of multi-body-dynamics based software packages specialized for 

musculoskeletal modeling including OpenSim [166], AnyBody [167], and ArtiSynth [168] a 

variety of models of the spine has evolved. These software packages provide a convenient 

framework for sharing models between groups all over the world, which has had an enormous 

contribution to fast improvement of the models being built on top of each other.  

Using AnyBody, de Zee et al. [160] pioneered in making a lumbar spine model with 154 muscle 

fascicles. By enhancing that model through adding non-linear intervertebral joint stiffness, short-

segmental muscles, and considering the effect of intra abdominal pressure, Han et al. [169] 

validated that model by comparing the predicted spinal forces by their model normalized to 

upright standing against the similar normalized loads measured in vivo by Rohlmann et al. [170] 

and Wilke et al.’s [171]. Christophy et al. [151] developed the first OpenSim lumbar spine 

model, similar to the de Zee et al. AnyBody model. The advantage of Christophy et al.’s model 

was inclusion of muscle force-length and force-velocity curves along with the required 

biomechanical muscle properties for the Hill-type modeling of all 238 muscle fascicles used in 

their model.  

By combining Christophy et al.’s model with the neck [172] and upper extremity models [173], 

Bruno et al. [153] built their fully articulated thoracolumbar spine model using OpenSim and 
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validated the spinal forces predicted by their model for several static activities against the 

experimental data in the literature [169][142][174]. Similarly, Ignasiak et al. [175] enhanced de 

Zee et al.’s model and built the first AnyBody articulated thoracolumbar spine model. Various 

lumbar, thoracolumbar, or even full body models have been introduced since then for studying 

jogging biomechanics [176], sit-to-stand [177], lifting activities [178], or simulating children’s 

spine [179].  

Musculoskeletal models of the spine have been used to address a variety of clinical questions 

including the dependence of spinal loads on disc degeneration [180], spine posture [181][182], 

aging and sarcopenia [183], post-surgical muscle damage [184][185], efficacy of braced arm-to-

thigh lifting technique [186], asymmetric load handling [187][188], obesity [189], and flexion-

relaxion phenomenon [190]. 

Recently, a few studies have focused on modeling spinal deformity patients [191]. Subject-

specific models have been developed from patients’ radiographs [192][193] and used for 

assessment of spinal compressive forces in adolescent scoliosis patients [194][195][196]. The 

effect of different bony geometries such as spinopelvic parameters have been studied on post-

surgical alignment [197] and lumbar spinal loads [198][199], but the influence of muscle 

biomechanical properties other than PCSA has not yet been investigated.  

In fact, only a relatively few optimization-based spine models have included both active and 

passive force-length curves and the biomechanical parameters associated with them in their 

solution methods. Currently, spine models developed using OpenSim and ArtiSynth include 

those parameters and use them appropriately in their solution method. Even in those models, no 

study to date has explored the effect of muscle properties such as sarcomere length, specific 
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tension, passive stiffness, or slack sarcomere length on spinal forces; therefore, their significance 

on spinal loads remains unknown.     

 UBC Musculoskeletal Model of The Thoracolumbar Spine 

In a previous study in our research group at UBC, a musculoskeletal model of the thoracolumbar 

spine was created using ArtiSynth, an open source biomechanical modeling software toolkit [27]. 

The main superiority of ArtiSynth over its peers such has OpenSim or AnyBody is its ability in 

combining FEM and Multibody dynamics in one model and solving them in a convenient 

fashion. The vertebral and muscular geometries in our model were based on Christophy et al’s 

model and included the entire spine and rib cage, with the lumbar vertebrae being mobile, and 

210 muscle fascicles. Muscle properties required for a full Hill-type musculotendon model were 

incorporated. This included tendon ratios and pennation angles along with muscle force-length 

and force-velocity curves. The nonlinear stiffness of the functional spinal units was represented 

by special six-dimensional springs connecting the adjacent vertebrae. These springs generated 

restoring forces and moments by relative displacements and rotations between two adjacent 

vertebrae and applied them equally but in opposite directions at the centers of the two vertebrae. 

The effect of intra-abdominal pressure was simulated as an upward force applied to the thorax. 

Forward-dynamics-assisted data tracking was adopted for prediction of muscle forces 

[200][201]. The solution method was validated by contrasting the estimated spinal forces against 

the results of two in vivo studies in the literature [171][26].  

The model predicted the ratios of axial forces at L4-L5 as measured in vivo intradiscal pressures 

for three activities of standing erect, holding a weight of 190N close, and far from the chest (i.e. 

25 and 55 cm anterior to the L5-S1 disc, respectively)[152]. Using that model, we investigated 
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the effect of iatrogenic muscle damage on spinal loads, which is common in open fusion 

surgeries, and found that surprisingly, damaging the muscles increased the loads at the levels 

adjacent to a spinal fusion, more substantially at the rostral level [185]. 

The solution method for estimation of muscle forces was based on tracking the trajectories of a 

set of target points. Due to the high axial stiffness of the spine, the solution method was very 

sensitive to input kinematics, for which submillimeter kinematic accuracy was required. Such 

accuracy, however, is very challenging to obtain for the lumbar spine and therefore, limited our 

studies to only a static case of upright standing. This limitation needed to be addressed by 

modifying the solution method to only track the angular motion of the targets, so as to enhance 

the validation of the model to postures other than standing and to use the model for investigating 

the influence of muscle biomechanical properties on spinal loading.  

1.7 Objectives  

While decreased back extensor strength of adult spinal deformity patients could arise from 

smaller cross-sectional area of their paraspinal muscles, there are other muscle biomechanical 

properties that could be also responsible but their role remains unclear. These parameters include 

in situ sarcomere length at a certain posture, passive elastic modulus, and slack sarcomere length. 

Musculoskeletal models could provide insight into identifying the significance of these muscle 

properties and their role in progression of spinal deformity. The results of musculoskeletal 

models, however, rely on their input material properties, and therefore, it is important to provide 

correct and physiological input data for them. No study to date has investigated these properties 

for human paraspinal muscles in adult spinal deformity patients, likely due to the technical and 

ethical challenges associated with obtaining the muscle biopsies from these patients. 
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Furthermore, due to the paucity of experimental data in the literature, musculoskeletal models 

make assumptions that may not be valid. For example, it is assumed that biomechanical 

properties of paraspinal muscles are similar between different vertebral levels; but this has never 

been demonstrated experimentally. Additionally, for testing mechanical properties of paraspinal 

muscles, the size of muscle fiber bundles tested throughout the literature has a wide variation 

(form ~3 to ~30 fibers). Whether this size variation influences the obtained elastic modulus is 

unknown. Addressing these foundational questions are necessary for better representation of 

muscles in musculoskeletal models and using their predictions for understanding etiology of 

spinal conditions, specifically adult spinal deformity. My PhD project was defined to address 

these questions through the following chapter-specific objectives: 

1- To investigate the effect of vertebral level on the biomechanical properties of paraspinal 

muscles in a rat model. The primary objective was to explore whether tangent modulus 

and slack sarcomere length of a fiber or a fiber bundle in multifidus or longissimus 

depend on the vertebral level.  The secondary objective was to examine the collagen 

content of muscle fascicles at different vertebral levels. 

2- To explore whether the size of a single muscle fiber or a bundle of muscle fibers has an 

influence on its measured elastic modulus and to examine whether the assumption of a 

circular shape for the cross section of a muscle fiber or a bundle of fibers is valid. 

3- To develop protocols to acquire biopsies of human multifidus and longissimus from adult 

deformity patients, and to evaluate them biomechanically and histopathologically. 
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4- To explore changes in spinal loading due to variation in the paraspinal muscle 

parameters, specifically slack sarcomere length, passive stiffness, in situ sarcomere 

length, specific tension, and pennation angle. 

The overall goal of this research project was to investigate if biomechanical properties of the 

paraspinal muscles are different in adult spinal deformity patients; and whether those differences 

could influence spinal loading and be associated with initiation/progression of adult spinal 

deformity.  

The results of this line of research in the long term will provide insight into the significance of 

muscle functional properties in the development of spinal disorders and may suggest shifting the 

focus of future treatments toward muscle-preserving strategies, pharmaceutical approaches such 

as botulinum toxin injections, or advent of muscle remodeling techniques to prevent progression 

of such spinal conditions.  

The following sections of the thesis consist of four manuscripts (chapters 2 to 5), which address 

the specific objectives listed above, followed by an integrated discussion (chapter 6).  
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Chapter 2 The Effect of Vertebral Level on Biomechanical Properties of 

the Lumbar Paraspinal Muscles in a Rat Model 

Passive mechanical properties of the paraspinal muscles are important to the biomechanical 

functioning of the spine. In most computational models, the same biomechanical properties 

(including passive properties) are assumed for each paraspinal muscle group, while cross-

sectional area or fatty infiltration in these muscles have been reported to differ between the 

vertebral levels. The study presented in this chapter explored validity of this assumption and 

investigated the effect of vertebral level on the biomechanical properties of paraspinal muscles. 

As direct measurement of paraspinal muscle passive properties was not feasible in healthy 

humans, this study was conducted in a rat model. The results of this study inform whether 

measurement of biomechanical properties at one vertebral level suffices or measurements at 

multiple vertebral levels are necessary for more accurate representation of the paraspinal muscles 

in a normal musculoskeletal model of the spine.  

2.1 Introduction 

Paraspinal muscles play a major role in maintaining the health and functionality of the spine [16] 

[51]. Studies on the etiology of a variety of spinal disorders including spinal deformity [7][45], 

adjacent segment disease [202][185] and low back pain [203][204][205][206] have reported 

dysfunction of paraspinal muscles as a major risk factor. There are a number of muscle 

parameters that can be responsible for paraspinal muscle dysfunction as having direct influence 

on muscle force generation capacity. These parameters include physiological cross-sectional 

area, muscle fiber length, sarcomere length, specific tension, and passive tangent modulus [52].  
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Musculoskeletal models incorporate these muscle parameters along with the osteoligamentous 

structure together in one platform to investigate a variety of clinical problems [207][208][185] 

[183][209]. These muscle parameters have an important effect on the kinematic and kinetic 

outputs of the musculoskeletal models [210][152][211]. Due to scarcity of data in the literature, 

almost all models assume similar mechanical properties for a muscle group [159][212] 

[151][153][175].  

The assumption of uniform mechanical properties may not be valid for paraspinal muscles due to 

their complex structure and architecture. Anatomically, in many cases fascicles that belong to the 

same paraspinal muscle group (e.g. multifidus) have varying insertion (and/or origin) points 

located on different vertebrae, and therefore have independent functions. For example, one 

multifidus fascicle only extends between L1-L3 segments while another acts on L3-S1. Even 

superficial and deep multifidus differ in functionality as suggested by both anatomical and EMG 

studies such that superficial multifidus is well suited for axial rotation and total lumbar extension 

while deep multifidus is more involved in controlling intersegmental motion [154][213]. Some 

studies have reported that muscle parameters such as cross-sectional area (CSA) and fatty 

infiltration significantly differ between lumbar spinal levels [214][215][216][217]. Those 

studies, therefore, recommend more than a single-level measurement of muscle properties for 

more accurate representation of the entire lumbar spine musculature. A recent elastography study 

explored feasibility of ultrasound shear wave in measurement of human multifidus stiffness and 

reported larger elasticity at the L4-L5 level than L2-L3 [218]. This body of evidence provokes 

the question if other mechanical properties of paraspinal muscles differ between the vertebral 

levels such that to be considered in musculoskeletal modeling.  
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Passive behavior of muscles, as one of the main contributing factors to muscle force generation 

and transmission, has been studied extensively throughout the literature, both at cellular (i.e. 

single fiber) and tissue levels (i.e. bundle of ~10-20 fibers ensheathed in their connective tissue) 

[93][96][94][86][90][91][92][97]. Tangent modulus of fibers and bundles of fibers in human 

paraspinal muscles, however, have been only examined in the study by Ward et al. [25] where 

bundles of fibers showed larger stiffness compared to single fibers and were ~1.5 times stiffer in 

multifidus than longissimus. However, the biopsies in that study were taken from mixed spinal 

levels and not contrasted among the studied spinal levels, and they were also from degenerative 

spine patients undergoing spinal surgery and were not able to be compared to healthy 

individuals. Studying muscle passive stiffness in healthy individuals presents substantial 

technical and ethical challenges. Therefore, animal models are required to study tangent modulus 

of healthy paraspinal muscle.   

The tangent modulus of single fibers and fiber bundles of the lumbar paraspinal muscles has 

been measured in other species including rabbits [219][90], mice [97], and rats [220][102]. To 

the best of our knowledge no study has explicitly explored the effect of vertebral level on tangent 

modulus of healthy paraspinal muscles across multiple lumbar spinal levels. Brown et al. [90] 

measured the stiffness of multifidus at two different spinal levels (L3 and L7), but it was 

performed only in one muscle group (multifidus) and in a small group of 4 rabbits.  

For the purpose of musculoskeletal modeling, knowledge of the tangent modulus at the fascicle 

level (~300 fibers) or whole muscle is of great interest. However, measurement of those 

properties, especially for the paraspinal muscles is technically challenging and requires special 

considerations. In a recent study by Ward et al. [55] collagen content of lower extremity muscles 

was demonstrated as the strongest predictor of passive function of the whole muscle. Therefore, 
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to investigate the effect of vertebral level on whole muscle passive properties, one may measure 

and contrast the collagen content of those muscles between the different vertebral levels.  

This study aimed to investigate the effect of vertebral level on the biomechanical properties of 

paraspinal muscles in a rat model. The primary objective was to explore whether tangent 

modulus and slack sarcomere length of a fiber or a fiber bundle in multifidus or longissimus 

depend on the vertebral level. The secondary objective was to examine the collagen content of 

muscle fascicles at different vertebral levels.  

2.2 Materials and Methods 

The left paraspinal muscles of 13 male Sprague-Dawley rats (330±14g) were exposed under 

anesthesia (approved by the University of British Columbia animal care committee, Vancouver, 

Canada). In total, six muscle biopsies were collected from each rat: three from multifidus (one 

per each of the L1, L3, and L5 levels) and three from longissimus (one per each of the L1, L3, 

and L5 levels; Figure 2-1). The biopsies were divided through a transverse cut into two halves: 

one half was placed in a physiological storage solution for mechanical testing and the other half 

was immediately frozen for histology analysis.  
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Figure 2-1. Anatomical locations of collected muscle biopsies. From each rat, six muscle biopsies were 

taken: three multifidus biopsies and three longissimus biopsies at L1, L3, and L5.  

 

 Mechanical Testing 

The portion of each muscle biopsy for mechanical testing was placed in a physiological storage 

solution (same as the one used by Zwambag et al. [102]) containing (mmol): KPr (170), Na2ATP 

(21.2), imidazole (10), MgCl2 (5.3), EGTA (5.0), glutathione (2.5), NaN3 (1), leupeptin (0.05) 

and 50% (v/v) glycerol. The samples were first incubated at 4 °C for 24 hours and then kept at -

20 °C for minimum 24 hours. Samples stored in this way have been reported to remain stable for 

up to three months [221][222]. All tests in this study were conducted within 21 days. In 

preparation for testing, samples were transferred to a physiological relaxing solution (same as the 

one used by Zwambag et al. [102])  containing (mmol): KMSA (86), imidazole (59.4), 

Mg(MSA)2 (10.8), K3EGTA (5.5), Na2ATP (5.1), KH2PO4 (1.0), and Ca(MSA)2 (0.13) (Shah 

and Lieber 2003) and were dissected under a stereomicroscope (SteREO Discovery.V8, Zeiss, 

Plan-Apochromat 0.63x) to extract single fibers and fiber bundles. Extreme care was taken to 
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preserve the integrity of the extracellular connective tissue matrix during separation of bundles. 

Therefore, when necessary separating extra fibers from a bundle that could result in loss of 

bundle integrity was avoided resulting in bundles without a perfect cylindrical shape or certain 

number of fibers aimed for.  

From each biopsy two to three fibers and two to six fiber bundles were extracted. The extracted 

fiber or fiber bundle was transferred to a solution bath of physiological relaxing solution and 

mounted on two collinear pins: one pin attached to a force transducer (400A, Aurora Scientific, 

Aurora, Ontario, Canada) and the other pin connected to a length controller (CRK523PMAP, 

Oriental Motor, Torrance, CA, USA) (See Figure 2-2 and Appendix D on page 244). A single 

mode fiber-coupled diode laser (660 nm) with collimated beam diameter of 0.8 mm was used to 

transilluminate the fibers or fiber bundles. The resulting diffraction pattern was scanned using a 

photodiode array (1280×1 elements, AMS-TAOS USA Inc) to measure the average sarcomere 

length of the fibers or fiber bundles (with a resolution of ~10nm). The resolution of the 

photodiode array was validated using two diffraction gratings of sizes 2 µm (Edmond Optics, 

Barrington, NJ, USA) and 3.33 µm (Thorlabs, Newton, NJ, USA). The force transducer was 

validated by hanging standard weights of 10 mg, 100 mg, 1 g, and 2 g (ASTM Class II Standard 

Weights Troemner, NJ, USA) repeated for 12 trials each with no measurement having more than 

6%, 4%, 2%, and 1% errors, respectively.   
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Figure 2-2. The muscle mechanical testing apparatus used for this study (A) and schematics of its 

components(B-D). For the details of the apparatus refer to Appendix D on page 244. 

Each fiber or fiber bundle, after being mounted and secured to the pins of the force transducer 

and length controller, was stretched manually to reach to its slack sarcomere length. The slack 

sarcomere length is defined as the sarcomere length after which stretching the fiber or fiber 

bundle would result in a resisting (passive) force. At slack sarcomere length, using a crosshair 

reticle inside the eye piece of the stereomicroscope the diameters of each fiber/fiber bundle were 

measured with resolution of 1 micron at three points across the fiber/fiber bundle length. This 

measurement was performed from both top and side views (a prism adjacent to the fiber/fiber 

bundle enabled seeing the side view through the microscope lens). The top and side view 

diameters were determined as the average of the readings at those three points across the 
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fiber/fiber bundle length. The cross section of each fiber/fiber bundle was approximated by an 

ellipse and its area was calculated using the minor and major (i.e. top and side view) diameters.  

 All tests started from the slack sarcomere length and included four to eight cumulative stretches 

(i.e. displacement-controlled). Each stretch consisted of 10% strain at a rate of 10% strain per 

second followed by four minutes relaxation time before the next stretch (Figure 2-3A). At the 

end of each stretch (i.e. after four minutes) the sarcomere length was measured for calculation of 

the strain; and the force reading was divided by the CSA calculated at slack length of the 

fiber/fiber bundle to obtain the engineering stress. An exponential curve was fitted to the 

resulting stress-strain data for each fiber or fiber bundle and the slope of the tangent at 30% 

strain was considered as its tangent modulus (Figure 2-3B).  

 
Figure 2-3. Raw data from a sample mechanical test consisting of seven cumulative stretches. All tests 

consisted of between four and eight cumulative stretches. (A) The force reading at the end of each stretch (i.e. 

after four minutes relaxation time) (circled in red) was used for calculation of the engineering stress. (B) An 

exponential curve was fitted to the resulting stress-strain data for each fiber or fiber bundle test and the slope 

of the tangent at 30% strain was considered as its tangent modulus. The last data points for which a partial 

rupture or failure was evident were excluded from curve fitting.  
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 Immunohistochemistry 

The portion of the muscle biopsy for histological analysis was immediately mounted 

longitudinally on a cork covered with Tragacanth gel and was frozen in isopentane cooled by 

liquid nitrogen (all within five minutes after harvest). The frozen samples were stored at -80 °C 

and later sectioned transversely with a cryostat to 10μm thickness and fixed on two identical 

slides. The slides were stained for measurement of collagen type I area fraction (as an estimate of 

the connective tissue) using Mouse IgG against collagen I (Abcam #ab90395 , dilution: 1:100 

with Blocking buffer; PBS 0.3% Triton X-100 3% Goat serum) as the primary antibody and Goat 

against Mouse IgG (Alexa Fluor 488, Thermo Fisher Scientific, Massachusetts, USA dilution 

1:200 with Blocking Buffer) as the secondary antibody for Collagen I. Fluorescent images were 

taken using Zeiss microscope and were analyzed using ImageJ software for measurement of the 

area fraction (Figure 2-4). 

 Data Analysis 

The fiber tangent modulus and the fiber bundle tangent modulus of each biopsy was represented 

by the mean tangent modulus of the extracted fibers and fiber bundles from that biopsy, 

respectively. This led to even samples sizes for each group (e.g. 13 tangent modulus values for 

multifidus fibers at L1) and normal distribution of all data in this study. One-way repeated 

measures ANOVAs (p<0.05) were used to evaluate the effect of spinal level (as the independent 

factor) on the tangent modulus values at 30% strain for multifidus fibers, longissimus fibers, 

multifidus fiber bundles, and longissimus fiber bundles. Furthermore, using one-way repeated 

measures ANOVAs (p<0.05) the effect of spinal level on the mean stresses predicted by the 

fitted curves at strains of 10%, 20%, 30%, 40%, 50%, 60%, 70%, and 80% was evaluated. 
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For immunohistochemical analysis at the fascicle level, which was only performed on rats 4-13, 

the mean of collagen I area fraction measured from the two slides prepared from each biopsy was 

considered as the representative of that biopsy. Those slides that were not correctly sectioned or 

too saturated with stains were removed from analysis and therefore due to missing data from 

them, the linear mixed-models analysis (p<0.05) was used to study the effect of spinal level (as 

the independent factor) on collagen content of multifidus and longissimus muscle fascicles. 

 

Figure 2-4. Fluorescent Images of stained sections created from a sample biopsy from Multifidus at L5 (A-

B) and a sample biopsy from Longissimus at L3 (B-D). For computation of collagen I area fraction, muscle 

portion of biopsies were segmented using ImageJ software (yellow lines in B and D) such that tendons or 

low quality parts of the sections (e.g. saturated or folded tissue at the periphery) were excluded. The 

stained sections contained ~500-1000 fibers.   



62 

 

2.3 Results 

 Mechanical Testing 

In total, 192 fibers and 262 fiber bundles were tested and categorized based on their muscle 

group and spinal level. Twenty-six outliers were identified and removed from the data set as 

having values 1.5 times the interquartile range (IQR) above the third quartile of their group (this 

is equivalent to the data points beyond mean±3std in a normally distributed population, which 

accounts for only 0.26% of all data). The muscle fiber tangent moduli for multifidus at L1, L3, 

and L5 spinal levels were 26.4±7.1, 25.1±7.9, and 25.3±8.4 kPa, respectively (mean and standard 

deviation (SD)), while the corresponding values for longissimus were 27.2±9.6, 20.8±4.9, and 

24.1±5.5 kPa (Figure 2-5). The differences in tangent moduli values for fibers among the spinal 

levels were not statistically significant for multifidus (p=0.92) or longissimus (p=0.22).  

 

Figure 2-5. Averaged (± SD) tangent modulus of singles fibers at three different spinal levels in (A) 

Multifidus and (B) Longissimus. 

While not statistically tested, fiber bundles exhibited larger tangent moduli compared to single 

fibers (Figure 2-6). The muscle fiber bundle tangent moduli for multifidus at L1, L3, and L5 
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were 59.7±25.0, 55.0±19.4, and 42.8±18.9 kPa, respectively (mean and SD), and for longissimus 

fiber bundles those values were 62.4±25.8, 51.7±24.7, and 51.7±27.6 kPa. In comparison to 

fibers, fiber bundles showed larger variability in their tangent moduli values for both muscle 

groups. However, similar to fibers, the differences in tangent modulus values for bundles of 

fibers among the spinal levels were not statistically significant either for multifidus (p=0.053) or 

longissimus (p=0.36). 

 

Figure 2-6. Averaged (± SD) tangent modulus of fiber bundles at three different spinal levels in (A) 

Multifidus and (B) Longissimus. 

Furthermore, no significant difference was found between spinal levels when examining the 

mean stresses at strains from 10% to 80% (Figure 2-7, all p>0.05).   
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Figure 2-7. Averaged (± SD) stresses precited by the fitted curves for (A) Multifidus fibers, (B) 

Longissimus fibers, (C) Multifidus fiber bundles, and (D) Longissimus fiber bundles.  
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The slack sarcomere length was not significantly different between the spinal levels except for 

multifidus fibers (p = 0. 02 for multifidus and p=0.57 for longissimus fibers; p = 0.57 for 

multifidus and p=0.33 for longissimus fiber bundles Figure 2-8). The mean±SD slack sarcomere 

lengths at the L1, L3, and L5 levels were respectively 2.1±0.1, 2.2±0.1, and 2.1±0.1 for 

multifidus fibers; 2.2±0.2, 2.3±0.2, and 2.3±0.2 for longissimus fibers; 2.1±0.2, 2.1±0.1, and 

2.1±0.1 for multifidus fiber bundles; and 2.2±0.2, 2.2±0.1, and 2.2±0.1 for longissimus fiber 

bundles. 

 

Figure 2-8. Averaged (± SD) slack sarcomere length for (A) Multifidus fibers, (B) Longissimus fibers, (C) 

Multifidus fiber bundles, and (D) Longissimus fiber bundles. 
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 Immunohistochemistry 

Collagen I area fraction revealed no significant difference between the different spinal levels for 

either muscle type (p=0.26 for Multifidus and p=0.52 for longissimus). Collagen I area fraction 

measurements for multifidus were 7.5±3.7 (mean±SD) at L1, 5.6±0.7 at L3, and 7.2±4.0 at L5. 

The corresponding values in longissimus were 6.4±3.5 at L1, 4.6±2.3 at L3, and 4.9±3.8 at L5 

(Figure 2-9). 

 

Figure 2-9. Averaged (± SD) collagen I deposition of muscle biopsies taken from three different spinal Levels 

in (A) Multifidus and (B) Longissimus. 
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2.4 Discussion 

The results of this study highlighted that the tangent modulus, slack sarcomere length, and 

collagen content of the lumbar paraspinal muscles are independent of spinal level. This finding 

provides the basis for the assumption of similar mechanical properties for both muscle fibers and 

fiber bundles along a healthy paraspinal muscle in computational models of the spine. These 

results are corroborated by the observation of Brown et al. [90] in multifidus of a group of four 

rabbits, where no effect of spinal level was evident in passive tangent modulus of fibers or 

bundles of fibers between L3 and L7.  

Other muscle properties including the entire muscle CSA and fatty infiltration of paraspinal 

muscles have shown level dependency in some studies. Studying 80 adults with spinal 

symptoms, Urrutia et al. [214] found that fat signal fractions increased significantly from L1 to 

S1 in erector spinae and noted that fatty infiltration and CSA of multifidus were significantly 

different between all adjacent levels. Similarly, Crawford et al. [216] detected the highest fat 

infiltration in lower levels of lumbar spine musculature when examining 80 asymptomatic 

healthy volunteers. These level-dependences have been shown to even differ between ethnicities 

[215] or groups of different ages [217]. However, no level dependency was observed for the 

measured biomechanical properties in the current study.  

Similar to the study by Brown et al. [91] on rat abdominal muscles and studies in other species 

[90][102][55], passive behavior of fibers was quite linear in most cases whereas fiber bundles 

had nonlinear stress strain curves. Nevertheless, there was no difference in slack sarcomere 

lengths of bundles and single fibers in the current study, while in the study by Brown et al. [91] 

bundles had shorter slack sarcomere lengths.  
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Larger tangent modulus in bundles of fibers arise from the extracellular matrix and properties of 

its constituents [105]. The largest constituents of muscle extracellular matrix are collagen 

isoforms [106][105], among which fibrillar collagens, specifically type I (~70% of total 

collagen) and type III, are the most prevalent [107][105][108]. Collagen I is associated with high 

tensile load-bearing properties [107][109] and is deemed to be a positive predictor of muscle 

stiffness [108] while collagen III is considered to contribute to tissue-compliance [109][110]. In 

a recent study by Ward et al. [55] passive stiffness and collagen content at different muscle 

scales were measured which revealed a nonlinearly increasing pattern for both properties from 

small bundles of fibers to whole muscle. At the whole muscles level, collagen was the strongest 

predictor of muscle passive function.  

Due to the challenges in direct measurement of elastic modulus at the fascicular or whole muscle 

level, we measured collagen I content instead, and found no difference between the vertebral 

levels. With the reported strong correlation between collagen I and collagen content [108], it can 

be inferred that passive properties at the fascicle and whole muscle level should not differ 

between the vertebral levels, either. However, it is noteworthy that not just the content, rather the 

organization and quality of collagen are also important in determining tangent modulus of the 

muscle. A limitation of the immunostaining method utilized in this study is that it measured the 

collagen I content across a transverse section of the biopsy, whereas a volumetric measurement 

approach such as a three dimensional imaging technique or using hydroxyproline assay may 

have been more appropriate [108]. There was no significant correlation between tangent modulus 

of a fiber bundle and collagen content of a fascicle in this study (Appendix A, Figure A-1and 

Figure A-2), which is not surprising as those parameters were measured at different scales: one at 

the bundle and the other at the fascicle scale. Ward et al. [55] demonstrated for both collagen 
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content and tangent modulus to increase significantly from the fiber bundle scale to fascicle 

scale.    

Fiber bundles manifested a considerably large variability in their tangent moduli in this study. 

Such large variability could have resulted in statistically insignificant differences between the 

levels. In presence of such variability, overall, assumption of similar mechanical properties 

between the levels appears to be fine. 

The source of larger variability in tangent moduli of fiber bundles in this study could stem from 

the variability in bundle sizes (the number of fibers in the tested bundles averaged 14 fibers with 

SD of 7 fibers). The tangent modulus of a fiber bundles computed from the stress-strain data is 

assumed to be independent of the CSA of the bundle (as the measured force has been already 

divided by CSA to obtain the stress); however, this assumption may not be valid and has never 

been demonstrated for muscle tissue. To avoid any possible bundle size artifact for comparison 

of fiber bundles tangent modulus among the levels, we aimed for a relatively even distribution of 

bundle sizes across levels and muscles. For example, out of six bundles extracted from a biopsy, 

two would be small (~7 fibers), two medium (~14 fibers), and two large (~21 fibers).  

All tangent modulus values in this study were calculated at 30% strain. This should not make a 

significant difference in tangent modulus of single fibers as they typically show near-linear 

passive behavior [55]. However, due to the nonlinear behavior of fiber bundles, the tangent 

modulus would vary depending on where on the stress-strain curve the tangent is applied. While 

some studies selected a certain sarcomere length to compute the tangent (e.g. 3.2 micron [91] 

[220] or 4 micron [94]), we selected a certain strain (i.e. 30%) believing it resulted in more 

standard outcomes as slack sarcomere lengths were not necessarily the same for all bundles 
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(ranged from 1.8 to 2.6 µm in our study, which would result in tangents at strains ranging from 

23% to 77% if 3.2 µm was selected). Also, by 30% strain, bundles have passed their initial toe 

region while still remaining within their physiological excursion range in both rat [223] and 

human [224]). It is noteworthy that the stresses at strains between 10% to 80% were also 

examined in this study but no significant difference in those values was found between the spinal 

levels.  

The current study showed there is no vertebral level effect in passive behavior of paraspinal 

muscles in rats. This finding can be used as a basis for the assumption of similar mechanical 

properties along the length of these muscles in a musculoskeletal model. Although rats are 

mammals and often have similar muscle properties to human [102], daily activities as 

quadrupeds differ from humans which should be noted when translating the results of this study 

to humans. Conducting a similar study on humans would be ideal; however there are limiting 

factors in obtaining muscle biopsies from healthy individuals. Due to the deep nature of 

paraspinal muscles, non-invasive collection of muscle biopsies from healthy individuals is 

associated with substantial technical and ethical challenges. Intraoperative access to paraspinal 

muscles is possible, however those who undergo a surgery typically have a spinal pathology; 

therefore, any findings related to the effect of vertebral level on their paraspinal muscles could be 

associated with that pathological condition and may not represent normal muscles of healthy 

individuals. 

2.5 Conclusions 

The results of this study highlighted that the tangent modulus, slack sarcomere length, and 

collagen I content of the lumbar paraspinal muscles are independent of the spinal level. This 
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finding provides the basis for the assumption of similar mechanical properties along a paraspinal 

muscle group. It implies that one may reasonably suffice to measurement of paraspinal muscle 

biomechanical properties at one spinal level and use that to represent the entire muscle group in a 

musculoskeletal model of a normal spine, with no need for further measurements at other 

vertebral levels. The results of current study also serve as a baseline for future animal studies 

where the vertebral effect of a pathology or treatment such as the effect of open fusion surgery 

on paraspinal muscles is of interest.   
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Chapter 3 Larger Muscle Fibers and Fiber Bundles Manifest Smaller 

Elastic Modulus in Paraspinal Muscles of Rats and Humans  

In this chapter, another fundamental question on passive properties of the paraspinal muscles is 

addressed. While most studies assume that the size of a muscle fiber bundle (i.e. a number of 

muscle fibers ensheathed in their connective tissue) does not influence elastic modulus after 

normalizing for cross sectional area, elastic modulus of muscle fibers has been shown to be size-

dependent. The objectives of this chapter were to determine the degree to which this size effect 

was evident in muscle fiber bundles and to examine the validity of the frequent assumption of a 

circular cross section of muscle fiber bundles. These are important considerations in 

characterization of paraspinal muscle passive properties; and may have considerable 

implications, especially when contrasting the results of the studies using varying sizes for testing. 

3.1 Introduction 

Passive stiffness is an important property of skeletal muscles. In particular, the passive elastic 

modulus of a muscle has a direct impact on the amount of force generated in resistance to 

lengthening and hence is critical in biomechanical modeling. Elastic modulus also has a pivotal 

role in cell mechanics and affects function, differentiation, and the proliferation of muscle cells. 

For example, myofibroblasts have been shown to contract and secrete more extracellular matrix 

on a stiffer substrate [225], while their differentiation and function are impeded below certain 

elastic modulus thresholds [226][227][228].  

Interestingly, many studies have reported that muscles in individuals with orthopedic pathologies 

manifest significantly different elastic moduli than muscles of healthy subjects, in both humans 

[93][96][94][229][95] and animals [90][97][230]. The differences were evident both at the 
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cellular level (i.e. for a single muscle fiber) [93][96][95][97] and the tissue level (i.e. for a bundle 

of muscle fibers ensheathed in their connective tissue), with most differences existing at the 

tissue level [96][94][90][230][231]. In some cases, muscle fiber bundles have been reported to 

be up to four times stiffer in normal population than compared to the patients with pathology 

(spasticity)[96]. These observations highlight the importance of elastic modulus in muscle 

physiology, pathology, and biomechanics and encourage more research to be conducted for 

better understanding and addressing musculoskeletal conditions. 

Researchers characterize the passive stiffness of muscle fibers and fiber bundles with a uniaxial 

stretch test to determine the elastic modulus. They test fibers and fiber bundles of different sizes 

and normalize for cross-sectional area (CSA) assuming that this eliminates the effect of size (i.e. 

CSA). The size of muscle fiber bundles tested to determine elastic modulus varies from 3 to 30 

fibers in the literature [96][90][97][98][55][99]. Whether the effect of size on elastic modulus 

disappears after normalizing for CSA is unknown. A recent study by Noonan et al. suggested 

that elastic modulus does depend on the size of the muscle fiber [100]. This question has not 

been solved for bundles of muscle fibers. 

Another important point regarding the measurement of elastic modulus is that most studies of 

single muscle fibers or bundles of muscle fibers assumed a cylindrical shape and only measured 

diameter of those specimens in one plane [98][55][101][86][91][102]. Other investigators 

believe measurement of diameters in two different planes (i.e. both top and side views) is 

necessary [103][99]. Blinks [104] examined 16 frog fibers and found ~20% difference in the 

calculated CSA when using only one diameter versus two. For humans and rodents, whether the 

assumption of a cylindrical shape is acceptable and to what extent it influences the measured 

CSA of a muscle fiber or a bundle of muscle fibers remains unknown.   
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Therefore, the objectives of this study were (1) to explore whether the size of a single muscle 

fiber or a bundle of muscle fibers has an influence on its measured elastic modulus; and (2) to 

examine whether the assumption of a circular shape for the cross section of a muscle fiber or a 

bundle of fibers is valid. We include samples from two types of paraspinal muscle, multifidus 

and longissimus, in both rats and humans. 

3.2 Methods 

 Study Groups 

Under anesthesia, fresh muscle biopsies from the lumbar paraspinal muscles of two groups of 

rats and one group of humans were collected (approved by the University of British Columbia 

animal care committee and clinical research ethics board, Vancouver, Canada). Group 1 

consisted of 13 male Sprague Dawley rats ~8 weeks old (330±14g) that had undergone no 

experimental procedure. Group 2 included six Sprague Dawley rats ~21 weeks old (452±28g) 

that had undergone a sham surgery with a small midline incision on their thoracolumbar fascia 

~13 weeks before collecting biopsies. Group 3 was comprised of nine patients with degenerative 

spinal deformity undergoing a spinal surgery for the first time. A minimum of two biopsies from 

multifidus and two biopsies from longissimus were collected from each rat/patient. The biopsies 

were taken from L1, L3, and L5 in rats and L4/L5 in humans. All fresh biopsies were treated 

similarly: they were transferred to a physiological storage solution immediately after harvest, and 

after 24 hours incubation at 4 °C were stored at -20 °C for a minimum of 24 hours. Mechanical 

properties of muscle tissues stored in this way are expected to remain stable for up to three 

months [221][222]. Later, the biopsies were transferred to a cold relaxing solution under a 

dissecting microscope to extract single fibers and bundles of fibers for mechanical testing.  
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From each biopsy, two to three single fibers and two to six bundles of fibers were extracted for 

measurement of their geometric dimensions and elastic modulus. While the maintenance of a 

balance in the size range of extracted bundles of fibers was attempted, more emphasis was placed 

on taking extreme care to maintain the integrity of the bundles during extraction. For instance, 

out of six bundles extracted from a biopsy, two would typically be small (~7 fibers), two medium 

(~14 fibers), and two large (~21 fibers; Figure 3-1). Based on previous work showing no 

difference between the spinal levels [232], all samples belonging to the same study group and the 

same muscle group were put into one pool for data analysis. For example, for study group 1 (G1) 

four types of samples were pooled: G1 Multifidus Fibers, G1 Longissimus Fibers, G1 Multifidus 

Bundles, and G1 Longissimus Bundles.  

 
Figure 3-1. Muscle fiber bundle specimen for mechanical testing; (A) The specimens were mounted onto 

two collinear pins and secured to them via suture loops. (B) Axial view of three tested muscle fiber bundles. 

Out of six bundles extracted from a biopsy, two would typically be small (~7 fibers), two medium (~14 

fibers), and two large (~21 fibers). 
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 Mechanical Testing 

The same methodology as described in section 2.2.1 was followed for mechanical testing and 

measurement of elastic modulus. Briefly, each fiber/fiber bundle was immersed into a bath of 

physiological relaxing solution and was secured at its ends to two collinear pins with outer 

diameter of 0.15 mm (No. 26002-15, Fine Science Tools, BC, Canada). One pin was connected 

to a highly sensitive force transducer (400A, Aurora Scientific, Ontario, Canada) and the other 

pin was attached to a length controller (CRK523PMAP, Oriental Motor, USA). The fiber or fiber 

bundle was lengthened until it reached a length beyond which passive force started to develop 

(known as slack sarcomere length). Using a crosshair reticle inside the eye piece of a 

stereomicroscope, top and side diameters were measured with a resolution of 1 micron at three 

different points along the specimen (Figure 3-2). This measurement technique resulted in a 

precision of 3 micron for each diameter reading. The average of the readings for the top and side 

diameters at those three points were used to calculate the CSA of each specimen. From the slack 

length, each specimen underwent cumulative (four to eight) stretches, each of 10% strain at a 

rate of 10% strain per second followed by 4 minutes relaxation [99]. The force reading at the end 

of each increment was divided by the CSA to obtain the engineering stress. The specimens were 

transilluminated by a single mode fiber-coupled diode laser (660 nm) and the resulting 

diffraction pattern was scanned by a photodiode array to measure (with a resolution of ~10nm) 

the sarcomere length of the specimen prior to any stretches and at the end of each increment. 

This enabled calculation of the strain after each increment. Elastic modulus was calculated as 

tangent at 30% strain from the stress-strain curve. All tests were performed within three weeks 

after collection of muscle biopsies.  
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Figure 3-2. Top and side views of a representative single muscle fiber and a fiber bundle. Top and side 

diameters were measured at three different points along the specimen. The average of the readings for the 

top and side diameters at those three points were used to calculate the CSA of each specimen. 

 Statistical Analysis 

For each pool of samples (e.g. G3 Longissimus Bundles), a linear regression approach was taken 

to find a correlation between the CSA (independent variable) of samples and their elastic moduli 

(dependent variable). The slopes, intercept, and correlation of determination were calculated for 

each analysis. Also, for each pool of samples the ratios of major over minor axis diameters were 

calculated and the median and inter quartile range (IQR) were determined. The results were 

contrasted against the theoretical median of 1 (for cylindrical shape assumption) using Wilcoxon 

signed rank test.  
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3.3 Results 

In total, 391 fibers (192 in G1, 112 in G2, 87 in G3) and 570 bundles of fibers (262 in G1, 137 in 

G2, and 171 in G3) were tested. Twenty-six outliers in G1, 19 outliers in G2 and 20 outliers in 

G3 were removed for having modulus values 1.5 times the interquartile range above the third 

quartile of their group.  

All groups manifested a trend of smaller elastic modulus associated with larger fibers and larger 

bundles of fibers in the paraspinal muscles (Figure 3-3 and Figure 3-4). The correlation of 

determination 𝑅2 for all groups ranged between 0.06 and 0.30 for muscle fibers (p<0.05, except 

for G3 multifidus fibers where p = 0.10; Figure 3-3). For the six groups of muscle fiber bundles, 

the correlation of determination ranged between 0.03 and 0.23 (p<0.05, except for G2 

longissimus bundles where p = 0.16; Figure 3-4).  

The Wilcoxon signed rank test rejected the cylindrical assumption for the cross section of fibers 

and fiber bundles (all P<0.00001). The ratio of the major axis over minor axis had a median 

(IQR) of 1.15 (0.23), 1.19 (0.32), and 1.29 (0.41) for multifidus fibers of G1, G2, and G3 

respectively; and 1.18 (0.23), 1.15 (0.20), and 1.16 (0.39) for longissimus fibers of G1, G2, and 

G3 respectively (Figure 3-5). The range of minor axis diameters for multifidus fibers were from 

0.060 mm to 0.138 mm for G1; 0.049 mm to 0.162 mm for G2, and from 0.034 mm to 0.110 mm 

in G3; while for longissimus fibers the range of minor axis diameters were from 0.058 mm to 

0.117 mm for G1, 0.078 mm to 0.133 mm for G2, and 0.048 mm to 0.121 mm for G3.  
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Figure 3-3. Correlation between cross-sectional area and elastic modulus of single fibers from multifidus 

and longissimus of G1 (A, B), G2 (C, D), and G3 (E, F). All P <0.026 except for G3 multifidus fibers 

Bundles of fibers in general had larger ratios compared to fibers. The ratio of the major axis over 

minor axis had a median (IQR) of 1.44 (0.52), 1.32 (0.39), and 1.27 (0.33) for multifidus fiber 

bundles of G1, G2, and G3 respectively; and 1.32 (0.55), 1.39 (0.4), and 1.27 (0.35) for 

longissimus fiber bundles of G1, G2, and G3 respectively (Figure 3-5). The range of minor axis 
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diameters for multifidus fiber bundles were from 0.121 mm to 0.472 mm for G1; 0.208 mm to 

0.703 mm for G2, and from 0.126 mm to 0.622 mm in G3; while for longissimus fibers the range 

of minor axis diameters were from 0.122 mm to 0.504 mm for G1, 0.198 mm to 0.578 mm for 

G2, and 0.078 mm to 0.733 mm for G3. 

 

Figure 3-4. Correlation between cross-sectional area and elastic modulus of fiber bundles from multifidus 

and longissimus of G1 (A, B), G2 (C, D), and G3 (E, F). All P<0.02 except for G2 longissimus bundles that 

P=0.16 (D) 
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Figure 3-5. Boxplot representation of ratio of major over minor axes of single fibers and fiber bundles 

tested in G1 (A, B), G2 (C, D), and G3 (E, F). The red lines represent the medians, the heights of the boxes 

represent the interquartile ranges and red dots identify the outliers 
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3.4 Discussion 

Muscle passive stiffness provides insight into the biomechanical function, physiology, and health 

of our musculoskeletal system; thus, its accurate measurement is important. Most studies do not 

differentiate between bundles of muscle fibers with different sizes. Thus, these studies assume 

that the elastic modulus (i.e. passive stiffness/CSA) of these muscle specimens is independent of 

size. The same assumption is made for single fibers. The results of our current study 

demonstrated that the size matters and in general, larger sizes were associated with lower elastic 

moduli in fibers and bundles of fibers. Therefore, future studies should consider maintaining 

consistent bundle sizes for measurement of passive properties especially when comparing 

different groups against each other. 

This same finding was observed for single fibers recently by Noonan et al. [100] where larger 

fibers in vastus laterals of 10 healthy volunteers manifested smaller elastic moduli. They 

demonstrated that considering a constant thickness and higher elastic modulus for the basement 

membrane, relative to the modulus of the contractile area of the fiber, results in larger elastic 

modulus for smaller fibers. The effect is due to the CSA of the basement membrane being 

proportional to the fiber diameter while the contractile area of a fiber is proportional to its 

diameter squared. At the fiber bundle level however, no study has examined the effect of size on 

elastic modulus.  

The lower elastic modulus of larger bundles in the current study may arise from their ECM 

content. It is well established that bundles of fibers have a larger elastic modulus than single 

fibers due to the high stiffness of ECM [90][86][102][25][92]. Assuming that the ECM and 
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fibers within a bundle are both homogenous, the elastic modulus of a bundle can be calculated 

following the rule of mixture for composites as: 

𝐸𝐵𝑢𝑛𝑑𝑙𝑒 = 𝑓𝐸𝐶𝑀𝐸𝐸𝐶𝑀 + (1 − 𝑓𝐸𝐶𝑀)𝐸𝐹𝑖𝑏𝑒𝑟 (3-1) 

where 𝐸𝐵𝑢𝑛𝑑𝑙𝑒 , 𝐸𝐸𝐶𝑀, and 𝐸𝐹𝑖𝑏𝑒𝑟 are the elastic moduli of the bundle, the extracellular matrix, 

and fibers, respectively; and 𝑓𝐸𝐶𝑀 denotes the percentage of the extracellular matrix within the 

bundle. For example, the elastic modulus of a bundle containing 5% ECM (i.e. 𝑓𝐸𝐶𝑀 = 0.05) 

with a fiber elastic modulus of 20 kPa and ECM elastic modulus of 1MPa [92] is calculated as 69 

kPa. The predicted bundle elastic modulus would be 79 kPa or 59 kPa had the ECM percentage 

been changed to 6% or 4%, respectively. 

To further explore this idea, we performed an immunostaining analysis to quantify ECM content 

in bundles of different sizes from multifidus of one rat in G1 as an example. While the exact 

relationship between ECM elastic modulus and its constituents is not yet clear, many studies 

report collagen I as the major contributor to elastic modulus of ECM [55][108]. Therefore, we 

measured and contrasted collagen I content in bundles of different sizes. A portion of the 

collected biopsy was separated and immediately snap frozen in isopentane cooled by liquid 

nitrogen. The biopsy was sectioned, placed on slides, and immune-stained for collagen I. Using 

Image J software, bundles of different sizes were arbitrarily defined, segmented and their 

collagen I area fraction (i.e. the ratio of collagen I area over the entire bundle cross-sectional 

area) was measured. As no collagen I exists inside muscle fibers, the number of fibers within 

each bundle can easily be counted. However, as the exact border of bundles cannot be 

determined from the images, two segmentations (types A and B) were performed for each 
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bundle: the borders of one segmentation (type A) passed internal to the edge of boundary fibers 

of the bundle (Figure 3-6A&D), while borders of the other segmentation (type B) passed 

externally, including the boundary edge of the fibers immediately adjacent but external to the 

bundle (Figure 3-6B&E). The collagen I deposition was measured for these two segmentations 

and their average was considered for the selected bundle.   

Following this approach, collagen I deposition of larger bundles was measured to be smaller for 

the studied biopsy (Figure 3-7). The three bundles studied had 8, 16, and 25 fibers but their 

collagen I content was 5.3%, 3.8%, and 3.4% of the area, respectively. Assuming an elastic 

modulus of ~20 kPa for muscle fibers and ~1 MPa for the ECM [92] and using the rule of 

mixture, the corresponding elastic moduli of these three bundles are estimated as 72, 57, and 53 

kPa, respectively.  
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Figure 3-6. Segmentation of fiber bundles from immunohistochemistry images. Two segmentations were 

performed for each bundle: the borders of one segmentation (type A) passed internal to the edge of 

boundary fibers of the bundle (A, D), while borders of the other segmentation (type B) passed externally, 

including the boundary edge of the fibers immediately adjacent but external to the bundle (B, E). 

Schematic representations for a simulated bundle of 6 fibers, are shown for segmentation type A (A), 

segmentation type B (B), and how a real bundle may present (C). The collagen I deposition was measured 

for the two segmentations (D&E) and their average was considered for the selected bundle 
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Figure 3-7. Inverse correlation between collagen I deposition and size of three bundles of different sizes 

from multifidus of one rat in G1. The measured percentage of collagen I deposition for bundles A, B, and C 

were 5.3%, 3.8%, and 3.4%, respectively. 

Another factor contributing to the elastic modulus of a bundle could be the distribution of fiber 

sizes within that bundle. As our results suggest, larger fibers have a smaller modulus. Therefore, 

for two muscle bundles with same amount of ECM, the one having more fibers (i.e. consisting of 

smaller fibers) will have a higher elastic modulus (Figure 3-8). 

While both factors, i.e. collagen I deposition and fiber size distribution, could potentially explain 

the results of our study, further investigation is required to find out their relative effects. 

Although we reasonably used the average of type A and B segmentations for our sample 

measurement of collagen I percentage, the actual bundle that was mechanically tested might have 

a different collagen I content (Figure 3-6C) that could be closer to either segmentation A or B. 

Notably, for the three bundles in Figure 3-7, segmentation type A would result in larger 

percentages for larger bundles, while type B segmentation and the average method showed an 

opposite trend. Therefore, it is quite important to know how much ECM remains on an actual 
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extracted bundle, for example by measuring the volumetric collagen deposition of a bundle using 

a three dimensional imaging technique or hydroxyproline assay [108].  

 

Figure 3-8. Effect of fiber size on bundle elastic modulus. In all images, black color represents the 

contractile elements of muscle fibers, blue color represents basement membranes of muscle fibers, and red 

color represents the ECM. Given that larger fibers have smaller elastic moduli (A, B), for two muscle 

bundles with same ECM content (C, D), the one having more fibers (i.e. consisting of smaller fibers) will 

have a higher elastic modulus 
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The linear regression approach in the current study revealed a statistically significant effect of 

CSA on the elastic modulus of all fibers and fiber bundles (except for G3 multifidus fibers and 

G2 longissimus bundles). That the 𝑅2 values for this association were relatively low (all 𝑅2 <

0.30) is not surprising. The low values for the 𝑅2 could stem from the biological variations in the 

subjects or from the variations in sites within biopsies from where fibers and fiber bundles were 

extracted; thus suggesting possible role of other factors that were not studied here. What is 

noteworthy is the found dependence of elastic modulus on CSA despite being already 

normalized by the CSA, which means that the size of the fibers and fiber bundles needs to be 

considered. 

For the second objective of this study, the intriguing observation was that muscle fibers and fiber 

bundles were not cylindrical (all P<0.0001). In contrast to the shape of a single muscle fiber, the 

shape of a muscle fiber bundle could be somewhat controlled by the person extracting the bundle 

from the biopsy tissue. However, during extraction to maintain the integrity of a bundle, it may 

be necessary to avoid separating extra fibers that can result in loss of bundle integrity. This will 

result in bundle shapes that may not be cylindrical. Many studies only measure fiber and fiber 

bundle diameter along a single axis typically from the top view  [98][55][101][86][91][102]. The 

cross section of fibers and fiber bundles is then assumed to possess a cylindrical shape. However, 

measurement of diameters from two orthogonal axes (top and side view) in the current study 

revealed that such an assumption was not valid in rodents or humans, especially at the bundle 

level. The ratio of major axis over the minor axis of a cylindrical sample should be equal to 1, 

whereas the median for ratio of major axis over the minor axis of the samples tested in this study 

ranged between 1.15 and 1.29 for fibers and 1.27 and 1.44 for fiber bundles. The implication of 

this finding is that the measurement of elastic modulus values could be off by a factor of 1.15 to 
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1.29 for fibers and 1.27 to 1.44 for fiber bundles if the diameter along only one axis is measured. 

Therefore, it is recommended to measure the fiber and bundle diameters from both top and side 

views. 

Muscle is an organized material with several structural levels. In a recent study, Ward et al. [55] 

measured the elastic modulus of rabbit muscles at multiple levels, i.e. single fibers, fiber bundles 

(~20 fibers), fascicles (~300 fibers), and whole muscles. They found that elastic modulus 

increases nonlinearly with these size scales as does the collagen content. The results of the 

current study demonstrated that larger bundles were associated with lower elastic moduli. These 

results are not in conflict, but rather they are complementary. Our results suggest that for fiber 

bundles of less than ~50 fibers larger sizes will be associated with smaller elastic moduli. 

However, beyond a certain size (e.g. ~300 fibers), bundles will transition to true fascicles, 

including the presence of perimysium and higher amounts of collagenous tissue, thereby leading 

to larger elastic moduli compared to bundles. In conclusion, the findings of our study suggest 

that similar size of bundles should be tested when comparing for differences between groups. 

3.5 Conclusions 

This study showed that increasing specimen CSA resulted in lower elastic modulus for both rats 

and humans, muscle fibers and fiber bundles. The lower elastic moduli with increasing size can 

be explained by relatively less collagenous extracellular matrix in the large fiber bundles. Also, 

this study exhibited that the assumption of circular CSA is not accurate for single fibers and fiber 

bundles. Therefore, future studies of passive property measurement should aim for consistent 

bundle sizes and measuring diameters of two orthogonal axes of the muscle specimens. 
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Chapter 4 Biomechanical Properties of Paraspinal Muscles in Adult 

Spinal Deformity Patients – A Preliminary Analysis 

Chapters 2 and 3 addressed two fundamental questions on characterization of paraspinal muscles 

passive behaviour. This chapter investigates if biomechanical properties including the passive 

behaviour of the paraspinal muscles are different among adult spinal deformity (ASD) patients. 

Decreased back extensor strength in adult spinal deformity (ASD) patients is well established. 

While smaller muscle cross-sectional areas have been noted for ASD patients, whether other 

muscle biomechanical properties including passive elastic modulus, slack sarcomere length 

(beyond which passive force starts to develop), or in situ sarcomere length (measured inside the 

body for a certain posture) in these patients leads to decreased strength remains unclear. A reason 

for lack of data on these paraspinal muscle properties is likely the ethical and technical 

challenges associated with acquiring fresh muscle biopsies from these patients. The only study 

measuring elastic modulus of human paraspinal muscles using fresh biopsies was conducted for 

a mixed group of patients [25]. The objectives of this chapter were therefore, (1) to develop a 

procedure for acquisition of required human paraspinal muscle biopsies and (2) to evaluate their 

biomechanical and histological properties for ASD patients. The findings from this study may 

serve as an invaluable input to musculoskeletal models to help in exploring the etiology of adult 

spinal deformity or assist in coming up with better treatment strategies for patients suffering 

from adult spinal deformity. 

4.1 Introduction 

Adult spinal deformity is prevalent in up to ~30% [2][3][4] and in some cases as high as 68% 

[30] of people above 65 years old. The exact etiology of adult spinal deformity is not known, 
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although several risk factors have been identified. Osteoporosis and vertebral fracture, for 

example, have been deemed to be a common potential cause of adult spinal deformity; however, 

a recent review article revealed that 60-70% of patients with severe deformity did not have any 

sign of vertebral fracture [45]. While degenerative disc disease [2][43][6], ligamentous 

degeneration[44], and proprioceptive deficits [11] have also manifested an association with adult 

spinal deformity, many believe muscle weakness/dysfunction is playing the key causative role in 

development of this condition [45][11][46][7][8][9][12][47][48][49][50].  

Paraspinal muscle is of fundamental importance to the maintenance of upright posture [50][51]. 

The weight of the upper body combined with other external forces in daily activities generates a 

flexion moment on the spine which needs to be counterbalanced by extensor muscles. In addition 

to preserving the equilibrium, these muscles contribute to maintaining the mechanical stability of 

the spine [51]. Therefore, it is reasonable that abnormal muscle functioning may be involved in 

the development of the spine deformity. In fact, multiple studies have reported lower muscle 

strength in adult deformity patients [46][7][8][9].  

A decrease in back extensor strength may arise from changes in different muscle properties 

including smaller anatomical cross-sectional area, lower level of activation, or shorter muscle 

moment arm, all of which have been observed to some extent in spinal deformity patients 

compared to normal population [13][14][15]. However, there are other muscle biomechanical 

properties that could contribute to force production capacity of a muscle, which include passive 

elastic modulus, slack sarcomere length (beyond which passive force starts to develop), in situ 

sarcomere length (measured inside the body for a certain posture), specific tension, fascicle 

length, or pennation angle. The preponderance of the muscle adaptation literature on in situ 

sarcomere length, slack sarcomere length, and passive elastic modulus provokes the question 
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whether these three parameters are different in adult spinal deformity patients compared to 

normal population.  

In situ sarcomere length of human paraspinal muscles varies between different muscle groups. 

For example, in a prone posture multifidus typically manifests an average in situ sarcomere 

length of ~2.3 µm [156][224] although an individual value as high as 3.35 µm has been reported 

[233]; in contrast, psoas typically has an average in situ sarcomere length of ~3.3 µm in a neutral 

lying posture [224][114] although an individual value as low as 2.60 µm has been measured 

[233]. While the large variation between these measurements for each muscle group may be an 

artifact of the postures in which the cadavers were initially embalmed, it may reflect natural 

differences between humans or their pathologies. It has been shown that in situ sarcomere length 

of soleus is substantially larger in patients with cerebral palsy (4.07 µm) compared to typically 

developing children (2.17 µm), although their fascicle lengths were the same [78]. Whether the 

in situ sarcomere length of paraspinal muscles in adult spinal deformity patients are different 

compared to normal population is unknown. 

Muscle passive elastic modulus has been widely reported to differ between pathologies at both 

cellular (i.e. for a single muscle fiber) [93][96][95][97] and tissue levels (i.e. for a bundle of 

muscle fibers ensheathed in their connective tissue) [96][94][90][230][231]. In animal studies, 

passive elastic modulus of paraspinal muscles has been shown to increase after a disc injury in 

rabbits [15], or a spinal surgery in rats [234]. In human, up to four times stiffer fiber bundles 

were measured for upper extremity muscles in control compared to pathologic patients (with 

spasticity) [96], while for hamstring muscles an opposite observation was made [94]. The 

passive stiffness of posterior paraspinal muscles has been measured only in one human study 

[25], which was on a mixed group of patients with degenerative conditions of spine, and it has 
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never been contrasted among different patient groups. Whether paraspinal muscles in adult 

spinal deformity patients have different elastic modulus is not known.  

Slack sarcomere lengths have also been shown to differ between patient groups. For example, 

single fibers in upper extremity muscles of cerebral palsy patients had shorter slack sarcomere 

lengths than normal subjects (1.84±0.05 µm vs. 2.20±0.04 µm)[93]. Differences in slack 

sarcomere length were noted at the fiber bundle level between human paraspinal muscles [25], 

which was on a mixed group of patients with degenerative conditions of spine, but it has never 

been contrasted between different patient groups.  

Studying cellular and extracellular structure of muscle fibers can help in better understanding the 

reason for any observed differences in muscle properties. Histopathological analysis may even 

provide insight into the underlying mechanism for development of adult spinal deformity. A 

recent study by Shahidi et al. [235] observed localized fiber degeneration in forms of 

discontinuous or ragged membrane disruption, adipose replacement, and punctate regions of 

muscle fiber necrosis for degenerative lumbar spine patients. It is of interest to explore if adult 

spinal deformity patients present similar or any specific abnormalities.  

There are relatively few studies that have measured the biomechanical properties of human 

paraspinal muscles. A reason for scarce in vivo measurement of these properties in human 

paraspinal muscles is likely the ethical and technical challenges associated with biopsy 

acquisition. Ethically, in addition to obtaining consent from the patients undergoing surgery, 

approval is required from the university ethics board, as well as hospital departments such as 

anatomy and pathology department, medical devices and reprocessing department, and the 

operating room management. Technically, biopsy acquisition for in situ sarcomere length 
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requires specialized biopsy clamps with the ability of preserving the in situ tension such that the 

biopsies do not contract after collection. Biopsies for passive stiffness testing and biochemical 

assessment require specific tissue processing methods which should meet the standards of the 

operating room and the other departments. Step-by-step procedures should be clearly defined and 

communicated to the clinical team. These challenges need to be addressed in order to obtain the 

biopsies and measure the desired parameters.  

The objectives of this study were, therefore, (1) to develop protocols to acquire biopsies of 

human multifidus and longissimus from adult spinal deformity patients, and (2) to evaluate them 

biomechanically and histopathologically. 

4.2 Materials and Methods 

This study was approved by the University of British Columbia Clinical Research Ethics Board 

(UBC CREB) and Vancouver Coastal Health Research Institute (VCHRI), Vancouver, Canada. 

All recruited patients were informed of the study and signed the consent forms (see Appendix 

B1&2 on pages 215 & 226).  

 Patient Demographics & Study Design 

Patients enrolled for this study were categorized into three groups: I) (DEG) had multilevel 

degenerative lumbar disease with no sagittal imbalance and no compensatory mechanisms 

recruited; II) (DEG+COMP) had multilevel degenerative lumbar disease with no sagittal 

imbalance as multiple compensatory mechanisms were recruited. In other words, the muscle 

mediated compensatory mechanisms such as pelvic retroversion, segmental hyperlordosis, 

segmental retrolisthesis and thoracic hypokyphosis were sufficient to maintain a normal sagittal 
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vertical alignment (SVA), i.e. SVA <5cm; and III) (DEG+COMP+UNBAL) had multilevel 

degenerative lumbar disease with positive sagittal imbalance despite multiple compensatory 

mechanisms recruited. The muscle mediated compensatory mechanisms of pelvic retroversion, 

segmental hyperlordosis, segmental retrolisthesis and thoracic hypokyphosis were insufficient, 

resulting in abnormal SVA >5cm. As non-invasive muscle biopsy acquisition from healthy 

individuals was not feasible, group I served as control for groups II and III.  

A power analysis suggested that 14 patients were required for detecting 30% difference in 

passive elastic modulus of the multifidus and longissimus (i.e. 60 kPa vs 80 kPa) based on the 

data presented in the study by Ward et al. [25]. Smaller number of patients were sufficient for a 

similar analysis for in situ sarcomere length, but we aimed for 14 patients per group. 

In total, nine patients were recruited between September 2019 to March 2020 before the study 

was halted by COVID-19, among whom four belonged to group I, three to group II, and two to 

group III. The demographics of the patients, all operated at VGH, are presented in Table 4-1.  

Two types of biopsies were required for this study. Type A biopsies needed a special biopsy 

clamp for measurement of in situ sarcomere length, while Type B biopsies were obtained 

through a blunt cut and were divided into two halves: one half (Type B1) was used for passive 

stiffness testing, while the other half (Type B2) was snap frozen for histopathological analysis. 

Overall, four Type A, four Type B1, and four Type B2 biopsies were collected from each patient, 

all at L4-L5, and from left longissimus, left multifidus, right multifidus, and right longissimus 

(Figure 4-1).  
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Table 4-1.  Patient Demographics. All patients recruited for this study were operated at Vancouver General 

Hospital. 

     Coronal Deformity  

Ptnt 

# 

Gender Age 

(yrs) 

Diagnosis Levels  

Affected 

Severity (Cobb 

Angle) 

Apex (Two-

Ends) 

Group 

1 F 70 Scoliosis, 
degenerative, 
Second, acquired 

T10-L4 Severe (58°) L1 (T11-L3) III 

2 M 64 Spinal stenosis L4-S1 Moderate (30°) L2 (L1-L3) II 

3 M 61 Spinal stenosis L4-L5 Very Mild (8°) L2 (T12-L4) I 

4 M 75 Spondylosis L2-S1 Mild (17°) L2 (L2-L4) III 

5 M 71 Spinal stenosis L2-L4 Mild (13°) T12-L1 (T10-L2) I 

6 F 59 Spinal stenosis L5-S1 Mild (16°) L3 (L2-L4) I 

7 F 70 Spinal stenosis L2-S1 Very Mild (4°) L2 (T12-L4) II 

8 M 73 Spinal stenosis L3-L5 None (0°) None I 

9 F 51 Scoliosis, 
degenerative, 
Second, acquired 

T9-S2 

&ILIUM 

Severe (57°) L2 (T12-L3) II 
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Figure 4-1. Biopsies collected per each patient. Type A biopsies needed a special biopsy clamp for 

measurement of in situ sarcomere length, while Type B biopsies were obtained through a blunt cut and were 

divided into two halves: one half (Type B1) was used for passive stiffness testing, while the other half (Type 

B2) was snap frozen for histopathological analysis. Overall, four Type A, four Type B1, and four Type B2 

biopsies were collected from each patient, all at L4-L5, and from left longissimus (LL), left multifidus (ML), 

right multifidus (MR), and right longissimus (LR). 

 Logistics for Muscle Biopsy Acquisition 

Acquisition and processing of the human biopsies described above and transferring them to the 

lab required special handling and tools that we developed specifically for this project. Details for 

some of these items are described in the following sections. 
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4.2.2.1 Clamp for Type A Biopsies 

To measure the in situ sarcomere length, a special muscle biopsy clamp was required to provide 

firm grip onto the muscle and preserve the in situ tension within the biopsy while not allowing it 

to shrink. Using medical grade stainless steel 316L, we developed a prototype (Figure 4-2) based 

on the clamp described by Ward et al. [236]. The functionality of the clamp was validated on a 

rat rectus femoris where the clamp proved to preserve the in situ sarcomere length successfully 

(see Appendix B3 on page 233). The clamp was medical grade and ready to use. The policy of 

Vancouver General Hospital, however, required the clamp to be provided through a commercial 

biomedical manufacturer. In collaboration with Medtronic engineers, we improved the design of 

the muscle clamp to have a longer tongue, thinner tips, and narrower width for better 

accessibility (Figure 4-3). Medtronic generously manufactured five sets of these clamps (20 

clamps: three sets of four clamps for usage in Vancouver General Hospital and two sets of four 

clamps for usage in Toronto Western Hospital). For each patient a set of four clamps was needed 

to collect biopsies from longissimus left, multifidus left, longissimus right, and multifidus right 

(Figure 4-1).  
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Figure 4-2. House-made clamp developed for measurement of in situ sarcomere length.  
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Figure 4-3. The muscle 

biopsy clamp developed 

in collaboration with 

Medtronic engineers 

and manufactured by 

Medtronic (A). We 

made the tongue longer 

(B) with narrower 

width (C) and thinner 

tips (D) for better 

accessibility and 

functionality. 
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4.2.2.2  Primary and Secondary Containers for Type A Biopsies 

Immediately after collection of Type A biopsies, the biopsies maintained by the clamps were 

required to be immersed into formaldehyde for tissue fixation. We designed and manufactured a 

Type A biopsy container to hold the clamps stable while allowing their tips to float inside tubes 

filled by formaldehyde (Figure 4-4). 

 

Figure 4-4. Primary Type A biopsy container. It holds the clamps stable (A) while allowing their tips to float 

inside tubes filled by formaldehyde (B). 

Per the operating room policy of the Vancouver General Hospital, the containers needed to be 

cleaned, sterilized, and brought inside the operating room by the medical device reprocessing 

department (MDRD). To qualify for their cleaning protocols, all containers were made out of 

stainless steel 316L. Sheet metal was water cut, bent, and TIG (tungsten inert gas) welded to 



102 

 

make the outside shell. The welding was of high quality to seal the container and to be free from 

porosity or tiny holes as potential sites of germs. A rack was welded inside to maintain 

formaldehyde containing tubes in place and stable. Using a customized aluminum comb, a series 

of hangers were spot welded in parallel for placement of the clamps. Provision of the large 

openings at the sides was for easier access in placement/removal of the tubes and reduction of 

the container overall weight (Figure 4-4). 

A liquid-tight secondary Type A container was required to encompass the primary Type-A 

container (Figure 4-5). This added an extra protection layer to protect spillage of the 

formaldehyde outside the containers on the floor. The tight lid of the secondary container also 

helped to reduce exposure to formaldehyde vapors. The lid was initially made from 

polypropylene; however, the high temperature through sterilization made it shrink. Therefore, it 

was replaced by a 316L stainless steel lid.    

 

Figure 4-5. Liquid-tight secondary Type A container.  
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4.2.2.3 Primary and Secondary Containers for Type B Biopsies 

Collection of Type B biopsies did not require any clamp. Biopsies with an approximate size of 

5mm x 5mm x 10 mm were obtained through blunt cuts, divided in half by the surgeon, and 

handed to the nurse in the operating room.  All eight pieces were placed inside falcon tubes: four 

containing a dissection solution (Type B1) and four containing phosphate buffered saline (Type 

B2). A Type B container was necessary for keeping the falcon tubes upright preventing a 

potential fall and/or spillage (Figure 4-6). The primary Type B container was made as compact 

as possible to be housed conveniently inside a secondary Type B container filled in half with ice 

(Figure 4-7).  

 

Figure 4-6. Primary Type B biopsy container from top view (A) and isometric view (B). 

The secondary Type B container had two functions; first, to add an extra layer of protection in 

case of spillage; and second, to maintain the inside temperature at 0° C for better preservation of 

the biopsies until they were transferred to the lab for processing (which took in some cases up to 

two hours). No commercial insulated container was found to guarantee being safely autoclavable 

for sterilization purposes. Therefore, we built a customized version entirely out of stainless steel 
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316L. The container consisted of an outer shell and an inner shell with a gap of half an inch in 

between (Figure 4-7). The two shells were connected at the top via a donut shape plate with TIG 

weld. Although a vacuum between the two shells would act as a better insulator, the air itself was 

sufficient in reducing the rate of heat transfer and preserving the ice inside the container for a 

couple of hours. As all these containers needed to be carried inside a transport box by the 

researcher, minimizing their size and weight was constantly considered during the design stage.  

  

Figure 4-7. Secondary type B biopsy container. The double layer structure of this container with 

capsulated air in between the inner and the outer shells acted as a heat insulator. 
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4.2.2.4 Dewar Support for Isopentane Container 

For histopathology, snap freezing the muscle specimens immediately after collection was ideal 

so as to minimize tissue degradation and loss of biological information. For snap freezing, liquid 

nitrogen is required to bring down the temperature of isopentane close to its freezing point (~-

160 °C). Muscle biopsies were mounted on a cork covered by Tragacanth gel and dropped inside 

the isopentane for a minute or so and then transferred to a dewar containing dry ice (~-78 °C) 

until later stored at -80 C° freezers. This method is the gold standard as it is associated with the 

least freezing artifacts compared to other methods.  

Cooling down the isopentane can be achieved by placing a metal cup containing isopentane 

inside a dewar filled with liquid nitrogen. For safety concerns, this is typically performed in 

histology labs by hanging isopentane cup via ropes from a stand so hands are not in direct 

contact with the cold metal cup and also risk of spillage and contamination is minimized (Figure 

4-8a). Snap freezing was not allowed inside the operating room, but for performing that outside 

the operating room the safety regulations of pathology department required us to make a safe and 

stable replacement for the stand and rope system. Usage of a handle similar to the one shown in 

Figure 4-8b was not approved for its risk of fall and spillage when placed on a table. We 

designed and manufactured a dewar support system (Figure 4-9) using stainless steel 316L metal 

sheets and TIG welding, which successfully passed the required safety standards.  
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Figure 4-8. Methods for handling the cup filled with isopentane and cold by liquid nitrogen. In muscle labs 

the stand and rope system is commonly used (A). The proposed alternative method (B) was not approved 

for its risk of fall and spillage when placed on a table. 

Our dewar support system is currently used for snap freezing outside the operating room of 

Toronto Western Hospital, where we started a parallel study through collaboration with our 

colleagues at the University of Toronto and the University of Guelph. The operating room policy 

of Vancouver General Hospital, however, did not approve any tissue processing outside the 

operating room. Instead, fortunately, they have recently granted a preliminary approval for using 

the suction tube system which was previously dedicated to clinical specimens only. Through the 

suction tube system, the biopsies could be transferred directly to the pathology department in less 

than a couple of minutes. Not only will this fast transferring system allow immediate snap 

freezing (i.e. less than 10 minutes after harvest), but also it will enable other forms of tissue 

processing including those required for single cell transcriptomic or mRNA analysis. 
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Figure 4-9. Dewar support system developed for cooling isopentane inside the dewar filled with liquid 

nitrogen.  
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4.2.2.5 Transport Box 

All containers and biopsies were required to be transported in a sealed box providing extra level 

of protection from a potential spillage and contamination (Figure 4-10). As per standard 

operating room procedures, a member of the operating room staff then ordered a hospital porter 

to retrieve the specimens (i.e. the entire transport box) and deliver directly to the Anatomic 

Pathology Department for assigning an accession (tracking) number.  Research staff were then 

allowed to take the transport box to the lab for tissue processing and testing. 

 

Figure 4-10. Transport box for safe transportation of collected muscle biopsies and their containers. 
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 Biopsy Acquisition and Testing 

4.2.3.1 Biopsy Type A – In Situ Sarcomere Length  

Inside the operating room, immediately after the biopsies were collected, the clamps were 

transferred into Type-A-Samples container filled with formaldehyde such that the biopsies were 

thoroughly immersed (see Appendix B4&5 for more details on biopsy acquisition). After more 

than 48 hours, the fixated biopsies were removed from the clamps and dissected under a 

stereomicroscope (Nikon, 0.63 X, Japan) to separate muscle fiber bundles. Using a single mode 

fiber-coupled diode laser (S1FC660, Thorlabs, Newton, NJ,USA) with a wavelength of 660 nm 

and collimated beam diameter of 0.8 mm, each fiber bundle was transilluminated and the 

resulting diffraction pattern was used for calculation of its in situ sarcomere length. From each 

biopsy, three fiber bundles were tested and the average was considered as the in situ sarcomere 

length of that biopsy.   

4.2.3.2 Biopsy Type B1 – Passive Elastic Modulus & Slack Sarcomere Length 

One half of Type B biopsies (Type B1), which were provided through a blunt cut, were placed 

inside falcon tubes filled with a dissecting solution with the same contents as introduced by 

Noonan et al. [237]. The tubes were immediately placed inside an ice container at 0° C; and 

within two hours were transferred to a storage solution containing (mmol): KPr (170), Na2ATP 

(21.2), imidazole (10), MgCl2 (5.3), EGTA (5.0), glutathione (2.5), NaN3 (1), leupeptin (0.05) 

and 50% (v/v) glycerol and were kept at 4° C for 24 hours. Afterwards, they were preserved at -

20° C until they were tested for passive stiffness which took place within two weeks.    

The same methodology as described in section 2.2.1 was followed for mechanical testing. 

Briefly, from each biopsy, a minimum of three fibers and six fiber bundles (14±7 fibers) were 
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extracted. Each fiber/fiber bundle was mounted and tied onto two pins, one pin attached to a 

force transducer (400A, Aurora Scientific, Aurora, Ontario, Canada) and the other pin attached 

to a length controller (CRK523PMAP, Oriental Motor, Torrance, CA, USA)(Figure 2-2). The 

fibers/fiber bundles were stretched until reaching the slack length, where passive force started to 

develop. At this point, the slack sarcomere length was measured with a resolution of ~10 nm 

from the diffraction pattern generated when transilluminating the fibers/fiber bundles using a 

diode laser. Also, top-view and side-view diameters of the fiber/fiber bundle at three points 

across the fiber/fiber bundle were measured with a resolution of 1 micron using a cross hair 

reticle inside the eye piece of a stereo microscope (SteREO Discovery.V8, Zeiss, Plan-

Apochromat 0.63x). Hereafter, each fiber/fiber bundle was stretched by 4 to 8 increments, each 

applying 10% strain at a rate of 10% strain per second, followed by four minutes relaxation 

(Figure 2-3A). The sarcomere lengths and force readings at the end of each increment were used 

to calculate the engineering strains and stresses, respectively. A tangent to the strain-stress curve 

at 30% stain was used to represent the passive elastic modulus of the fiber/fiber bundle (Figure 

2-3B).         

4.2.3.3 Biopsy Type B2 – Histopathology 

The other half of Type B biopsies (Type B2) was placed in falcon tubes containing phosphate 

buffered saline. The tubes were transferred on ice to the lab and were snap frozen within two 

hours after harvest by placing them on a cork covered with Tragacanth gel and dropped into 

isopentane cooled by liquid nitrogen. The samples were stored at -80 °C until they were later 

sectioned with a cryostat to 10μm thickness and placed on slides for immunostaining.  
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The staining performed included hematoxylin and eosin (HE), gomori trichrome (GT), 

nicotinamide adenine dinucleotide hydrogen tetrazonium reductase (NADH), succinic 

dehydrogenase (SDH), cytochromec oxidase (COX) enzyme histochemistry, fast and slow 

myosin, and neonatal myosin. The degree and main types of abnormalities were identified for all 

biopsies. The staining was performed by the pathology department staff in Vancouver General 

Hospital and were analyzed by an experienced myo-neuropathologist, Dr. Peter Schutz. 

4.3 Results 

All biopsies were collected as planned in the study design; the only exceptions were Type B2 

biopsies for patient 1 (which were used as Type B1 biopsies due to their small size) and 

longissimus biopsies, Type A and B, for patient 3 (as the surgical exposure was only limited to 

multifidus muscle).  

 In Situ Sarcomere Length 

In total, 34 type A biopsies were collected. Three biopsies consisted of non-muscle tissue 

although they were collected by the surgeon from the same anatomical locations that other 

biopsies were taken. From the remaining 31 biopsies, the average in situ sarcomere length for 

each patient ranged between 1.94 µm to 3.39 µm for multifidus and 1.99 µm to 3.11 µm for 

longissimus (Figure 4-11). In general, within each individual the in situ sarcomere lengths of the 

muscles at the convex side were not necessarily the same as those in the concave side. With the 

large variability within each group, no salient difference between the three patient groups could 

be detected. Due to small number of patients recruited per the three specified patient groups, no 

statistical comparison was made. 
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Figure 4-11. In situ sarcomere length represented by boxplots for each patient group. The red lines denote 

the medians, the heights of the boxes indicate the interquartile ranges and each dot is the average of three 

measurements for each biopsy (the three measurements were quite close for almost all biopsies). Green, 

yellow, and red icons represent patient groups I, II, and III, respectively. 
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 Passive Elastic Modulus & Slack Sarcomere Length 

In total, 87 fibers and 171 fiber bundles were mechanically tested. The elastic modulus for the 

single fibers ranged between 2 kPa to 115 kPa for multifidus and 5 kPa to 94 kPa for 

longissimus. The elastic modulus measured for each single fiber is represented by a dot in Figure 

4-12 based on the patient group, muscle group, and the side of the body the fiber belonged to. 

For multifidus, the concave and convex sides combined, the median(IQR) of single fibers elastic 

moduli was 37(23) kPa, 32(36) kPa, and 27(25) kPa for patient groups I, II, and III, respectively; 

while for longissimus, those values were 36(31) kPa, 31(21) kPa, and 13(10) kPa. 

 
Figure 4-12. Elastic modulus of single fibers represented by boxplots for each patient group. The red lines 

denote the medians, the heights of the boxes indicate the interquartile ranges and each dot represents elastic 

modulus value for a tested fiber. Green, yellow, and red icons represent patient groups I, II, and III, 

respectively. 

The elastic modulus for fiber bundles ranged between 6 kPa and 2426 kPa for multifidus and 3 

kPa to 2375 kPa for longissimus. The elastic modulus measured for each fiber bundle is 

represented by a dot in Figure 4-13 based on the patient group, muscle group, and the side of the 
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body. For multifidus, when the concave and convex sides were combined, the median (IQR) of 

fiber bundles elastic moduli was 46(89) kPa, 57(61) kPa, and 113(77) kPa for patient groups I, II, 

and III, respectively; while for longissimus, those values were 38(50) kPa, 102(181) kPa, and 

42(89) kPa. Seventeen from 92 tested bundles (18%) in multifidus and 20 from 79 bundles 

(25%) in longissimus exhibited larger stiffnesses than 120 kPa (an approximate threshold for 

outliers based on Ward et al.’s data [22]). No statistical comparison was made between the three 

patient groups due to the small number of patients recruited per each group due to COVID-19. 

Slack sarcomere length, defined as the starting point of the passive force-length curve, was 

recorded for both single fibers and fiber bundles (Figure 4-14). The slack sarcomere length 

measured for each fiber or fiber bundle is represented by a dot in Figure 4-14 based on the 

patient group, muscle group, and the side of the body the bundle belonged to. The median (IQR) 

slack sarcomere length for multifidus fibers, when the concave and convex sides were combined, 

was 2.10(0.12) µm, 2.08(0.33) µm, and 2.24(0.39) µm for patient groups I, II, and III, 

respectively; while for longissimus fibers, those values were 2.30(0.24) µm, 2.03(0.17) µm, and 

1.95(0.14) µm. Similarly, these values for multifidus fiber bundles were 2.00(0.17) µm, 

2.05(0.16) µm, and 2.00(0.34) µm; but for longissimus fiber bundles were 2.07(0.21) µm, 

1.98(0.22) µm, and 1.95(0.28) µm. Both fibers and fiber bundles exhibited a large range of 1.8-

2.8 µm for the slack sarcomere length.  
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Figure 4-13. Elastic modulus of fiber bundles represented by boxplots for each patient group. (A) and (B) 

are the same plots as (C) and (D) but with a larger scale on the y-Axis to encompass all data points. The red 

lines denote the medians, the heights of the boxes indicate the interquartile ranges and each dot represents 

elastic modulus value for a tested fiber. Green, yellow, and red icons represent patient groups I, II, and III, 

respectively. 
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Figure 4-14. Slack sarcomere length represented by boxplots for each patient group. The red lines denote the 

medians, the heights of the boxes indicate the interquartile ranges and each dot represents elastic modulus 

value for a tested fiber. Green, yellow, and red icons represent patient groups I, II, and III, respectively. 
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 Histopathology Properties  

Twenty-eight biopsies were successfully frozen, sectioned, stained, and reviewed by a myo-

neuropathologist blinded to patient demographics. The quality of muscle tissue looked normal 

for only one patient (patient 6, Figure 4-15). Fibrofatty component varied across biopsies (Figure 

4-16). A variety of case-specific abnormalities were observed (Table 4-2) including core/targets 

and cox-negative fibers (Patient 2, Figure 4-17), cores and rods (patient 3, Figure 4-18), severe 

atrophy and fibrosis (patient 4, Figure 4-19), mitochondrial accumulations (patient 5, Figure 

4-20), and moth-eaten fibers and pinprick fibers (patient 7, Figure 4-21). In general, the degree 

of abnormality was more severe in patients of group II and III (Table 4-3).  

 

Figure 4-15. Normal muscle tissue in patient 6 as evident through A) HE, B) NADH, and C) Gomori 

Trichrome staining. The fibers are nicely packed with no irregularities in their shape or cellular structure. 
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Figure 4-16. Fibrofatty component across different biopsies. 

 

 

 

Figure 4-17. Core and targets and cox-negative fibers in convex-side multifidus of patient 2. 
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Figure 4-18. Cores and rods in convex multifidus of patient 3.  

 

 

 

Figure 4-19. Severe Atrophy and Fibrosis in patient 4. 

 

 

  



120 

 

 

Figure 4-20. Mitochondrial Abnormalities in patient 5. 

 

 

 

Figure 4-21. Mild moth-eaten fibers and pinprick fibers in convex multifidus of patient 7. 
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Table 4-2. Main abnormality types identified for each patient through histopathological evaluation. 

Group Patient Longissimus 

Convex 

Multifidus 

Convex 

Multifidus 

Concave 

Longissimus 

Concave 

I P3 N/A Rods 

Cox-negative 

Core like 

Rods 

Core like  

 

N/A 

 P5 Atrophic-fibers Mitochondrial Mitochondrial Atrophic-fibers 

 P6 None None None N/A 

 P8 Lobulated Moth-eaten Moth-eaten Lobulated 

      

II P2 Cores Cores,  

Cox-negative 

Cores,  

Cox-negative 

Cores 

 P7 Moth-eaten 

Pinprick 

Moth-eaten 

Pinprick 

Moth-eaten 

Pinprick 

Moth-eaten 

Pinprick 

 P9 N/A Rods and Cores Irregular staining N/A 

      

III P4 Fibrotic 

Replacement 

Fibrotic 

Replacement 

Fibrotic 

Replacement 

Fibrotic 

Replacement 

 

Table 4-3. Degree of histological abnormality for each patient. 

Group Patient Longissimus 

Convex 

Multifidus 

Convex 

Multifidus 

Concave 

Longissimus 

Concave 

I P3 N/A Moderate Moderate N/A 

 P5 Mild  Moderate Moderate Mild 

 P6 Normal Normal Normal N/A 

 P8 Moderate Minor Minor Moderate 

      

II P2 Moderate Severe Severe Moderate  

 P7 Minor Minor Minor Minor 

 P9 No Muscle Moderate Minor Freezing Artifact  

      

III P4 Severe Severe Severe Severe  
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4.4 Discussion 

Decreased back extensor strength and muscle weakness are well recognized as key risk factors 

for adult spinal deformity, but it remains unclear what muscle properties are different in those 

patients that lead to such decreased strength. One reason for lack of our understanding of 

paraspinal muscles in adult deformity patients is the challenges associated with acquiring fresh 

human muscle biopsies, which are necessary for measurement of muscle properties including 

passive stiffness, slack sarcomere length, in situ sarcomere length, and specific tension. This 

study aimed to address those challenges to obtain the desired biopsies from spinal deformity 

patients and evaluate them biomechanically and histopathologically. Required tools and 

protocols were developed for paraspinal muscle biopsy acquisition and were successfully used 

and implemented at Vancouver General Hospital and Toronto Western Hospital. We were able to 

measure in situ sarcomere length, slack sarcomere length, and passive stiffness as well as 

performing histopathological assessments in nine patients. Although research halted due to 

COVID-19 limited our study to a small number of patients and did not allow a comprehensive 

comparison between the different categories of spinal deformity patients, some thought-

provoking observations were made which provided important insight into the muscles of these 

patients.  

The in situ sarcomere lengths measured in this study unveiled a broad range variation for 

paraspinal muscles. For example, in multifidus a minimum of 1.9 µm and maximum of 3.4 µm 

was observed. Such large variation for in situ sarcomere length can result in a substantially 

different behavior and amount of force a muscle produces, both actively and passively. Based on 

the well-known force-length curve, at a sarcomere length of ~2.8 for example, the amount of 

active force a muscle can produce when fully activated is two times larger than when the 



123 

 

sarcomere length is equal to ~1.8 µm or ~3.8 µm. A larger passive force is generated by a muscle 

whose in situ sarcomere length is 3.4 µm compared to when that is 1.9 µm. The extent of that 

difference though highly depends on the slack sarcomere length and the body posture. For 

shorter slack sarcomere lengths, larger passive forces will develop, especially for when the body 

goes to a flexed posture, where paraspinal extensor muscles experience greater elongation. 

Investigating the influence of in situ sarcomere length on spinal loading is not trivial with the 

complicated anatomy of the spine musculature and requires a musculoskeletal model, which is 

addressed in chapter 5 of the current manuscript.    

In situ sarcomere length of paraspinal extensor muscles has been measured previously in live 

humans only by Ward et al. [156] and that was just for multifidus. In that study, the in situ 

sarcomere length for eight patients in prone position was 2.0 ± 0.2 µm and for five patients in 

flexed posture was 2.7 ± 0.1 µm; and the biopsies were taken from patients undergoing surgery 

with a variety of diagnosis (osseous, disc, or trauma). In our study, the in situ sarcomere lengths 

were measured for spinal deformity patients, where a large variation in that parameter was 

measured for both multifidus (1.9 µm - 3.4 µm) and longissimus (2.0 µm - 3.1 µm). Biopsies in 

the current study were taken from patients in a prone position. When comparing L3-S1 lordosis 

angles between standing pre-operatively (37 ± 5) and in prone position intra-operatively (38 ± 5, 

Table 4-4), no significant difference was found. Therefore, the large variation of in situ 

sarcomere length do not appear to be due to differences in postures at which biopsies were 

obtained. In this study, for the first time in situ sarcomere length of longissimus in live humans 

was measured. Furthermore, for the first time this parameter was measured for each patient at 

both convex and concave sides, which presented a difference between the two sides in some 

patients. Such difference could be from presence of coronal plane deformity in those patients. 
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Table 4-4. Comparison between lordosis angles of the 

patients when standing preoperatively and in prone 

position intraoperatively. 

 L3-S1 Lordosis Angle (°) 

 Pre-Operative Intra-Operative 

Patient 1 39 N/A 

Patient 2 47 43 

Patient 3 38 37 

Patient 4 33 38 

Patient 5 36 41 

Patient 6 34 32 

Patient 7 36 40 

Patient 8 31 31 

Patient 9 40 N/A 

In situ sarcomere length have also been measured in cadaveric studies. Ward et al. [156], in 

addition to their in vivo study, examined multifidus of eight cadavers and found an in situ 

sarcomere length of 2.27 ± 0.06 µm. Zwambag et al. [224] studied seven cadavers and found the 

in situ sarcomere length for multifidus to be 2.36 ± 0.05 µm, while for longissimus it was 2.41± 

0.06 µm. The same measurement was made for longissimus in five cadavers investigated by 

Delp et al. [115] and a value of 2.31 ± 0.17 µm was reported. In a recent study, Bayoglu et al. 

[233] measured the in situ sarcomere length of multiple paraspinal muscles in one cadaver and 

found a value of 3.35 µm for multifidus and 3.57 µm for longissimus. While the cadavers used 

by Ward et al. [156] and Zwambag et al. [224] were all embalmed in a supine or a neutral 

anatomical posture, respectively, it is not stated at what posture the cadaver used by Bayoglu et 

al. [233] was embalmed. Bayoglu et al. noticed L5 was naturally fused to the sacrum in the 

cadaver they studied. Therefore, while the much larger values reported in their study may be due 

to the posture at which the cadaver in their study was embalmed (which is unknown), those large 

values may have a pathologic explanation (especially given that L5 was fused to sacrum in that 

cadaver) or simply reflect a natural variation. Nevertheless, with all these data, the measurements 

in our study fell within the range reported in previous studies.  
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The slack sarcomere length, which pinpoints the start of muscle passive force-length curve, also 

showed a large range in this study for both single fibers and fiber bundles of paraspinal muscles. 

This range was between 1.8 µm and 2.8 µm for single fibers and 1.8 µm to 2.7 µm for fiber 

bundles. Such values could strongly influence the amount of passive forces produced in a muscle 

and consequently influence the spinal loading. However, the extent of that influence, as stated 

for in situ sarcomere length, depends on other factors including the body posture, passive 

stiffness, and in situ sarcomere length, which will be explored by using a musculoskeletal model 

(chapter 5).  

The slack sarcomere length of human posterior paraspinal muscles has been studied previously 

only by Ward et al. [25]. In multifidus, they found a mean value of 2.08 µm for single fibers and 

2.25 µm for fiber bundles. The medians of the different patients in our study were also between 

2.08 µm and 2.24 µm for single fibers and 2.00 µm and 2.05 µm for fiber bundles when convex 

and concave sides were combined. In longissimus, they observed a mean value of 2.25 µm and 

2.17 µm for single fibers and fiber bundles, respectively; the medians in our study were between 

1.95 µm and 2.30 µm for single fibers and 1.95 µm to 2.07 µm for fiber bundles, when convex 

and concave sides were combined.    

The elastic modulus in this study was evaluated at both single fiber and fiber bundle levels. At 

the single fiber level, the medians for all groups were between 27 to 37 kPa (except in group III 

longissimus that exhibited a median of 13 kPa) when convex and concave sides were combined. 

The only previous study in the literature examining single fiber elastic modulus of human 

multifidus or/and longissimus also reported a value of 34 ± 2 kPa for multifidus and 33 ± 3 kPa 

for longissimus single fibers [25]. In their study, multifidus data came from 23 patients, while 

longissimus biopsies were collected from 7 patients. All biopsies were taken from patients 
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undergoing a spine surgery, but the diagnosis was not disclosed. The average values in their 

study and median values of our study are in good agreement for single fibers; however, the 

variation in our data seemed much greater. While a reason of larger variation could be possible 

pathological differences in patients between the two studies, another reason is that in our data, an 

individual test was considered as a data point, whereas in their analysis a data point represented 

the average of three single fibers tested from each biopsy. This resulted in an standard error of 

the mean(SEM) of 2 to 3 kPa in their data (which is smaller by its nature than if the standard 

deviation was reported), as opposed to an IQR of 10-36 kPa observed in our data.  

The average value for single fiber elastic modulus measured to date in other human muscles 

ranges between ~20 to ~70 kPa [96][94][100]. However, for individual tests values as low as ~10 

kPa to as high as ~170 kPa have been reported [100]. Noonan et al. [100] obtained these values 

for vastus lateralis of 10 healthy young humans by passing tangents to the stress-strain curve at 

~55% strain as opposed to 30% selected for our study. For a nonlinear behavior, tangents at 

higher strains are associated with larger values. Nevertheless, in contrast to fiber bundles, the 

majority of single fibers demonstrated a linear passive behavior [90][93][91][102][55](Chapter 

2), as was observed in the current study, and thereby tangents at 30% vs. 55% should not vary 

considerably. Therefore, the range of elastic modulus values measured in our study (2 kPa to 115 

kPa for multifidus and 5 kPa to 94 kPa for longissimus) agree well with the range reported for 

other muscles of the human body.   

Observations for elastic moduli at the fiber bundle level were intriguing. In general, greater 

values for medians and IQRs were evident for fiber bundles than single fibers. When the results 

for convex and concave sides were combined, the medians of patient groups ranged between 38 

to 113 kPa for fiber bundles (multifidus: 46-113 kPa; and longissimus: 38-102 kPa), whereas for 
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single fibers this range was 13 to 37 kPa (multifidus: 27-37 kPa; and longissimus: 13-36 kPa). 

Similarly, IQR ranged between 50 to 181 kPa for fiber bundles, while it varied only between 10 

and 36 kPa for single fibers. Ward et al. [25] are the only previous group that measured elastic 

modulus of fiber bundles in human multifidus or/and longissimus. In their study, larger values 

were also reported for both the mean and SEM of elastic modulus at the fiber bundle level than 

single fibers. The mean ± SEM in their study was 91 ± 7 kPa for multifidus and 63 ± 15 kPa for 

longissimus at the bundle level, while those values were 34 ± 2 kPa and 33 ± 3 kPa for single 

fibers in multifidus and longissimus, respectively. This refers to the modulating role of the 

extracellular matrix in determining elastic modulus at the fiber bundle (tissue) level, which has 

been echoed by multiple studies throughout the literature [90][102][86][92].  

Eighteen from 171 bundles (11%) exhibited substantially large elastic moduli for both multifidus 

and longissimus muscle groups. The elastic moduli for these bundles, which were more prevalent 

for group II patients, lied mostly between 200 to 1000 kPa but even reached above ~2000 kPa in 

two cases. Revisiting the strain measurements and raw force data for these tests verified validity 

of the calculated elastic moduli (Figure 4-22, Figure 4-23, and Figure 4-24). This observation of 

such large values has never been reported for human paraspinal muscles. This very stiff passive 

behavior at the bundle level of these muscles is likely due to fibrosis and may have pathologic 

roots, which should be explored further through histology. 
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Figure 4-22. Raw force data and stress-strain plot for a muscle fiber bundle with high elastic modulus (746 

kPa at 30% strain) collected from longissimus of patient 9 (at the convex-side).  

 

Figure 4-23. Raw force data and stress-strain plot for muscle fiber bundle with high elastic modulus (870 kPa 

at 30% strain) collected from multifidus of patient 5 (at the convex-side).  
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Figure 4-24. Raw force data and stress-strain plot for another muscle fiber bundle with a very high elastic 

modulus (2375 kPa) from longissimus of patient 9 (at the convex side) 

Markedly stiff bundles have been measured for other human muscles or paraspinal muscles of 

other species. In the study by Lieber et al. [96], fiber bundles from upper extremities of 23 

patients with no neuromuscular disorder manifested an average elastic modulus of 463 ± 100 kPa 

compared to single fibers which had an average elastic modulus of 28 ± 3 kPa. In a recent animal 

study by our group [234], the effect of surgical muscle damage on passive properties of 

paravertebral muscles was examined,  In this study the lumbodorsal fascia of 12 rats was incised: 

for six of them posterior paraspinal muscles were detached from the posterior bony elements, 

while for the other six (sham) those were left intact. Thirteen weeks post-surgery, while single 

fiber elastic modulus did not show any difference between the two groups, multifidus fiber 

bundles exhibited significantly larger elastic moduli for the surgical injury group (surgical injury 

group median 81 kPa, entire range 8-1599 kPa vs. sham median 38, entire range 6-208 kPa, 

Figure 4-25). Histological assessment revealed an abundance of fibrosis and significantly greater 

collagen I deposition in multifidus of the surgical injury than the sham group (median(IQR) for 

surgical injury group was 21%(15%) vs. sham group 6%(4%); Figure 4-26), which could explain 
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the reason for stiffer bundles observed in the injured muscles. Collagen (especially collagen I) 

content is recognized as a positive predictor of tissue stiffness by multiple studies [55][108], 

although its arrangement within the tissue also have shown to influence the stiffness [111].  

 

Figure 4-25. Elastic modulus of multifidus fiber bundles in surgical injury vs. sham groups of the study by 

Yamamoto et al. [234]. Courtesy of Dr. Yamamoto with permission from Wolters Kluwer Health, Inc. 

 

Figure 4-26. Histological structure of multifidus in a rat 13 weeks after surgical injury in the study by 

Yamamoto et al. [234]. The constituents of a muscle fiber bundle may vary depending on from where in the 

muscle biopsy the bundle (represented by blue circles) is extracted. While bundle 1 is mostly comprised of 

contractile muscle tissue, bundle 2 is mostly occupied by connective tissue, and bundle 3 has a mixture of 

both. Therefore, their elastic modulus may differ accordingly based on the rule of mixture. See Equation 

(3-1). Courtesy of Dr. Yamamoto with permission from Wolters Kluwer Health, Inc.  
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Large variation in bundle stiffness within same biopsy could be described by the muscle tissue 

heterogeneity, as evident in multifidus of a rat belonging to surgical injury group in the study by 

Yamamoto et al. [234] (Figure 4-26). Obviously, bundle 1 has much more collagen than bundles 

2 or 3 (Figure 4-26). Therefore, depending on where in the biopsy the fiber bundle is taken from, 

its stiffness may vary.  

The same heterogeneity could be observed at the whole muscle level, especially for pathologic 

muscles. For instance, while a patient in group I or our study had good quality muscle as 

observed from their MRI (Figure 4-27), a big portion of paravertebral muscles of a patient in 

group II consisted of non-muscle tissue (Figure 4-28). Thus, based on where in the whole muscle 

the biopsy was collected from, the properties could be substantially different. This means for a 

better assessment of muscle quality and its properties, the measurements should not be limited to 

a single fiber, a fiber bundle, or a biopsy at the fascicle level. A wholistic view is necessary to 

assess muscle properties and consequently its functionality.  
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Figure 4-27. Good quality muscle tissue observed through MRI in a patient from group I. 

 

Figure 4-28. Tissue heterogeneity and abundance of non-muscle tissue in paraspinal muscles of a patient 

from group II observed through MRI.  
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Direct measurement of all muscle biomechanical properties at the whole muscle level is desired, 

especially for biomechanical models. However, most of those properties at the whole muscle 

level has never been measured for human paraspinal muscles as it is not feasible due to its 

technical and ethical challenges. In fact, the slack sarcomere length or passive stiffness of 

paraspinal muscles at the whole muscle level has never been measured in any species. In a recent 

study by Ward et al. [55], examining passive elastic modulus of several lower extremity muscle 

at fiber, fiber bundle (~20 fibers), fascicle (~300), and whole muscle level for six rabbits 

manifested a nonlinear increase from smaller scales to larger ones. For example, at 30% strain, 

the elastic modulus of extensor digitorum was ~30 kPa, ~40kPa, ~260kPa, and ~7500 kPa, at the 

fiber, fiber bundle, fascicle, and whole muscle levels, respectively. This implies the notion of 

scale should be considered when assessing the overall muscle functionality using properties 

measured at the fiber or fiber bundle level only; or when transferring those data to the 

musculoskeletal models, which typically require whole muscle level information as inputs. 

The histopathological analysis of the biopsies in the current study identified a variety of 

abnormalities at both cellular and tissue levels. At the tissue level, fibrosis was evident in some 

cases and was greatest for patient 4. At the cellular level, moth-eaten fibers, pinprick fibers, core 

and targets and cox negative fibers were identified to be prevalent in degenerated muscles. The 

variety of structural and mitochondrial abnormalities observed in our study is suggestive of 

diverse causes or mechanisms of potential functional impairment. Interestingly, on average the 

severity of the abnormalities was qualitatively highest for paraspinal muscles of group III 

patients, moderate for group II and were somewhat mild to moderate in group I. This is a 

preliminary analysis though; undoubtedly, more patients are required for finding patterns or 

making any comparison between the groups. 



134 

 

Our study is the first to document such degenerative observations for human longissimus 

muscles; and the first to report on multifidus and longissimus in patients with spinal deformity. 

Multifidus has been recently studied histopathologicaly in detail by two studies marking similar 

extracellular and intracellular observations to ours. Padwal et al. [238] histologically examined 

superficial and deep regions of multifidus in 16 patients with lumbar spine pathologies (12 

stenosis, 2 spondylolisthesis, and 2 disc herniation) and found an elevated amount of fibrosis and 

fat in these patients with an overall composition of 11%±9% fat, 49%±16% muscle, and 

26%±12% collagen with no difference between the deep and superficial regions. Shahidi et al. 

also examined multifidus of 10 acute and 22 chronic patients with degenerative lumbar spine 

pathology and reported a prevalence of regional degenerations and punctate necrosis within 

muscle fibers with no difference in their amount between the acute and chronic patients. The 

regional differences were mostly characterized by cellular infiltration, cytoplasmic disruption, 

and membrane disruption. The most common degenerative phenotype was the increased nuclei 

number and jagged muscle fiber border; and the most common cell type was the fibro-

adipogenic-progenitor (FAP) cells. Given the association of FAP cells with fibrosis [239][240] 

and with the prevalence of fibrosis in paraspinal muscles of spine pathology patients as also 

marked by other studies [241][242], further research is required to shed more light on their roles 

in muscle degeneration and in the etiology of spine pathologies.  

There were several limitations to this study that should be considered when interpreting the 

results. First, due to patient recruitment being halted by COVID-19, the number of patients 

recruited for this study (four in group I, three in group II and two in group III) were too small for 

making any comparison between the patient groups. Second, a control group of healthy 

individuals was desired; however, as non-invasive collection of biopsies from a healthy 
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population was not feasible, we had to define patient group I, those who did not have any 

deformity, as the control group for the other two patient groups who had a sagittal deformity 

(although it was compensated in group II). Further, although presence of a previous spine 

surgery or a coronal plane deformity were initially set as our exclusion criteria, to increase the 

number of the patients, those criteria were ignored (for patient 1 & 9). This likely introduced 

extra factors or variability to the data. Third, given the small size of the biopsies and their poor 

qualities for some cases due to fibrosis and/or fatty infiltration, extracting three fibers or six fiber 

bundle was not possible for all biopsies. This led to uneven sample sizes between the biopsies 

and the patients. 

4.5 Conclusions 

Despite the aforementioned limitations, the objectives of this study were successfully achieved. 

We developed the tools and protocols required for acquiring intraoperative biopsies from patients 

with spinal deformity at Vancouver General Hospital and Toronto Western Hospital. 

Furthermore, the biopsies from nine patients were collected and evaluated biomechanically and 

histopathologically. The key findings of those evaluations include observation of substantially 

stiff fiber bundles in paraspinal muscles of these patients, which links well with the elevated 

amount of connective tissue/fibrosis observed in their muscles. Finding a variety of cellular and 

extracellular abnormalities were suggestive of diverse causes or mechanisms of potential 

functional impairment. Finally, the large variations observed for in situ sarcomere length, slack 

sarcomere length, and elastic modulus suggest dramatic influences on muscle forces. Given the 

inter-relationship of these three properties and their dependence on other muscle properties, their 

influence on spinal forces should be investigated using a musculoskeletal model, which is 

addressed in the next chapter (Chapter 5). The outcome of this study, once complete, may serve 
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as an invaluable input to musculoskeletal models to help in exploring the etiology of adult spinal 

deformity or assist in developing better treatments for patients suffering from adult spinal 

deformity.  
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Chapter 5 Biomechanical Properties of Paraspinal Muscles Influence 

Spinal Loading – A Musculoskeletal Simulation Study 

The results of the human study presented in Chapter 4 revealed large variations in biomechanical 

properties of the paraspinal muscles. To what extent these variations in paraspinal muscle 

biomechanical properties may affect the spinal loading is what this chapter aims to address. 

Paraspinal muscles are vital to the functioning of the spine. Changes in muscle physiological 

cross-sectional area significantly affect spinal loading, but the importance of other muscle 

biomechanical properties remains unclear. This study explored the changes in spinal loading due 

to variation in five muscle biomechanical properties: passive stiffness, slack sarcomere length 

(SSL), in situ sarcomere length, specific tension, and pennation angle.  An enhanced version of a 

musculoskeletal simulation model of the thoracolumbar spine with 210 muscle fascicles was 

used for this study and its predictions were validated for several tasks and multiple postures. 

Ranges of physiologically realistic values were selected for all five muscle parameters and their 

influence on L4-L5 intradiscal pressure (IDP) was investigated in standing and 36°flexion. 

5.1 Introduction 

Paraspinal muscles are vital to the functionality of the spine and their dysfunction is deemed a 

major risk factor for a variety of spinal disorders including spinal deformity [7][45], adjacent 

segment disease [202][185] and lower back pain [203][204][205][206]. To what extent muscle 

dysfunction is involved in the development of these conditions is unknown. Musculoskeletal 

models of the spine provide estimates of muscle and spinal loading for various conditions and 

daily activities and thus provide unique insight into the biomechanical performance of the 

system, since direct measurement of in vivo spinal forces and moments is not feasible with 
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current technology. This knowledge could enhance our understanding of the etiology of spinal 

conditions and help in the development of better treatment or prevention strategies.  

Spinal loading depends upon the biomechanical properties of the paraspinal muscles. These 

properties include physiological cross-sectional area (PCSA), passive stiffness, slack sarcomere 

length (SSL, beyond which passive force starts to develop), in situ sarcomere length (i.e. 

sarcomere length measured inside the body for a certain posture), pennation angle, and specific 

tension (defined as the maximum force per unit area produced by contractile elements)(Figure 

5-1). For example, muscle PCSA has been shown to affect both spinal loading magnitudes 

[184][185] and muscle activation patterns [207]. The importance of many other muscle 

parameters to the spine remains unknown, even though they have great importance to the 

biomechanical functioning of the individual muscles.  
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Figure 5-1. Fundamental muscle force-length curve adopted from Millard et al. [212]. Normalized muscle 

force �̃�𝑴is equal to 1 at optimum sarcomere length which is assumed to be 2.8 µm in human. Multiplying 

�̃�𝑴by the specific tension gives the maximum force per unit area a muscle can produce when fully activated 

which depends on the sarcomere length (A). The curves may not be the same for all muscles or individuals 

and could vary with regard to certain parameters including (B) posture specific in situ sarcomere length 

(SL) and the scaling factor for the specific tension (SpT) or (C) slack sarcomere length (SSL) and stiffness 

scaling factor (k).    

The well-known force-length relation of muscle (Figure 5-1) is included appropriately in only a 

relatively few optimization-based biomechanical models of the spine [151][153][152][243]. 

Even in these models, most of the required muscle parameters are either assumed or taken from 

cadaveric studies. For example, the passive stiffness, slack sarcomere length, and specific tension 
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are assumed to be the same for all muscles in these models, while it has been shown to differ 

between muscle groups or between pathologies [25][96][94][119][237]. Due to the ethical and 

technical challenges, only few and limited in vivo measurements of these parameters have been 

made to date (Chapter 4)[25]. This might be because the significance of these parameters in 

spine modeling is not yet fully understood. In fact, there are no studies that have assessed the 

effect of these different muscle properties on spinal loading within these different models 

[151][153][152][243]. 

Therefore, the objective of this study was to explore changes in spinal loading due to variation in 

the paraspinal muscle parameters, specifically slack sarcomere length, passive stiffness, in situ 

sarcomere length, specific tension, and pennation angle.  

5.2 Materials and Methods 

We used a recent detailed model of the lumbar spine developed by our group [13], which was 

based on the model introduced by Christophy et al. [11] and used ArtiSynth (www.artisynth.org) 

[21] for physical simulation. In this study the solution method was enhanced to extend the 

validation to several activities and postures as described in the following sections.  

 Geometric Model 

The geometry and mechanical properties of the spine model were the same as reported 

previously [152]. The model consisted of five mobile lumbar vertebrae, L1 to L5, with the entire 

thorax rigidly fixed to L1. The sacrum and pelvis were fixed to the ground and the segmental 

weights of the upper body along with the weights of the head, neck, and arms were all 

incorporated. The adjacent lumbar vertebrae were connected through massless six-dimensional 

http://www.artisynth.org/
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springs with a 6X6 stiffness matrix for each lumbar functional spinal unit (FSU, defined as a pair 

of adjacent vertebrae with connecting ligaments, facet joints, and intervertebral disc). Relative 

displacements and rotations between two adjacent vertebrae generate restoring forces and 

moments by the six-dimensional springs which are applied equally but in opposite directions at 

the centers of the two vertebrae. Due to paucity of the data in the literature, only diagonal terms 

of the stiffness matrix were included: translational terms were taken from one study [244] while 

the nonlinear formulations for the rotational terms were adopted from another [245]. The effect 

of the intra-abdominal pressure was modeled as an upward force applied onto the thorax inserted 

at the center of diaphragm [169] and in all postures remained perpendicular to it.  

Muscles in the model comprised 210 fascicles, each modeled as a Hill-type musculotendon 

actuator. PCSA, supine/prone in situ sarcomere length, pennation angle, and fiber to tendon 

ratios, were defined for all muscles, as done by Christophy et al. [151]. These anatomic and 

biomechanical properties are all involved in muscle force computation as:  

𝐹𝑚𝑢𝑠𝑐𝑙𝑒 = 𝑃𝐶𝑆𝐴

× (𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 × 𝑆𝑝𝑇 × 𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐𝑇𝑒𝑛𝑠𝑖𝑜𝑛 × 𝑓𝑎𝑐𝑡𝑖𝑣𝑒(𝑆𝐿)

+ 𝑘 × 𝐾 × 𝑓𝑝𝑎𝑠𝑠𝑖𝑣𝑒(𝑆𝐿)) × cos 𝛼  

(5-1) 

where 𝐾 is a constant scaling the normalized passive curve just as does the specific tension for 

the normalized active curve; SpT and k are the scaling factors for the specific tension and 𝐾, 

respectively, and are both set to 1 by default; SL is the sarcomere length calculated from model 

fiber length and other anatomic properties (as described in detail in Appendix C1 on page 237); 
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𝑓𝑎𝑐𝑡𝑖𝑣𝑒 and 𝑓𝑝𝑎𝑠𝑠𝑖𝑣𝑒 are force multipliers as functions of SL obtained from the force-length curves 

(Figure 5-1); and activation of muscle is a decimal varying between 0 and 1.    

The normalized force-length and force-velocity curves were taken from the study by Millard et 

al. [212] and tendons were assumed to be rigid. The baseline value for 𝐾 was chosen equal to 

specific tension in our model.  

 Solution Method 

Our spine model in Artisynth uses forward dynamics assisted data tracking and optimization to 

solve the muscle redundancy problem [152][246][124]. The optimization predicts muscle 

activations to achieve an input trajectory for one or more target points (Figure 5-2A). In this 

model, we set the thorax rotation as input to the model, while the other mobile rigid bodies (i.e. 

L2 to L5) were all able to move freely (B-D). This is a better approach than our previous strategy 

of prescribing the position of a specific set of target points, as it eliminates the sensitivity of the 

spinal forces to the translational component of the prescribed trajectory observed in other models 

[152][247][248][249]. The cost function for the optimization was a weighted summation of four 

terms: the kinematics tracking error, sum of muscle activations squared, sum of square of 

difference between the activations of two consecutive time steps, and the sum of FSUs (six-

dimensional springs) forces squared. The fourth term was added to the optimization cost function 

to minimize the intervertebral loads [142][250][131], and was different from our previous model. 

Quadratic programming was used to solve for the set of muscle activations that would minimize 

the total cost function. 
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Figure 5-2. Tracking target frames instead of target points in the new solution method. In the previous model, 

full trajectory of two symmetric target points located at the right and left of the thorax were assigned as input 

and tracked by the model (a); while in the new solution method, only rotation of the thorax was given as input 

(b, c) and followed by the model (d).  

 Calibration  

For computation of muscles forces, the normalized force-length curve and force-velocity curve 

were scaled by the specific tension, which is defined as the maximum contractile force per unit 

area a muscle can produce at its optimum length; and is typically assumed to be the same for all 

muscles in a musculoskeletal model. The specific tension along with the weighting terms for the 

first three cost functions were determined in our previous model through simulation of two 

postures (10° extension and 10° flexion) of an in vivo study [26]. Adopting the same values, we 

followed a similar calibration approach including two additional postures (-20° extension, 30° 

flexion) and determined the weighting term for the new FSU load term in the cost function (see 

Appendix C2 on page 242 for the details of our calibration approach). Among the three values of 

80, 90, and 100 𝑁/𝑐𝑚2, a specific tension of 100 𝑁/𝑐𝑚2 was again found to produce model 

results (including maximum producible extension moments) that were closest to experimentally 
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reported values[26].  Any simulation with a tracking error of more than 1° from the prescribed 

thorax position was not considered converged and was rejected in this study (identified as red 

stars on Figures). 

 Validation 

For validation of the new solution method, we compared the prediction of our model for L4-L5 

IDP to the L4-L5 IDP measured in vivo for five symmetric activities [171]: 1) 19° extension, 2) 

upright standing, 3) and 4) holding a crate of 190N close and far from the chest (25 and 55 cm 

anterior to the L5-S1 disc), and 5) 36° flexion. The output of our model were the forces and 

moments on each FSU (six-dimensional spring). We performed a post analysis to compute the 

IDP values as the sum of IDP resulting from the compressive force and the IDP from the 

flexion/extension moment. We assumed that shear force did not influence IDP (Frei et al. [251]). 

The IDP associated with the compressive force, 𝐼𝐷𝑃𝐹𝑎𝑥𝑖𝑎𝑙
, was calculated as: 

𝐼𝐷𝑃𝐹𝑎𝑥𝑖𝑎𝑙
=

𝐹𝑎𝑥𝑖𝑎𝑙 × 0.85

𝐷𝑖𝑠𝑐 𝐴𝑟𝑒𝑎 × 0.66
 (5-2) 

where 0.85 is considered as the share of the intervertebral disc from the compressive force on the 

FSU, 𝐹𝑎𝑥𝑖𝑎𝑙 [252][253], and 0.66 is the correction factor for the nucleus area [252][254]. For 

calculation of the IDP associated with the flexion moment, 𝐼𝐷𝑃𝑀𝑓𝑙𝑒𝑥𝑖𝑜𝑛
, and extension moment, 

𝐼𝐷𝑃𝑀𝑒𝑥𝑡𝑒𝑛𝑠𝑖𝑜𝑛
, a linear fit to the data of an in vitro study [255] led to the following relations:  

𝐼𝐷𝑃𝑀𝑓𝑙𝑒𝑥𝑖𝑜𝑛
= 𝑀𝑓𝑙𝑒𝑥𝑖𝑜𝑛 × 0.036

𝑀𝑃𝑎

𝑁. 𝑚
 (5-3) 
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𝐼𝐷𝑃𝑀𝑒𝑥𝑡𝑒𝑛𝑠𝑖𝑜𝑛
= 𝑀𝑒𝑥𝑡𝑒𝑛𝑠𝑖𝑜𝑛 × 0.018

𝑀𝑃𝑎

𝑁. 𝑚
 (5-4) 

where 𝑀𝑓𝑙𝑒𝑥𝑖𝑜𝑛 and 𝑀𝑒𝑥𝑡𝑒𝑛𝑠𝑖𝑜𝑛 were the magnitudes of the flexion and extension moments 

applied on the FSU.  

Two postures of 10° extension and 40° flexion were also simulated to compare the predicted 

rotations of the vertebrae against those measured for 50 healthy men [160].   

 Study Design for Investigating Impact of Muscle Parameters 

We examined the changes in L4-L5 IDP in response to variation in the following five muscle 

parameters: slack sarcomere length, passive stiffness, supine/prone in situ sarcomere Length, 

specific tension, and pennation angle. All simulations were performed for two postures of 

upright standing and 36° flexion. 

The baseline value for the slack sarcomere length in the curves used [212] was the optimum 

sarcomere length, which is assumed to be 2.8 µm in human [115]. Although a slack sarcomere 

length value at the whole muscle level is desired, that has never been measured for paraspinal 

muscles. The slack sarcomere length values measured for human paraspinal muscles ranges 

between 1.8 µm to 2.8 µm microns for individual muscle fibers and fiber bundles (Chapter 4) 

and thus for our study we tested 5 different values of 2.0, 2.4, 2.8 (baseline), 3.2, and 3.6 𝜇𝑚. 

Although larger values of 3.2 and 3.6 𝜇𝑚 may not be expected, those were included in case such 

values are observed in future studies for a certain pathology or when measurements are made at 

the whole muscle level.  
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The normalized passive curve was scaled by a constant 𝐾 of 100 𝑁/𝑐𝑚2 equal to the selected 

specific tension for the baseline model. The quintic Bezier splines [212] for the muscle force-

length curve-fitting provide high order of continuity and smoothness, but their formulation is not 

intuitive. To get a sense of how stiff the curve was, the tangent modulus at 10%, 30%, 50%, and 

70% strains were 0.26 MPa, 1.01 MPa, 2.45 MPa, and 2.86 MPa, respectively, for the baseline 

model. To study changes in spinal loading due to variation in muscle stiffness, the entire passive 

curve was scaled by an additional factor (k) taking values of 0.1, 0.5, 1(baseline), 5, and 10 

which resulted in passive stiffnesses close to the ranges reported in the literature for fiber 

bundles (Chapter 4)[96] and whole muscles [55].  

The supine/prone in situ sarcomere length and pennation angle of the muscles in our model were 

taken from both in vivo and cadaveric studies in the literature and differed between muscle 

groups. In situ sarcomere length for human paraspinal samples measured in supine/prone posture 

exhibits values between 1.9 µm to 3.6 µm (Chapter 4)[114][233]; thus, we tested five different 

values of 2.0, 2.4, 2.8, 3.2, 3.6 𝜇𝑚. For pennation angle, the values ranged between 0° to 14° for 

the paraspinal muscles. To get a better understanding of its impact on IDP, especially given the 

measured values of up to 30° for some other muscles of human body [114], we tested a set of 

values 0°, 7.5°, 15°, 22.5°, and 30°. For supine/prone in situ sarcomere length and passive 

stiffness in particular, we ran all the simulations once with slack sarcomere length equal to 2.8 

µm (baseline) and the other time with setting the slack sarcomere length of the targeted muscles 

to 2.4 µm, to explore possible interplay between these parameters. 

The specific tension measured experimentally for human single fibers rarely exceeds an average 

value of ~40 𝑁/𝑐𝑚2 [120]. However, the majority of biomechanical models have chosen values 

of 80 to 100 𝑁/𝑐𝑚2 to be able to perform heavy work activities requiring large muscle forces 
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and to be validated against the in vivo data [142][256][160][207][153][175][122]. We multiplied 

the baseline specific tension (i.e. 100 𝑁/𝑐𝑚2) by an additional factor (SpT) taking values of 

0.05, 0.1, 0.25, 0.5, 1, and 1.5, to investigate their influence on the L4-L5 IDP. The range of 0.05 

to 0.5 has been measured biologically [120], but 1 and 1.5 have been used only in biomechanical 

models [153][173]. 

The changes in each muscle parameter were applied in four different scenarios: scenario 1, 

MUL, involved changes only applied to the multifidus; scenario 2, EXT, involved changes 

applied to extensor muscles including multifidus, longissimus thoracis, iliocostalis lumborum, 

and quadratus lumborum; scenario 3, EXT+PS, involved changes applied to extensor muscles as 

well as psoas; and scenario 4, ALL, involved changes made to all 210 muscle fascicles in the 

model. These scenarios were defined as to simulate plausible scenarios related to a certain 

pathology or surgical intervention. For example with genetic pathologies, all muscles may be 

affected and present higher stiffness values; while for changes after spinal surgeries only 

multifidus or all those directly attached to the spine (i.e. extensors and psoas) may be involved.  
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5.3 Results 

 Validation  

The resultant compressive and shear forces along with the flexion moments for all lumbar 

vertebral levels are presented for the five symmetric activities performed by the baseline model 

(Table 5-1). The corresponding IDP with forces and moments at the level L4-L5 compared well 

with the in vivo IDPs (Figure 5-3), such that a linear fit to the predicted L4-L5 IDPs by the 

model and those measured in vivo resulted in a coefficient of determination of 0.98.  

 
Figure 5-3. Comparison between the predicted L4-L5 IDP by the model and those measured in vivo for five 

different activities (Wilke et al. 2001)[171].  

The rotation of the thorax was dictated by the user but the trajectories of the other vertebrae were 

free (i.e. were not determined with a predefined function). The intervertebral rotations from 

upright standing for both 10° extension and 40° flexion fell within the range observed for 50 

healthy men [257](Figure 5-4). 
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Table 5-1 Predicted compressive forces, shear forces, and sagittal plane moments at all vertebral levels by 

the model for the five different activities performed by the subject of the in vivo study [171]. The crate 

weighed 190 N. An anterior shear force with a negative value was directed posteriorly. A negative value for 

sagittal plane moment causes the upper vertebra of the FSU to flex.   

Spinal Level Activity Compressive 

force (N) 

Anterior Shear 

Force (N) 

Sagittal Plane 

Moment (N.m) 

L1-L2 1- 19° Extension  355 -351 -6.35 

 2- Upright Standing 467 -105 -1.17 

 3- Holding Crate Close 1456 -163 -1.11 

 4- Holding Crate Far 2652 -240 -8.53 

 5- 36° Flexion 396 462 13.59 

     

L2-L3 1- 19° Extension  456 -289 -6.01 

 2- Upright Standing 514 -60 -0.99 

 3- Holding Crate Close 1841 63 -5.06 

 4- Holding Crate Far 2976 -130 -7.96 

 5- 36° Flexion 568 430 11.53 

     

L3-L4 1- 19° Extension  549 -183 -6.12 

 2- Upright Standing 533 -2 -0.56 

 3- Holding Crate Close 1802 350 -2.8 

 4- Holding Crate Far 2998 318 -5.25 

 5- 36° Flexion 729 341 9.56 

     

L4-L5 1- 19° Extension  670 57 -6.98 

 2- Upright Standing 529 107 0.26 

 3- Holding Crate Close 1646 653 0.65 

 4- Holding Crate Far 2798 763 0.71 

 5- 36° Flexion 797 324 8.88 

     

L5-S1 1- 19° Extension  671 524 -7.38 

 2- Upright Standing 469 235 1.73 

 3- Holding Crate Close 1432 803 6.15 

 4- Holding Crate Far 2571 1042 6.57 

 5- 36° Flexion 813 403 8.41 

 



150 

 

 
Figure 5-4. Intervertebral rotations for two activities of 10° extension and 40° flexion predicted by the 

model (blue) and observed in 50 male subjects (orange, Wong et al. 2004 [160]). The error bars represent 

the standard deviations. 

 Impact of Muscle Parameters on L4-L5 IDP   

All muscle parameters except the pennation angle had a dramatic impact on the predicted L4-L5 

IDP in both standing and flexion activities. 

The influence of slack sarcomere length on the IDP was greatest when it was set to 2.0 µm or 2.4 

µm (Figure 5-5, note that slack sarcomere length of 2.8 µm is the baseline value). For example, 

changing slack sarcomere length of the multifidus to 2.0 µm and keeping the slack sarcomere 

length equal to 2.8 µm for the other muscles, doubled the IDP in standing. This occurrence was 

due to development of passive forces in the multifidus, whose sarcomere length was 2.27 µm in 

standing. The IDP was 7 times and 10 times larger in standing when the slack sarcomere length 

of EXT and EXT+PS were also set to 2.0 µm, respectively. The model was not able to reach 36° 

flexion for any of these cases due to substantial passive forces that would have been developed in 
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that posture.  The same but milder trend was observed for when slack sarcomere length was set 

to 2.4 µm in standing; while in flexion, the IDP even tripled (increased from baseline value of 

0.88 MPa to 2.6 MPa). For slack sarcomere length values larger than 2.8 µm, the total IDP did 

not change, although the distribution between the IDP from the compressive force and the IDP 

from flexion/extension moment changed somewhat.  

 
Figure 5-5. The effect of different slack sarcomere length (SSL) values on L4-L5 IDP in upright standing and 

36° flexion for four scenarios: changes applied to multifidus (MUL), extensor muscles (EXT), extensor 

muscles and psoas (EXT+PS), and all 210 muscles in the model (ALL).  Grey/black bars represent the 

baseline values. 

The effects of passive stiffness and supine/prone in situ sarcomere length on IDP were both 

dependent on the slack sarcomere length. When slack sarcomere length was 2.8 µm, reducing the 

passive stiffness to half or even one tenth of the baseline value did not change the IDP by more 

than 20% (Figure 5-6). However, when passive stiffnesses was increased to five times or 10 
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times greater than the baseline, the IDP increased considerably for most scenarios, especially in 

flexion (Figure 5-6). When slack sarcomere length was set to 2.4 µm for the targeted muscles 

whose stiffness also changed, for all stiffness scaling factors the IDP changed dramatically both 

in standing and flexion and its extent depended on what muscles were manipulated (Figure 5-7). 

For example, a 5 or 10 fold increase in multifidus stiffness combined with setting its slack 

sarcomere length to 2.4 µm, elevated the IDP in flexion from ~1 MPa to ~2 or ~3 MPa. This IDP 

increase was a result of multifidus passive forces developed after its sarcomeres lengthened from 

2.27 µm (on average) in standing, passed the slack sarcomere length (i.e. 2.4 µm) in 11° flexion 

and reached 3.01 µm (leading to ~25% strain in multifidus) in 36° flexion.  

 

Figure 5-6. The effect of different stiffness scaling factors (k) on L4-L5 IDP in upright standing and 36° 
flexion for four scenarios: changes applied to multifidus (MUL), extensor muscles (EXT), extensor muscles 

and psoas (EXT+PS), and all 210 muscles in the model (ALL). Grey/black bars represent the baseline 

values. 
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Figure 5-7. The effect of different stiffness scaling factors (k) combined with a slack sarcomere length (SSL) 

of 2.4 µm to the targeted muscles on L4-L5 IDP in upright standing and 36° flexion for four scenarios: 

changes applied to multifidus (MUL), extensor muscles (EXT), extensor muscles and psoas (EXT+PS), and 

all 210 muscles in the model (ALL). The black horizontal lines represent the baseline values.  

For the supine/prone in situ sarcomere length values of 2.0 µm and 2.4 µm when slack sarcomere 

length was 2.8 µm, only small differences in IDP were observed (Figure 5-8). For greater 

supine/prone in situ sarcomere lengths, however, the increase in the IDP was large, especially in 

flexion, where sarcomere lengths exceeded the slack sarcomere length. For example, when the 

supine/prone in situ sarcomere length of the entire group of extensor muscles was 3.6 µm, the 

IDP increased by 79% (reaching 0.68 MPa from 0.38 MPa) in standing and by 380% (reaching 

3.34 MPa from 0.88 MPa) in flexion. When slack sarcomere length was set to 2.4 µm for the 

targeted muscles whose supine/prone in situ sarcomere length was also changed, much larger 

increases in IDP occurred for all supine/prone in situ sarcomere length values (Figure 5-9). For 
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example, when multifidus was manipulated alone to a slack sarcomere length of 2.4 µm and a 

supine/prone in situ sarcomere length of 3.6 µm compared to when it is set to 2.0 µm, the IDP 

doubles in both standing and flexion.  

 

Figure 5-8. The effect of different supine/prone in situ sarcomere length on L4-L5 IDP in upright standing 

and 36° flexion for four scenarios: changes applied to multifidus (MUL), extensor muscles (EXT), extensor 

muscles and psoas (EXT+PS), and all 210 muscles in the model (ALL). The black horizontal lines represent 

the baseline values.  
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Figure 5-9. The effect of different supine/prone in situ sarcomere lengths combined with a slack sarcomere 

length (SSL) of 2.4 µm to the targeted muscles on L4-L5 IDP in upright standing and 36° flexion for four 

scenarios: changes applied to multifidus (MUL), extensor muscles (EXT), extensor muscles and psoas 

(EXT+PS), and all 210 muscles in the model (ALL). The black horizontal lines represent the baseline values.  

The studied values for the specific tension had a minimal influence on the IDP in flexion, except 

for the scenario where the changes were applied to all muscles, which increased the IDP by 39% 

when the specific tension was set to one tenth of its baseline value (Figure 5-10). For upright 

standing, the increase in specific tension also had little effect on the IDP. However, when the 

specific tension was reduced to half or a quarter of its baseline value, the IDP manifested an 

increasing trend, with the largest increases occurring when the changes were made to the 

extensor muscles only. The model was not able to achieve the upright posture when the specific 

tension was decreased for the extensor muscles to 10% of the baseline value, or 5% of the 

baseline value for all scenarios, except for when the change was made to multifidus only. 



156 

 

The influence of pennation angle on the overall IDP for both standing and flexion was negligible 

(Figure 5-11).   

 

Figure 5-10. The effect of different specific tension scaling factors (SpT) on L4-L5 IDP in upright standing 

and 36° flexion for four scenarios: changes applied to multifidus (MUL), extensor muscles (EXT), extensor 

muscles and psoas (EXT+PS), and all 210 muscles in the model (ALL). Grey bars represent the baseline 

values.  
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Figure 5-11. The effect of different pennation angles on L4-L5 IDP in upright standing and 36° flexion for 

four scenarios: changes applied to multifidus (MUL), extensor muscles (EXT), extensor muscles and psoas 

(EXT+PS), and all 210 muscles in the model (ALL). The black horizontal lines represent the baseline 

values.   

5.4 Discussion 

Musculoskeletal models serve as promising tools for gaining knowledge of the spinal loading 

during various daily activities. The accuracy of their predictions, however, rely on the input 

variables, including the biomechanical properties of the muscle. The significance of the muscle 

force-length curve and the parameters associated with it is not yet clearly known for spinal 

loading, which is probably why only a relatively few optimization-based models have included 

that appropriately in their solution method [151][153][152][243]. The predicted intervertebral 

rotations and the L4-L5 IDP in our improved model were in excellent agreement with the 
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corresponding in vivo measurements [171][257]. The validated model was used to investigate 

variation of the L4-L5 IDP to a range of muscle parameters. The predictions revealed the strong 

influence of the slack sarcomere length, passive stiffness, in situ sarcomere length, and specific 

tension on spinal loading. The reasons for these observations and implications will be explored 

in the following paragraphs.  

The analysis performed in this study revealed the importance of the muscle force-length curve, 

including both passive and active components, on spinal loading. We observed a substantial 

influence of slack sarcomere length, passive stiffness, supine/prone in situ sarcomere length, and 

specific tension on spinal loading, often with interesting interplays between the parameters. For 

example, in upright standing the passive stiffness scaling factors less than 1 did not make any 

difference to the prediction of the L4-L5 IDP for the baseline slack sarcomere length (i.e. 2.8 

µm). However, for the shorter slack sarcomere length (i.e. 2.4 µm), an increase in passive 

stiffness from k=0.1 to 0.5 and 1, increased the IDPs due to passive forces being generated in 

those muscles and thereby increasing joint forces (Figure 5-6 and Figure 5-7). A similar 

intertwined relationship was evident for slack sarcomere length and supine/prone in situ 

sarcomere length (Figure 5-8 and Figure 5-9) and is expected for passive stiffness and 

supine/prone in situ sarcomere length. This is because for shorter supine/prone in situ sarcomere 

lengths the passive curve does not get involved, therefore changing the stiffness does not make 

any difference; while for larger supine/prone in situ sarcomere lengths passive forces have 

already developed thus their values depend on the passive stiffness. Despite the critical 

importance of these parameters, not enough is known about them in the literature, especially on 

how they change/adapt together under different conditions (e.g. in different spine pathologies).  
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The simulated values for all muscle parameters studied herein - slack sarcomere length, 

supine/prone in situ sarcomere length, passive stiffness, specific tension, and pennation angle 

were relevant based upon the limited human muscle measurements and the biomechanical 

models in the literature. For example, the supine/prone in situ sarcomere lengths for most 

paraspinal muscles in spine models are taken from cadaveric studies [114][115][233]. While the 

large variation between these measurements in individuals (Table 5-2) may be an artifact of the 

postures in which the cadavers were embalmed, it may reflect natural differences between 

humans or their pathologies. Prone in situ sarcomere length of multifidus and longissimus have 

been measured in vivo with observed ranges for individual measurements between 1.9 µm and 

3.4 µm (Chapter 4)[156]. Those measurements were obtained through specialized biopsy clamps 

and were taken from patients undergoing spinal surgery. Less invasive measurement of this 

parameter in healthy individuals has become feasible recently [258] but has not yet been used for 

paraspinal muscles.  

Table 5-2 Difference in lumbar spine models with regard to the sources of supine/prone in situ sarcomere 

length values taken from the literature. 

 Supine/prone in situ sarcomere length (µm) 

Models MF IL LT QL Ps EO IO RA 

Christophy et al. 2012 [151] 

Bruno et al. 2015 [153] 

Malakoutian et al. 2016 [152] 

 

2.27 

[W-MF] 

2.37 

[D] 

2.31 

[D] 

2.38 

[D] 

3.11 

[W] 

2.83 

[D] 

2.83 

[D] 

2.83 

[D] 

Bayoglu et al. 2017 [233] 3.35 

[B] 

2.81 

[B] 

3.57 

[B] 

2.84 

[B] 

2.6 

[B] 

2.82 

[B] 

2.14 

[B] 

2.72 

[B] 

Key:  

[W-MF]: Ward et al. 2009b [156]; [W]: Ward et al. 2009a [114]; [D]: Delp et al. 2001 [115]; [B]: 

Bayoglu et al. 2017 [233] 

MF: multifidus; IL: Iliocostalis Lumborum; LT: Longissimus Thoracis; QL: Quadratus Lumborum; 

Ps: Psoas; EO: External Oblique; IO: Internal Oblique; RA: Rectus Abdominis. 
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Experimental measurement of slack sarcomere length, passive stiffness, and specific tension 

requires fresh muscle tissue. slack sarcomere length and passive stiffness of human paraspinal 

muscles were measured through biopsies collected intraoperatively (Chapter 4)[25]. Those 

measurements were performed on muscle single fibers and fiber bundles (~10-20 fibers 

ensheathed in their connective tissue), with the slack sarcomere length exhibiting a range 

between 1.8 µm to 2.8 µm for the individual data points.  The slack sarcomere length of interest 

for modeling studies should be measured at the fascicle (~500 fibers) or whole muscle level. Due 

to technical challenges, measurement of slack sarcomere length or even passive stiffness and 

specific tension in spine muscles has never been done for humans or any other species at the 

fascicle or whole muscle level. Given these data, the slack sarcomere length range studied herein 

of 2.0 µm through 3.6 µm seems relevant when considering possibility of larger values if 

measurements were made at the whole muscle level or for spine pathologic patients. 

A similar argument can be made for the passive stiffness. In a recent study on rabbits [55], it was 

demonstrated for passive stiffness of lower extremity muscles to nonlinearly increase from 

smaller scales to larger ones. For example, at 30% strain, the stiffness of extensor digitorum was 

~30 kPa, ~40kPa, ~260kPa, and ~7500 kPa, at the fiber, fiber bundle, fascicle, and whole muscle 

levels, respectively. No study to date has measured the whole muscle stiffness of paraspinal 

muscles. Interestingly, however, it was observed that at the bundle level for human (Chapter 4) 

individual measurements for stiffness varied between 6 kPa to above ~2000 kPa.      

Measurement of specific tension is less challenging as it may suffice to be measured at the fiber 

level only [259][237], but it has never been done for human paraspinal muscles. The specific 

tension for human single fibers in muscles tested to date ranges between ~10 to ~40 𝑁/𝑐𝑚2 

[119][120], with the higher value measured in vastus lateralis of world-class sprinters [120]. 
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Surprisingly, most lumbar spine models required a specific tension of between 80 to 100 to be 

able to perform the heavy work activities requiring large muscle forces 

[142][256][160][207][153][175][122]. Why physiological values for specific tension are not 

sufficient for biomechanical models remains unanswered.  

Inclusion of muscle dynamics and force-length properties is more straightforward for 

optimization-based models using a forward dynamics approach [124], but it can be done for 

those using inverse dynamics also, through addition of further constraints on muscle forces 

[260]. Using the inverse dynamics approach, input kinematics and external forces are used to 

calculate the moments at each vertebral level. The moment at each level is distributed between 

the muscles crossing that level commonly through an optimization technique where sum of 

muscle forces/stresses to a certain power is minimized. While passive muscle forces are ignored 

by some models, those including them subtract the passive component of muscle force 

(generated depending on model position) from the predicted muscle force to obtain the active 

force component. These active forces should never exceed the maximum force that a given 

muscle can generate. This maximum active force is dependent on the length of the muscle. For 

low moment-demand activities (e.g. upright standing), where muscle activations do not approach 

their maximum, there is little risk of a model predicting a muscle force to exceed its maximum. 

However, for activities with larger moment-demands, not constraining the force values to within 

their length-dependent maximum could lead to unrealistic predictions [124]. Without knowledge 

of the in situ sarcomere length for a certain posture, the normalized force-length curve cannot be 

used appropriately to obtain the length-dependent muscle maximum isometric force (see 

Appendix C1 on page 237). Those models that incorporated the force-length curve without 

knowledge of the in situ sarcomere length had to make assumptions, usually implying that the in 
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situ sarcomere length at a certain neutral posture (supine, prone or upright standing) for all 

muscles were the same or equal to the slack length, while recent cadaveric and in vivo studies 

have revealed large variations for supine/prone in situ sarcomere length between spine muscles, 

and also that optimal length does not correspond to the passive slack sarcomere length.  

For most models of the lumbar spine the kinematics are an input to the model either from subject 

specific vertebral motion measurements [159][248], or as predefined functions that distribute the 

overall lumbar spine rotation between the moving vertebrae [151][153][175]. This approach may 

not be ideal as the spinal forces and moments have been shown to be highly sensitive to input 

trajectories [152][247][248][249]. For translation specifically, even an error of 0.1 mm is 

considered too large [247], whereas such level of accuracy is not feasible with the current 

modalities [261]. Even models that neglect translation and use a predefined, rhythm-based, 

function for rotation of the vertebrae have been shown to over-predict the joint forces by up to 

~40% [249]. In our model, only the rotation (and not the translation) of the thorax was assigned 

while the other rigid bodies were allowed to move freely with no predefined function. Therefore, 

the spinal forces/moments in our model were not affected by subjectivity or inaccuracies of the 

intervertebral input kinematics.  

The IDP in this study was calculated as the sum of the IDP resulting from the compressive force 

and the IDP from the flexion-extension moment both borne by the FSU. Surprisingly, most 

studies in the literature only relate the compressive forces to IDP and do not consider the IDP 

from flexion-extension moments [142][169][153][243][175][122]. Pure flexion and extension 

moments applied to FSUs increases the IDP such that a 10 N.m moment leads to an IDP of ~0.36 

MPa in flexion and 0.18 MPa in extension [255][262]. Addition of a compressive load to a pure 

flexion/extension moment has been shown to result in an IDP equal to summation of the IDPs 
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from each load when applied separately [263]. In our model for 36° flexion, the contribution of 

IDP from the sagittal plane moment was 36% of total IDP when baseline muscle parameters 

were chosen but reached 54% when muscle parameters were changed. Therefore, the predictions 

of those models that ignore the IDP from flexion-extension moments should be reconsidered 

particularly for activities simulating a flexed posture. 

There was a number of limitations in this study. The load sharing between the intervertebral disc 

and the posterior elements under a compressive force was considered to be 85% for all postures. 

However, this value has been shown to vary between postures and to be greater in flexion 

compared to upright standing or extension [252][253]. The effect of intra-abdominal pressure 

was modeled as an upward force on the thorax, which was a simplification. Mechanical stability 

of the spine was not considered in our solution method. Inclusion of that criterion leads to co-

contraction of abdominal muscles, which most optimization models fail to predict [163]. 

Although inclusion of stability criterion results in higher forces for upright standing or other light 

activities, for heavy work activities or postures like flexion where passive structures are more 

involved, inclusion of stability criterion appears not to make a difference [250][264]. Adding the 

stability criterion to our solution method remains as a future step. However, even without such 

criterion, it is noteworthy that co-contraction of abdominal muscles was evident in our model, 

especially when passive properties of more muscles (i.e. beyond multifidus) were varied and 

changed to shorter slack sarcomere lengths or larger stiffness values.    

The validation of the model in this study was limited to symmetric tasks and positions within the 

sagittal plane. In addition, to explore influence of variation in muscle properties on IDP only two 

tasks of upright standing and flexing to 36° were simulated. While such analysis on asymmetric 

tasks would also be of interest, the two tasks considered for this study clearly demonstrated the 
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significant effect of muscle parameters on predicted spinal loading and hence were sufficient for 

serving the purpose of this study.  

5.5 Conclusions 

The results of this study highlighted the significance of muscle force-length curve and the 

parameters associated with it in prediction of spinal loading; therefore, motivating future models 

to incorporate those parameters in their model for more accurate results. The results also 

encourage further experimental studies for measurement of these parameters in vivo, especially 

given the reported wide variations in these parameters.  

For adult spinal deformity patients, in particular, more experimental data on paraspinal muscle 

biomechanical properties can help identify differences and patterns (if any) among these patients. 

The variations in spinal loading due to the identified patterns and differences in these patients’ 

muscle properties may provide insight into initiation/progression of adult spinal deformity. For 

example, if further experimental studies reveal larger elastic modulus and shorter slack 

sarcomere length for paraspinal muscles of adult deformity patients, it can be inferred based on 

the results of the current study that the spinal loading at L4-L5 is higher in those patients. Given 

that increased loading results in accelerated degeneration of the intervertebral disc, a lumbar 

hypolordosis may ensue and lead to a sagittal imbalance. Even in that case, whether the larger 

elastic modulus and shorter slack sarcomere length were primary or secondary to the deformity 

remains unclear, and demands further research.  
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Chapter 6 Discussion and Conclusion 

The etiology of adult spinal deformity, similar to many other spinal conditions [265][27], is 

complicated and likely multifactorial. The preponderance of evidence throughout the literature 

suggests a consensus on muscle dysfunction as a key player in progression of adult spinal 

deformity [45][11][46][7][8][9][12][47][48][49][50]. While decreased back extensor strength in 

these patients has been documented by multiple studies [46][7][8][9], it remains unclear what 

muscle properties in these patients underlie these observations. In an attempt to address this 

question and thereby shed light on the etiology of adult spinal deformity, four studies were 

conducted and presented in this dissertation.  

The first two studies aimed to answer two foundational questions on muscle properties in 

general: one on the effect of vertebral level on muscle biomechanical properties, and the other 

one on the effect of size of a fiber or fiber bundle on its elastic modulus. The third study assessed 

biomechanical properties of paraspinal muscles in adult spinal deformity patients. And finally, 

the fourth study used those muscle properties as input into a musculoskeletal model of the 

lumbar spine to explore the significance of their influence on the spinal forces. 

6.1 Summary of Thesis Results 

The first study was conducted on lumbar paraspinal muscles of 13 healthy rats, in which neither 

single fibers nor the fiber bundles exhibited any significant difference in their elastic moduli or 

slack sarcomere lengths between the spinal levels. The collagen content was also examined at the 

fascicle level and no significant difference was evident between the spinal levels. The results of 
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this study suggested that the assumption of similar biomechanical properties within a paraspinal 

muscle group existing at multiple spinal levels is valid.  

The second study investigated paraspinal muscles of two groups of rats and one group of human 

subjects. In this study, smaller single fibers and fiber bundles manifested larger elastic moduli, 

recommending consistent sizes of fiber bundles to be selected for measurement of elastic 

modulus. This is very important especially when the results are meant to be compared between 

different groups. Furthermore, this study demonstrated that measuring dimensions of fibers and 

fiber bundles at least from two orthogonal views is necessary for higher accuracy of results, 

otherwise on average an error of up to ~44% in measured elastic moduli may be expected. 

In the third study, all technical and ethical requirements for intraoperative collection of human 

paraspinal muscle biopsies were addressed. Biomechanical properties of paraspinal muscles were 

assessed in a cohort of nine adult spinal deformity patients: four patients with no sagittal 

imbalance and no usage of compensatory mechanisms (Group I); three patients with no sagittal 

imbalance through usage of compensatory mechanisms (Group II); and two patients with sagittal 

imbalance despite usage of compensatory mechanisms (Group III). No statistical comparison 

could be made between the groups due to small number of patients (because of patient 

recruitment halted in March 2020 by COVID-19) but interesting observations were made for 

individual data points. In situ sarcomere lengths exhibited large variations (1.9 µm - 3.4 µm). 

Similarly, slack sarcomere lengths varied between 1.8 µm to 2.8 µm. Finally, while single fibers 

manifested stiffness values up to 119 kPa, several fiber bundles had stiffnesses as high as 2000 

kPa. Histopathological analysis unveiled a variety of case-specific abnormalities, including 

extensive fibrosis and fatty infiltration at the extracellular level, and mitochondrial dysfunction at 

the intracellular level. 
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In the fourth study, the validation of an existing musculoskeletal model of the thoracolumbar 

spine was enhanced to multiple postures and activities within the sagittal plane. The variations 

observed for the biomechanical properties, specifically for in situ sarcomere length, elastic 

modulus, slack sarcomere length, along with the values in the literature for specific tension and 

pennation angle were input to the model. The ranges selected for all parameters except the 

pennation angle led to substantial variations in spinal forces. This study highlighted the 

importance of these parameters along with the muscle force-length curve to the spinal forces. 

Therefore, they should be considered in the solution method of the musculoskeletal models. 

Notably, more experimental data are needed to examine these parameters in different groups of 

patients, specifically those with adult spinal deformity. 

6.2 Spinal Deformity Biomechanics 

 Geometric Properties  

Several recent modeling studies have examined the effect of spinal deformity on spinal forces 

and moments. Almost all found altered muscle activation patterns and increased loading on the 

spine.    

6.2.1.1 Coronal-Plane Deformity 

Using a musculoskeletal model of the lumbar spine [266], Stokes [267] simulated a lumbar 

scoliosis (average of 15 patients) with an apex at L2 to the left of the spine but varying Cobb 

angles from 0°, to 13°, 26°, 38°, and 51°. Maximum effort opposing moments on T12 was 

applied along the three principal axes. Asymmetrical spinal loading was noted with an increasing 

lateral shear force associated with greater scoliosis (i.e. larger Cobb angles). In contrast to the 

lateral shear force, the compressive forces did not follow any specific trend: in some cases they 
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were applied with an offset from the symmetry plane of the vertebra toward the convex side, 

while in other cases the offset was on the concave sides.    

Recently, advances in subject-specific modeling has enabled more realistic three-dimensional 

representation of scoliotic spines. Although almost all those studies have simulated idiopathic 

adolescent scoliosis, their findings can be insightful in studying adult scoliosis.   

Bassani et al. [192] reconstructed subject-specific musculoskeletal models from the biplanar 

radiographs taken by EOS system for 38 adolescent patients with mild idiopathic scoliosis. Using 

AnyBody, they examined the spinal forces at the apex of the scoliotic curve as well as at L4-L5 

and L5-S1 for the upright standing posture and found significant correlations between the forces 

and the geometric parameters. Interestingly, only sagittal plane geometric parameters including 

sacral slope, pelvic incidence, lumbar lordosis, and thoracic kyphosis exhibited significant 

correlations with spinal forces, and that was with the posteroanterior shear forces. The coronal 

plane parameters including Cobb angle appeared not to have a significant correlation with any of 

the force components. This lack of correlation can be due to inclusion of patients with only mild 

and not severe scoliosis.   

Also using AnyBody model, Barba et al. [194] created subject specific models for 132 

adolescent patients with idiopathic scoliosis. The scoliotic severity in each patient was described 

as mild, moderate, and severe if the Cobb angle was between 10° to 25°, 25° to 45°, and greater 

than 45°, respectively. They also adjusted PCSA of the paraspinal muscles at the convex and 

concave sides to represent the asymmetry reported by other studies in the literature [268][269]. 

The predicted muscle activations for the paraspinal muscles were in fair agreement with EMG 

studies [270][271] observing larger activations at the convex sides for the scoliotic curves in the 
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thoracic region. For upright standing, which was the only posture studied in this study, the lateral 

shear force was found to be proportional to the severity of the scoliosis and peaking at the apex 

and its immediately adjacent vertebrae.   

Using OpenSim, Schmid et al. [196] analyzed the spinal forces in 24 adolescent patients with 

mild to moderate idiopathic scoliosis for the upright standing posture. In comparison with a 

model with no deformity, median of compressive forces predicted for these scoliosis patients 

were greater by 3%, 10%, and 18% at two levels above the apex, at the apex, and at two levels 

below the apex, respectively. They also examined the compressive spinal forces when carrying 

loads having 10%, 15%, and 20% of the body weight. The loads were carried at different 

positions including front (front pack), back (backpack), convex, and concave sides. Highest 

apical compressive forces were observed when the loads were carried on the convex side or at 

the front than at the concave side or at the back. 

6.2.1.2 Sagittal Plane Deformity 

Briggs et al. [191] digitized lateral radiographs of 44 patients and split them into high kyphosis 

(21 patients) and low kyphosis (23 patients) groups based on the median value of their T2-T9 

kyphosis angles (which was 31.5°). By adjusting the position of the vertebrae for each patient in 

a model with 180 muscle fascicles [150], Briggs et al. studied the spinal forces and moments for 

standing. They found strong positive correlation between thoracic kyphosis curvature and the net 

segmental loads; and observed larger muscle forces and lumbar spinal forces. The main reason 

was an anterior shift in the center of mass, which led to larger moments on the spine. Muscles 

took the majority of that moment and resulted in an increase in compressive forces in the lumbar 

spine region. In another study, Briggs et al. [272] investigated the effect of a vertebral fracture in 
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the thoracic region on spinal forces, which also resulted in similar findings, i.e. an increase in 

spinal loads.   

In a musculoskeletal model with the same muscles as simulated by Arjmand and Shirazi-Adl 

[159], Galbusera et al. [273] represented the spine geometry by three circular arcs and examined 

the effect of sagittal plane geometric parameters on the lumbar spinal loads. One thousand 

randomized models were created by varying the sagittal plane parameters, among which C7 

plumb line, lumbar lordosis, and sacral slope were found to be the most influential. While C7 

plumb line was more associated with the compressive force, lumbar parameters were more 

linked with the shear forces.  

Using AnyBody, Bassani et al. [199] have recently generated 2770 artificial configurations of the 

upper body by varying the spinopelvic parameters. Except pelvic incidence, the other parameters 

including the C7 plumb line, sacral slope and lumbar lordosis (described based on Roussouly 

classification [274]) played a determining role in the spinal compressive and shear forces at L4-

L5 or/and L5-S1 levels.   

As can be inferred from this body of literature, geometric parameters, particularly those in the 

sagittal plane do influence the spinal loading and therefore should be considered when studying 

adult spinal deformity patients. Some geometric parameters including pelvic incidence remain 

constant through a patient’s life, while the others could change. Whether that change starts on its 

own, or takes place to compensate for the spinal malalignment in response to a change in another 

geometric/muscle parameter is not clear but is important for discovering the etiology of adult 

spinal deformity. That knowledge can help in providing better treatments or introducing effective 

preventative strategies. 
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 Muscle Properties 

Relatively few modeling studies have investigated the effect of muscle properties on spinal 

deformity. However, those investigating them found interesting results.  

Stokes and Gardner-Morse [275] examined the effect of different strategies for determining 

muscle forces in patients with scoliosis. They used the same scoliosis model developed by 

Stokes [267], but each time adopted one of the following three cost functions: 1) minimizing 

muscles stresses cubed; 2) minimizing lateral bending moments at each intervertebral joint in 

addition to muscle stresses cubed; and 3) reversing the spinal load asymmetry by maximizing 

self-correcting lateral bending moments at the joints immediately above and below the apex in 

addition to minimizing muscle stresses cubed. While the first cost function predicted spinal 

loading that would promote progression of deformity, the other two cost functions resulted in 

muscle activation patterns and spinal loads that would resist that. The magnitude of muscle 

stresses (physiological cost) was higher for the latter two strategies.  

This is an important consideration when interpreting the results of modeling studies. For 

example, in the studies by Barba et al. [194] and Schmid et al. [196], which used AnyBody and 

OpenSim models, respectively, minimum muscle activations squared was adopted for the cost 

function. Both studies predicted greater paraspinal activations on the convex side of the thoracic 

scoliosis curves, which was in harmony with the findings of the EMG studies in the literature 

[268][269]. For the thoracolumbar curves, however, EMG studies observed larger activations at 

the concave side, whereas the modeling studies suggested an opposite trend. This could be due to 

a different strategy adopted by the central nervous system than just minimizing muscle 
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activations squared. Therefore, further studies on identification of neuro-control strategies of the 

human body will help in more accurate modeling results.   

In an intriguing study, Kamal et al. [195] recently examined the effect of unilateral muscle 

weakening on the spinal loads in an adolescent patient with idiopathic scoliosis. Using ABAQUS 

and MATLAB, they created a hybrid finite element and musculoskeletal model of the growing 

spine based on subject-specific EOS images [209]. The muscle forces for upright standing 

posture were determined by minimizing the reaction moments and the sum of muscle stresses 

cubed while guaranteeing mechanical stability of the system. They simulated muscle weakening 

by 95% reduction in the PCSA of the targeted muscles. It was observed by decreasing the size of 

longissimus and multifidus on the concave side, the compressive forces on the concave side 

decreased, as did the concave-side over convex-side ratio of Von Mises stresses in the growth 

plates. Muscle weakening, therefore, suggested a deceleration in progression of the scoliosis 

curvature in their study. Their results corroborated the observation by Wong et al. [276] in nine 

adolescent patients with idiopathic scoliosis whose paravertebral muscles (psoas major) on the 

concave-side were temporally paralyzed through botulinum toxin injection. Interestingly, the 

radiographical measurements including the Cobb angles significantly improved six weeks after 

the injection.  

As stated, few modeling studies have explored the effect of muscle properties on spinal 

deformity. Other than PCSA, properties such as in situ sarcomere length, passive elastic 

modulus, slack sarcomere length, or specific tension may be involved in initiation or progression 

of a spinal deformity. Our modeling study (Chapter 5), demonstrated the significant influence 

these muscle properties can have on spinal loading, but that was in a model with no deformity. 

Given that geometric parameters also exhibit a determining effect on the spinal loads, geometric 
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parameters and muscle properties should both be considered together in a model. This suggests 

moving toward subject-specific models, where not just the bony geometry but also the muscle 

properties are personalized for the patient. Obviously, more advances in experimental studies are 

required to obtain such data.     

6.3 Clinical Correlations for Adult Spinal Deformity 

 Geometric Properties 

Global spinal deformities typically involve more than one regional deformity. These regional 

changes may develop to compensate for an initial deformity. For example, loss of lumbar 

lordosis may initiate due to multi-level disc degeneration at the caudal site of the lumbar spine 

[32][277]. Loss of lumbar lordosis causes an anterior shift of the C7 plumb line. To compensate 

for the loss of lumbar lordosis and achieve global sagittal alignment, a decrease in thoracic 

kyphosis or increase in cervical lordosis may ensue. Such compensation may even extend to the 

hip and lower extremities in forms of pelvic tilt, knee flexion, or pelvic shift (Figure 6-1). All 

these mechanisms can be recruited by a patient to bring the sagittal vertical axis to its original 

place. However, the sequence and order of these changes are not well-understood and seem to 

vary between patients based on their age, pain level, or region of the deformity [278].  

Recent classifications of sagittal alignment emphasize the need for a full analysis of the pelvis, 

due to its important role at the base of the spine [279][280]. Pelvic incidence describes the 

morphology of the pelvis and remains constant for a patient, while pelvic tilt represents the 

amount of pelvic rotation about the hip joint. The latter can mask the true spinal alignment, and 

therefore should be measured [32]. Maintaining the global sagittal alignment for people with 

small pelvic incidence necessitates small lumbar lordosis, while for those with a large pelvic 
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incidence requires large lumbar lordosis. Therefore, spinopelvic mismatch is defined as the 

subtraction of lumbar lordosis from the pelvic incidence. A clinical rule of thumb is to keep this 

parameter less than 10°[281]. However, for those with hyperkyphosis this value is recommended 

to be less than -10° [282]. According to a multi-center study, most clinically relevant parameters 

for sagittal alignment are sagittal vertical axis, spinopelvic mismatch, and pelvic tilt [279]. Ideal 

values for these parameters are less than 40 mm, less than 10°, and less than 20°, respectively 

[280].  

While research on the extent of the compensatory mechanisms, their sequences, and the reasons 

behind them is ongoing, what seems to be a point of consensus for clinicians is that the full-body 

x-rays are necessary for better assessment and treatment of these patients. A full head-to-toe 

image assist in unmasking the compensatory mechanisms utilized by a patient to maintain their 

sagittal alignment. Sagittal vertical axis alone is not sufficient, as a patient may stay erect by 

flexing their knees, while suffering from an extreme lumbar lordosis. An important implication 

of these clinical findings is that musculoskeletal models should move toward full-body 

simulations for a more comprehensive understanding of adult spinal deformity and addressing 

clinical questions related to them.  
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Figure 6-1. Geometric parameters 

associated with sagittal alignment and 

compensatory mechanisms. The parameters 

include CL: cervical lordosis; TK: thoracic 

kyphosis; LL: lumbar lordosis; PT: pelvic 

tilt; PI: pelvic incidence; KA: knee angle; 

P.Sh: pelvic shift. Adapted from [32] with 

permission from Springer Nature. 
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 Muscle Properties 

Multiple recent studies have explored the association of muscle properties and adult spinal 

deformity. Jun et al. [283] investigated the effect of lumbar (L3) paraspinal muscle quantity 

(cross-sectional area) and quality (fatty degeneration ratio) in 50 elderly patients (60-80 years 

old) on sagittal alignment of their spines. They found for muscle fatty degeneration to correlate 

significantly with thoracic kyphosis, pelvic tilt, sagittal vertical axis, and pelvic mismatch. The 

cross-sectional area of the muscles also exhibited a significant correlation with lumbar lordosis 

and pelvic mismatch. 

Shafaq et al. [284] measured fatty infiltration and cross-sectional area of multifidus and 

longissimus from L1-S1 in 57 patients with degenerative lumbar scoliosis. They found that 

cross-sectional area and fatty infiltration of both muscles were larger on the concave than convex 

side at all studied vertebral levels (except for longissimus cross-sectional area which was only 

significant at L4-L5 and L5-S1). A histological assessment in four of these patients also reflected 

more degeneration on the concave than convex side. Several other studies have reported 

asymmetric muscle properties for patients with deformity in the coronal plane, although most of 

them were in adolescents with idiopathic scoliosis [285][286][287].  

In a recent study published in 2021, Elysee et al. [288] examined the association of global 

sagittal alignment with fatty infiltration and cross-sectional area of paravertebral muscles in 107 

adult spinal deformity patients. The measurements were made for multifidus, erector spinae, and 

psoas at T2 (49 patients), T10 (39 patients), and L3 (81 patients). In contrast to cross-sectional 

areas, fatty infiltration at all these levels was positively correlated with global deformity, anterior 

malalignment, and pelvic retroversion. The authors concluded that “In ASD patients, global 



177 

 

sagittal malalignment is related to FI of the PVM throughout the lumbar and thoracic spine, as 

identified through CT. Future research should investigate how FI relates to ASD pathogenesis” 

(ASD: adult spinal deformity; FI: fatty infiltration; PVM: paravertebral muscles; and CT: 

computed tomography). Similar messages have been noted by others [289][290][291]. 

It seems clear that muscle properties are gaining attention among biomechanical and clinical 

studies as important risk factors involved in the initiation/progression of adult spinal deformity. 

Our modeling study demonstrated the importance of muscle properties on spinal loading. Our 

preliminary histological analysis of human paravertebral muscles in adult deformity patients also 

revealed a variety of case-specific abnormalities at both the cellular and tissue level. However, 

further studies are needed to shed more light on pathogenical role of these factors. Whether the 

spinal deformity initiates with a geometric abnormality and muscle changes occur secondary to 

that or vice versa is not yet known. But what is clear is that both muscle and geometric properties 

are important, suggesting adoption of a holistic approach toward identifying the etiology of adult 

spinal deformity. 

6.4 Limitations and Recommendations 

For each of the four studies presented in this thesis, there were a number of limitations in the 

methodologies that should be considered when interpreting the results. Some of these limitations 

are reviewed in further details in this section and a number of recommendations are proposed 

accordingly for future studies.  
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6.4.1.1 Studying the Effect of Vertebral Level  

The effect of vertebral level on paraspinal muscle biomechanical properties was examined in rats 

instead of humans. Although rats are also mammals and have shown similar muscle properties to 

humans [102], they are quadrupeds with different daily activities than humans. That should be 

considered when transferring the results of this study to human musculoskeletal models.  

Studying the effect of vertebral levels in the human body would be ideal but that is limited by 

several ethical and technical challenges. Paraspinal muscles, particularly multifidus and erector 

spinae, are deep and close to the nerve roots making a safe non-invasive biopsy collection quite 

challenging. Human biopsies can be accessed intraoperatively; however, those who undergo a 

surgery typically have a spinal condition that may have already affected the paraspinal muscle 

properties [90].  

Future studies interested in the effect of vertebral level may use biped animals such as primates, 

but that comes with substantial expenses. An alternative is to improve non-invasive biopsy 

collection methods [280] to warrant a safe acquisition when aiming for human paraspinal 

muscles. This may be possible by utilizing assistive imaging modalities (e.g. ultrasound) to guide 

the biopsy-collecting tool directly into the targeted muscle.   

For musculoskeletal models, the stiffness at the fascicle/whole muscle level is desired. Since 

passive behaviour of muscles increases nonlinearly from the fiber bundle to the fascicle and 

whole muscle scales, an ideal study would measure the muscle stiffness directly at the whole 

muscle level. Such direct measurement requires detachment of one end of the whole muscle from 

the bone, which is not ethical in humans, especially at multiple spinal levels. Furthermore, such 

measurement requires an apparatus that must be sterilized, which is quite challenging to meet 
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operating room standards. Measuring the passive stiffness at the whole muscle level is less 

challenging in animals, but still difficult in rat paraspinal muscles due to their short lengths. To 

date, paraspinal muscle stiffness at the fascicle/whole muscle level has not been directly 

measured in any species.  

In the current study an indirect approach was selected to contrast the biomechanical properties of 

the paraspinal muscles between the vertebral levels at the fascicle/whole muscle level. We 

investigated collagen I content of the muscle fascicles as a measure for estimation of their elastic 

modulus. While at the whole muscle level collagen has been observed to be a strong predictor of 

muscle stiffness [90], the role of other constituents in determining its stiffness at the whole 

muscle level has not been examined. At the fiber bundle level, several other factors such as 

collagen IV, collagen III, total proteoglycan, and biglycan have been shown to contribute to 

prediction of the bundle stiffness. Therefore, further studies at the whole muscle level should be 

conducted to identify those determining constituents and their weightings in predicting the 

stiffness. With that, indirect approaches can be adopted confidently for evaluating muscle 

properties. It is noteworthy that not just the content but the architecture of those constituents may 

influence the stiffness and should be considered. 

6.4.1.2 Studying the Effect of Fiber Bundle Size  

In this study larger fiber bundles exhibited a smaller elastic modulus. With the determining role 

of ECM in modulating the stiffness of fiber bundles, we demonstrated in an example that a 

smaller bundle may include larger area fraction of ECM, and hence manifest larger stiffness. 

From a transverse section of a muscle biopsy (at the fascicle/whole muscle level), however, one 

cannot determine the exact boundary of a bundle. We used the average of two segmentations, 
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type A (Figure 3-6A&D) and type B (Figure 3-6B&E) as an estimate of the ECM area fraction in 

a bundle; but the actual bundle tested mechanically for passive stiffness, may have had an area 

fraction closer to type A or type B. While type B segmentation and the average method 

suggested a larger estimate of ECM area fraction for smaller bundles, type A segmentation 

showed an opposite trend. Therefore, other alternatives should be sought in future studies for 

determining the ECM content of a bundle.  

An alternative is to use the mechanically tested bundle for determining its ECM content through 

immunostaining. We attempted this (not included in the methodology of Chapter 3) by fixing 

~20 tested bundles in formaldehyde for a day, keeping them in a sucrose solution for another two 

days, and placing them into O.C.T. (optimal cutting temperature) compound for sectioning them 

transversely. However, due to the tiny size of the bundles, achieving a transverse section 

perpendicular to the fiber direction was not possible in some cases. In many cases the fibers 

within the bundle deteriorated or became separated (Figure 6-2). Therefore, if this approach is 

selected by a future study, fine tuning the methodology to avoid those artifacts is essential.   

Another alternative is to measure the constituents of the mechanically tested bundles through 

biochemical processing. For example, a hydroxyproline assay can be used to measure the 

collagen content of a fiber bundle. By knowing the volume of the bundle, the collagen volume 

fraction can be determined [108]. 
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Figure 6-2. Transverse cross section of the tested fiber bundles. Bundles were placed in formaldehyde for a 

day, transferred to a sucrose solution for another two days, and finally placed in into O.C.T. compound for 

sectioning. Due to the tiny size of the bundles, achieving an intact non-deteriorated cross section of the fiber 

bundles (A), was not always possible following this methodology (B). 

Another limitation of our study was only measuring collagen I content to approximate the ECM 

content. As discussed in section 6.4.1.1, other constituents of the ECM may be involved in 

determining its stiffness. Therefore, future studies should measure the content of other 

constituents along with collagen for a more accurate estimation of ECM content.       
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6.4.1.3 Human Study  

The main limitation of our human study was the small number of patients recruited due to 

restrictions imposed because of COVID-19. Based on our power analysis, we aimed for 16 

patients in each of the three groups, but we were able to recruit only four patients for group I, 

three for group II, and two for group III. This prevented us from a statistical comparison between 

the patient groups, although several intriguing observations were made biomechanically and 

histopathologically. Once restrictions are lifted, the study should continue in search for patterns 

and differences between the patient groups.  

Non-invasive measurement of the muscle properties investigated in this study was not feasible, 

which prevented us from recruiting a healthy population as control. Therefore, we defined 

patient group I (with no deformity) as the control group for the other two patient groups who had 

a sagittal deformity (although it was compensated in group II). Considerable changes in 

paraspinal muscle passive properties in response to intervertebral disc injuries have been shown 

by animal studies [90]. Also, various morphological and biochemical changes in paraspinal 

muscles have been documented for patients with low back pain. Therefore, the muscle properties 

measured in patient group I may be different than the healthy population. Yet, once the study is 

complete, clear differences might be observed in muscle properties due to different nature of the 

pathology of these patients.  

To include a healthy control group, future studies should move toward non/minimally invasive 

techniques for measurement of in situ sarcomere length and passive properties. Using the second 

harmonic generation of the light beam and specialized needles equipped with two tiny prisms, a 

minimally invasive measurement of in situ sarcomere length in healthy individuals has become 
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feasible recently [258] but has not yet been used for paraspinal muscles. Similar tools used for 

biopsy acquisition from lower extremity muscles can be equipped with imaging-guided 

techniques to provide a safe acquisition of muscle biopsies from the deep paraspinal muscles. 

Those biopsies can be used for assessing muscle passive properties. 

A major shortcoming, which is not just limited to this study, relates to determining muscle 

passive properties at the whole muscle level. Musculoskeletal models require such information, 

but direct measurement of that in human is not ethically/technically feasible (for the reasons 

described in section 6.4.1.1). Therefore, an indirect method should be adopted.  

To determine the paraspinal muscle stiffness at the whole muscle level indirectly, more than one 

measurement technique is required. Mechanical testing of fiber bundle stiffness encompasses the 

stiffness of muscle fibers and to some extent the extracellular matrix but excludes the stiffness 

contribution from some other important constituents of the muscle. At the fascicle and whole 

muscle level, there are other tissues including perimysium and epimysium that are ignored if one 

suffices to the bundle level measurements. In addition, most of the human biopsies tested in our 

study included fibrosis and fatty infiltration, which were heterogeneously distributed across a 

collected muscle biopsy. When extracting fiber bundles, we would aim for muscle bundles that 

mainly were comprised of muscle fibers. The reason was that our strain measurements were 

based on laser diffraction technique, which only functions properly on bundles containing 

muscle fibers. Therefore, our data on bundle elastic modulus is biased toward the portion of a 

muscle biopsy that contains muscle fibers and may not represent the entire biopsy. This means a 

muscle fascicle in a patient might have had a very high elastic modulus due to the abundance of 

connective tissues, but the fiber bundle tested in our study reported a small value, as it was 

extracted from the portion of the biopsy that was mostly occupied by the contractile tissues. 
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MRI can provide a whole picture of muscles, where fatty infiltration can be differentiated from 

muscle tissue. However, current clinical MR techniques are not able to detect fibrosis. 

Histological assessments, on the other hand, offer valuable information on the entire biopsy 

structure and clearly differentiate between the contractile muscle tissue and fibrosis or other non-

muscle tissues. However, biopsies collected from the same muscle have shown to differ 

depending on where in that muscle they were collected. In the study by Padwal et al. [238], 

although the collagen content of the biopsies from superficial versus deep regions of human 

multifidus were the same, the superficial biopsies had less loose and denser collagen in contrast 

to those taken from the deep region.   

These observations suggest that MRI, histology, and mechanical testing of fiber bundles can 

each provide information on only certain part of the whole muscle stiffness. Therefore, a 

summation of those information is required to provide a holistic estimation of the passive 

properties at the whole muscle level. 

Future studies at all three fronts including MRI, histology, and fiber bundle mechanical testing 

should be conducted to facilitate estimation of whole muscle stiffness. We have recently added 

the ability of measuring strains using image processing techniques to our apparatus, therefore our 

mechanical testing will not be limited to the bundles from the contractile portion of the biopsies; 

rather the stiffness of specimens mostly consisted of connective tissues can also be quantified.  

Further histological and biochemical analysis of the mechanically tested fiber bundles should be 

performed to discover correlations between muscle tissue constituents and a bundle stiffness. 

With such correlations, one can suffice to histological assessment of a biopsy and estimate its 

stiffness without needing to test them mechanically.  
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Future imaging studies may focus on finding biomarkers with which fibrosis and other relevant 

constituents of muscle tissues can be detected and quantified. Using the correlations obtained 

from histological studies and with improvements in machine learning algorithms, in the future 

one may only use the MR image to estimate the whole muscle stiffness non-invasively, without 

any need for mechanical testing or histological assessment. 

6.4.1.4 Musculoskeletal Modeling   

Our musculoskeletal modeling study demonstrated the significance of biomechanical muscle 

properties on spinal loading. Although the analysis was conducted only for two static activities, 

that sufficiently served our purpose of highlighting their importance. However, it would be 

interesting to explore the effect of those properties in other asymmetric and dynamic daily 

activities, which remains to be addressed in future studies.   

The share of the intervertebral disc from the axial force was considered 85% for all postures in 

this study. However, this value has been shown to vary between postures and to be greater in 

flexion compared to upright standing or extension [252][253]. For example, the percentage of a 

700N axial force taken by facet joints in 9 human FSUs had a range of 8% to 25% in 5° 

extension as opposed to 2% to 9% in 5° flexion [292]. For higher compressive forces however, a 

wider range of data is presented in the literature: for flexion and extension, respectively, values 

as low as 2% and 8% [293] and as high as 22% and 30% [294] are reported for facet joints. 

Therefore, assuming 85% load-carriage by the disc is reasonable but adjusting this value in the 

model based on postures and the amount of compressive force is ideal and should be considered 

in future studies. 
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The effect of intra-abdominal pressure was modeled as an upward force on thorax. This is an 

under representation of intra-abdominal pressure as is it exerts forces in all directions especially 

onto the spinal column and supports the vertebrae against shear forces. This implies the shear 

forces in our study, especially those directed anteriorly may have been overestimated. 

Mechanical stability of the spine was not considered in our solution method. Inclusion of that 

criterion leads to co-contraction of abdominal muscles, which most optimization models fail to 

predict [163]. This results in higher forces in upright standing or other light activities, but for 

heavy work activities or postures like flexion where passive structures are more involved, 

inclusion of stability criterion appears not to make a difference [250][264]. Adding the stability 

criterion to our solution method remains as a future step. 

The next version of our model should address the limitations listed above. This includes adding a 

mechanical stability criterion to the solution method, incorporating a more realistic 

representation of the effect of the intra abdominal pressure, and considering posture-specific 

ratios for sharing the axial forces between the intervertebral disc and the posterior elements. In 

addition, the validation of the model should be extended to asymmetric postures and activities.  

Another shortcoming, which was not just limited to this study, was the paucity of the data in the 

literature on human paraspinal muscle properties. Our musculoskeletal modeling study 

demonstrated the pivotal role of the slack sarcomere length and elastic modulus in spinal 

loading; nevertheless, no study to the best of author’s knowledge has measured them at the 

whole muscle level for the paraspinal muscles. Further experimental studies are required to 

enhance our knowledge of these parameters. Given the tissue heterogeneity observed for patients 

at the whole muscle level, the muscle properties in the models should be adjusted to account for 
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such heterogeneity. This can be done by using the rule of mixture, i.e. Equation (3-1), but at the 

whole muscle level. 

In line with the overall goal of this PhD project, we aimed to develop patient specific models of 

the spine based on the data we collected from our human study. In addition to the muscle 

properties, we have standing x-rays of our patients in addition to their supine MRI and standing 

Open MRI in several postures. Using these data, a set of musculoskeletal models with 

personalized muscle properties and geometric parameters can be developed in future studies. 

Such models can serve a variety of purposes including studying etiology of adult spinal 

deformity or assisting in planning surgeries.  

6.5 Contributions  

The overall goal of this research project was to investigate if biomechanical properties of the 

paraspinal muscles are different in adult spinal deformity patients; and whether those differences 

could influence spinal loading and be associated with initiation/progression of adult spinal 

deformity. To achieve that overall goal, this thesis made the following specific contributions:     

1. Developed and validated an apparatus for measuring passive stiffness of muscle fibers 

and fiber bundles. This included a temperature-controlled solution bath, a precise length 

controller, and a photodiode array system for measurement of muscle sarcomere lengths 

using the laesr diffraction technique.  

2. Designed a specialized muscle biopsy clamp in collaboration with Medtronic engineers to 

collect human muscle biopsies intraoperatively. Manufactured the first prototype of the 

clamp and validated its functionality in a rat study. 

3. Developed the tools and protocols required for acquiring intraoperative biopsies from 

patients with spinal deformity at Vancouver General Hospital and Toronto Western 

Hospital. 
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4. Developed and received animal and human ethics approval for intraoperative muscle 

biopsy acquisition from rats and humans, respectively. 

5. Collected intraoperative biopsies from nine patients and evaluated them biomechanically 

and histopathologically. 

6. Tested extensively the passive properties of rat and human skeletal muscle fibers and 

fiber bundles (more than 500 fibers/fiber bundles). 

7. Investigated the effect of vertebral level on biomechanical properties of paraspinal 

muscles in 13 healthy rats. 

8. Investigated the effect of fiber and fiber bundle size on the elastic modulus of rats and 

humans. 

9. Improved the solution method of a musculoskeletal model of the lumbar spine 

(previously developed by the author during his Matser’s studies) and enhanced its 

validation to several other postures and activities. 

10. Investigated the influence of biomechanical properties of paraspinal muscles on spinal 

loading. The properties included the passive elastic modulus, slack sarcomere length, in 

situ sarcomere length, specific tension and pennation angle. 

6.6 Conclusions 

With reference to the objectives of this thesis, it can be concluded that: 

1a) Biomechanical properties of the paraspinal muscles including the elastic modulus and 

slack sarcomere length are independent of the vertebral level at the fiber and fiber bundle 

levels;  

1b) Collagen content of paraspinal muscles at the fascicle/whole muscle level is independent 

of the spinal level; therefore, within a muscle group, assumption of similar biomechanical 

properties between the vertebral levels appears to be fine.  
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2a) Larger fibers and fiber bundle sizes manifest smaller elastic moduli; therefore, future 

studies of passive property measurement should aim for consistent bundle sizes, 

especially when making comparison between different groups. 

2b) Measuring diameters of fibers and fiber bundles at least from two orthogonal views is 

necessary for higher accuracy of calculating their elastic modulus.  

3a) Paraspinal muscles in adult spinal deformity patients present with large variations in their 

biomechanical properties including the in situ sarcomere length, elastic modulus, and 

slack sarcomere length.  

3b) Substantially stiffer fiber bundles in some patients have biomechanical implications and 

reflects the importance of extracellular matrix.  

3c) Presence of a variety of case-specific cellular and extracellular abnormalities in 

paraspinal muscles of adult spinal deformity patients are suggestive of diverse causes or 

mechanisms of potential functional impairment.  

4a) Paraspinal muscle properties, specifically slack sarcomere length, passive stiffness, in 

situ sarcomere length, and specific tension dramatically influence the spinal forces. 

Therefore, future modeling studies should incorporate those parameters in their model for 

more accurate and physiological results. Given the paucity of data in the literature, 

further experimental studies for measurement of these parameters in vivo should be 

conducted. 

The results of this line of research in the long term will provide insight into the significance of 

muscle functional properties in the development of spinal disorders and may suggest shifting the 

focus of future treatments toward muscle-preserving strategies, pharmaceutical approaches such 
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as botulinum toxin injections, or advent of muscle remodeling techniques to prevent progression 

of such spinal conditions. 
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Appendix A Supplementary Materials for Chapter 2 

A.1 Correlation Between Fiber Bundle Elastic Modulus and Fascicle Collagen I 

Deposition 

 

Figure A-1. Linear correlation between tangent modulus of fiber bundles and collagen I deposition of 

fascicles in multifidus (p=0.54 and 𝑹𝟐 = 0.02). Presence of no correlation between these two parameters is not 

surprising as they were measured at two different scales. It has been demonstrated for both collagen content 

and tangent modulus to increase significantly from the fiber bundle scale to fascicle scale [55]. 
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Figure A-2. Linear correlation between tangent modulus of fiber bundles and collagen I deposition of 

fascicles in Longissimus (p=0.14 and 𝑹𝟐=0.10). Presence of no correlation between these two parameters is 

not surprising as they were measured at two different scales. It has been demonstrated for both collagen 

content and tangent modulus to increase significantly from the fiber bundle scale to fascicle scale [55]. 
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Appendix B Supplementary Materials for Chapter 4 

B.1 Patients Consent Form for Biomechanical Assessment 

  
PARTICIPANT INFORMATION AND CONSENT FORM1 

 
 
  
 
 
 

Principal Investigator:   John Street, MD, PhD, FRCSCI  
Assistant Professor 
Department of Orthopaedics, Division of Spine, 
University of British Columbia Faculty of Medicine  
Vancouver Spine Surgery Institute (VSSI), 
Vancouver General Hospital 
Phone: (604) XXX-XXXX  
 

Co-investigators: Thomas Oxland, PhD, Professor, Departments of Orthopaedics and 
Mechanical Engineering, University of British Columbia 
  
David Wilson, PhD, Professor, Departments of Orthopaedics and 
Mechanical Engineering, University of British Columbia 
 
Tamir Ailon, MD, MPH, FRCSC, Clinical Instructor, Division of 
Neurosurgery, University of British Columbia Faculty of Medicine 
 
Sidney Fels, Professor, Department of Electrical and Computer 
Engineering, University of British Columbia 
 
Steve Brown, Associate Professor, Department of Human Health & 
Nutritional Sciences, University of Guelph 
 
Stephen Lewis, Professor, University of Toronto 
 

Sponsor: Medtronic Canada 
Natural Sciences and Engineering Research Council of Canada 
(NSERC) 
 

 
1 The consent form was put together by Leilani Reichl, Masoud Malakoutian, Noor Shaikh, and Allan Aludino. 

Enhanced Biomechanical Modelling of the Spine for Adult 

Deformity Surgery 
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Study Contact: Leilani Reichl 
Research Coordinator 
Phone: (604) XXX-XXXX  
 

1. Invitation 
You are being invited to participate in this research study because you have been diagnosed 
with a degenerative spine condition that requires surgical treatment.     
 
2. Your participation is voluntary 
Your participation is voluntary. You have the right to refuse to participate in this study. If you 
decide to participate, you may still choose to withdraw from the study at any time without any 
negative consequences to the medical care, education or other services to which you are 
entitled or are presently receiving. 
 
You should be aware that there is a difference for both you and your doctor between being a 
patient and being a research participant. As a patient, all medical procedures and treatments 
are carried out for your benefit only according to standard accepted practice. As a research 
participant, you and your doctor must also take into account the requirements for the research 
study. These may include procedures and treatments that are not part of standard practice or 
are not yet proven. This consent form describes the diagnostic and study procedures that are 
being carried out for research purposes. Please review the consent document carefully when 
deciding whether or not you wish to be part of the research and sign this consent only if you 
accept being a research participant.  
 
If you wish to participate in this study, you will be asked to sign this form. 
 
Please take time to read the following information carefully and to discuss it with your family, 
friends and doctor before you decide.  
 
3. Who is conducting this study? 
The Principal Investigator, Dr. John Street, and the Vancouver Spine Research Program, under 
VGH’s Vancouver Spine Surgery Institute, is conducting this study, along with Co-Investigators 
from Dr. Tom Oxland’s Lab, under the International Collaboration on Repair Discoveries 
(ICORD).  This project is supported by Medtronic Canada and the Natural Sciences and 
Engineering Research Council of Canada (NSERC) for the work required in doing this clinical 
research.   
  
4. Background 
Adult spine deformity (ASD) occurs when a patient has a loss of natural lumbar lordosis 
(curvature).  ASD is associated with aging of the spine and 20-40% of the population is expected 
to develop a progressive kyphosis (hunching) or sagittal imbalance (forward tilting).  ASD can 
affect one’s ability to stand upright and stare straight ahead, causing symptoms of pain and 
disability.   
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Muscle dysfunction in the spine and pelvis are thought to be major factors contributing to the 
development of sagittal imbalance, and therefore, ASD; however, there are currently no spine 
models incorporating these elements.  Unfortunately, without a spine model that includes 
features associated with sagittal imbalance, we are unable to better study and understand the 
impact of age-related muscle properties or activity on ASD.   
5. What is the purpose of the study? 
The purpose of this study is to create an accurate biomechanical model of ASD that 
incorporates elements of muscle function in order to improve surgical planning, allow for more 
individualized surgical treatment, and facilitate the development of more effective spine 
surgery implants. To achieve this objective, the study involves two parts: 

i. To obtain MRI images in a standing position to allow study investigators to better 
visualize spinal and pelvic muscles in a natural, upright posture. 

ii. To obtain muscle tissue samples, via biopsy, during spine surgery.   
 

6. Who can participate in this study? 
You may be able to participate in the Upright MRI part of this study if you: 

• Have been diagnosed with an adult spine deformity requiring treatment 

• Had a conventional MRI (in a lying down position) within the last 12 months  

• Had upright x-rays of the spine within the last 12 months  

• Are 50 years of age or older  

• Are able to communicate in English  
 
To be eligible to participate in the Muscle Biopsy part of this study, you must meet the above 
criteria and: 

• Are scheduled to undergo spine surgery with a posterior midline incision that involves the 
lumbosacral spine between the L4-S1 levels 

 

7. Who should not participate in this study at this site? 
You will not be eligible to participate in Muscle Biopsy part of this study if you: 

• Had a previous spine injury or surgery  

• Have a scoliosis greater than 20° 

• Have a body mass index of greater than 35 

• Have a pre-existing neurological disorder such as Parkinson’s disease, Alzheimer’s disease, 
Huntington’s disease, multiple sclerosis, or amyotrophic lateral sclerosis 

• Have a pre-existing thromboembolic disease or coagulopathy (disorders related to blood 
clotting), such as haemophilia or von Willibrand’s disease 

• Have a pre-existing or ongoing infection (e.g. pneumonia, urinary tract infection, cellulitis) 

• Have a pre-existing inflammatory or autoimmune disorder such as rheumatoid arthritis, 
systemic lupus, psoriasis  

• Have a systemic disease that may interfere with safety or evaluation of the condition 
we’re studying (e.g. heart disease, HIV, HTLV-1) 

• Have any other medical condition that in the investigator’s opinion would render the 
study procedures dangerous 
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In addition to the exclusion criteria above, you will not be eligible to participate in the Upright 
MRI part of this study, if you meet any of the criteria below: 

• Are not able to stand for the duration of the upright MRI (approximately 45 minutes in 
total) 

• Have a pacemaker, aneurysm clip or other device which is a contraindication to MRI 
 
8. What does the study involve? 
If you agree to take part in the study, you will first sign this Consent Form before any study-
related procedures are performed. At that time, you will be asked questions about your medical 
history and current health status to help determine your eligibility. 
 
If you consent to the study, you may choose to participate in: 

• The Upright MRI portion of the study only; 

• The Muscle Biopsy portion of the study only; or,  

• Both the Upright MRI and Muscle Biopsy.  
 

Upright MRI Procedures  
On the day of the MRI scan appointment, the previously completed screening form will be 
reviewed with you by the MRI technologist to ensure your safety during the scanning session.  
You will then be asked to change into hospital garments and to remove all metal objects (such 
as hearing aids, dentures, jewelry, watches, hairpins, and ALL piercings) from your body 
because these objects interfere with imaging and may be attracted to the scanner magnet, or 
may heat up, with the potential risk of injury. 
 
For the purposes of the study, you will be scanned in the upright open MRI scanner in two 
different postures: 
  

1. In an upright position (standing) 
2. In a supine position (lying down) 

 
The upright open MRI is a vertically open scanner (two parallel discs oriented on edge, 58 cm 
apart), which allows for a wide range of positioning. An MRI coil (a specifically designed 
antenna) will be placed around, or next to, your lower back. You will be asked to stand in the 
scanner or lie down on the MRI table in the scanner. The MRI technologist will place various 
accessories (foam cushions, support bars, etc.) around you to support your position. Several 
scans will be taken to capture various views of your lower back, each one lasting less than 5 
minutes. You will also be provided with the option of resting between each standing scan in 
order to allow for recovery of any muscle fatigue. While the total scanning time will be 
approximately 30-45 minutes, you may spend up to 3 hours in the MRI suite, which includes the 
time for screening, changing, positioning and scanning, as well as breaks as needed.   
 



219 

 

Following the research MRI, Study Investigators will compare and measure the imaging 
obtained in both the upright open MRI scanner and those MRI images obtained as part of your 
standard of care.  
 
Image 1: Open MRI 

 

 
Biopsy Procedures  
If you are participating in the biopsy part of the study, 8 biopsies will be taken at the time of 
your spine surgery.  Each biopsy will be between 1-2 cm in length and about 3 mm thick.  All 
muscle biopsies will be performed by the attending Spine Surgeon.  
 
If you are having spine surgery, the Spine Surgeon will make an incision on your back which will 
expose the underlying muscles and spine.  Normally, muscle is cut away from the bone and not 
repaired or reattached.  The biopsies will be taken from this tissue that would otherwise be 
discarded.   The entire biopsy process will take less than 4 minutes.  Once collected, the muscle 
tissue will be placed in a sealed container for transfer to a laboratory at the Blusson Spinal Cord 
Centre (818 West 10th Avenue) in Vancouver where it will be processed and stored for analysis.   
 
Optional Study: Long-Term Sample Storage 
The following study is optional.  You will be provided with a separate consent that describes the 
details, and which you will be required to sign if you wish to participate.  You can take part in 
the main study and not take part in the optional study.  If you decide not to take part in the 
optional study, your care will not be affected.  
 
If your muscle tissues are not used up for the purpose of this study, you can choose to 
participate in the optional study to allow the long-term storage of remaining tissue samples for 
future analysis.  For additional information, please see the separate, optional consent form.   
 
9. What are my responsibilities? 
In summary, your participation in this study may involve an Upright MRI, Muscle Biopsy or both. 
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Upright MRI 
Participation in the Upright MRI will require one appointment at Vancouver General Hospital 
(VGH). The Upright Open MRI is located at VGH, in the Leon Blackmore Pavilion, Ground Level, 
Room G53. We will provide you with a detailed wayfinding map.  
 
At the time of consent, we will give you a VCH MRI screening form. Because you already had an 
MRI before, you should be eligible for the upright open MRI provided nothing has changed. We 
will ask you to complete it at the time you agree to participate in this study to avoid last minute 
cancellations due to contraindications. 

 
On the day of scanning, it is recommended you have a meal prior to your appointment. You will 
have to maintain a position and remain as still as you can for several minutes. If you are fasting 
or on a diet, please let us know and we will reschedule your scan. 
 
Muscle Biopsy 
If you choose to participate in the muscle biopsy part of the study, a Spine Surgeon will obtain 8 
biopsies from the muscle tissue that is normally exposed during a spine operation. These biopsy 
samples will then be analyzed in the laboratory.  There are no other requirements or 
procedures to follow for the biopsy other than standard, pre-operative instructions given to you 
by your Spine Surgeon and healthcare team. 
 
10. What are the possible harms and discomforts? 
Upright MRI Procedures  
MRI does not use high-energy radiation (like that used in x-rays or CT scans) and there are no 
known harmful side-effects associated with temporary exposure to the magnetic field used by 
MRI scanners.  However, there are safety considerations and before undergoing an MRI scan 
which your clinical care team will review with you using a safety checklist. 
 
To ensure safety, we need to know about all metal or metal fragments on or inside your body. 
As certain types of metal are safe and others are not, we need to assess if it is safe for you to 
have an MRI scan. Additional risks associated with undergoing an MRI scan include: 
 

• The magnet may cause pacemakers, artificial limbs, and other implanted medical 
devices that contain metal to malfunction or heat up during the exam. If you have a 
pacemaker, you would not be allowed to have an MRI scan for this study. 

• Any loose metal object may cause damage or injury if it gets pulled toward the magnet. 
As such, you have to change into hospital pyjamas and remove all metal from your body, 
including jewellery and keys from your pockets. 

• Dyes from tattoos or tattooed eyeliner can cause skin or eye irritation. 

• Medication patches can cause a skin burn. 

• Exposure to radio waves for long periods of time during the scan could lead to slight 
warming of the body. 
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There is a slight risk of claustrophobia (fear associated with confined spaces); however, this is 
reduced by the open structure of the upright open MRI scanner. During the scan you will hear 
acoustic noises (very loud “knocking” sounds) from the magnet.  You will be required to wear 
earplugs to minimize the noise. You will be asked to remain as still as possible for the duration 
of the scanning procedure. In the upright open MRI scanner, you will be imaged while you are 
standing; there is a risk of fainting when standing still for long periods. To minimize this risk, 
you will be given ample rest periods between scans during which you can change positions as 
desired. If you feel uncomfortable at any point during the scan, you will be able to use a call bell 
to signal the technologist and he or she will help you leave the MRI scanning area. 
In addition, you may feel some discomfort in your low back during or following the scanning.  
Please report to the researcher any undue discomfort or pain experienced during the testing. If 
the pain or discomfort is deemed to be excessive by you or the investigators, then scanning will 
cease.  Also, we recommend you bring your own pain medication in case you feel you need it 
during or after the MRI session.  
 
Biopsy Procedures  
The biopsy retrieval will not result in increased wound exposure, tissue damage or blood loss 
beyond what normally occurs during routine midline spine surgery. The biopsy retrieval will not 
result in any effect on the remainder of the surgical procedure or on your short-term or long-
term recovery. 
     
11. What are the potential benefits of participating? 
There may not be direct benefits to you from taking part in this study; however, we will be 
happy to provide you with copies of your imaging session and the final results of the study, if 
you wish. In addition, images obtained in the upright open MRI scanner will be available to your 
Spine Surgeon prior to your surgery; although these images will not be used for the purposes of 
surgical decision making, these results may assist with surgical planning and enable more 
individualized surgical treatment. 
 
We hope that the information learned from this study can be used in the future to benefit 
other people with ASD.    
 
12. What are the alternatives to study participation? 
The only alternative to this study is non-participation. If you choose not to participate in this 
study, you will receive the standard of care for your condition. You can discuss these options 
with your doctor before deciding whether or not to participate in this research project. 

 
13. What if new information becomes available that may affect my decision to participate? 
If you choose to enter this study and at a later date new information becomes available that 
may affect your willingness to remain in this study, it will be discussed with you.   
 
14. What happens if I decide to withdraw my consent to participate? 
You may withdraw from this study at any time without giving reasons. If you choose to enter 
the study and then decide to withdraw at a later time, you have the right to request the 
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withdrawal of your information and samples collected during the study. This request will be 
respected to the extent possible. Please note however that there may be exceptions where the 
data and samples will not be able to be withdrawn, for example, where the data and sample is 
no longer identifiable (meaning it cannot be linked in any way back to your identity) or where 
the data has been merged with other data. If your participation in this study includes enrolling 
in any optional studies or long term follow-up, you will be asked whether you wish to withdraw 
from these as well.  If you would like to request the withdrawal of your data and samples, 
please let your study doctor know.  

 
   

15. Can I be asked to leave the study? 
If you are not able to follow the requirements of the study or for any other reason, the study 
doctor may withdraw you from the study and will arrange for your care to continue. Your study 
doctor might consider it to be in your best interests to withdraw you from the study without 
your consent if they determine that it would be better for your health. If you are asked to leave 
the study, the reasons for this will be explained to you and you will have the opportunity to ask 
questions about this decision. 
 
16. How will my taking part in this study be kept confidential? 
Your confidentiality will be respected. However, research records and health or other source 
records identifying you may be inspected in the presence of the Investigator or his or her 
designate, by representatives of the UBC Clinical Research Ethics Board for the purpose of 
monitoring the research. No information or records that disclose your identity will be published 
without your consent, nor will any information or records that disclose your identity be 
removed or released without your consent unless required by law.   
 
You will be assigned a unique study number as a participant in this study. This number will not 
include any personal information that could identify you (e.g., it will not include your Personal 
Health Number, SIN, or your initials, etc.). Only this number will be used on any research-
related information collected about you during the course of this study so that your identity will 
be kept confidential. Information that contains your identity will remain only with the Principal 
Investigator and/or designate. The list that matches your name to the unique study number 
that is used on your research-related information will not be removed or released without your 
consent unless required by law. 
 
Your rights to privacy are legally protected by federal and provincial laws that require 
safeguards to ensure that your privacy is respected. You also have the legal right of access to 
the information about you that has been provided to the sponsor and, if need be, an 
opportunity to correct any errors in this information. Further details about these laws are 
available on request to your study doctor.  
 
Your de-identified research data (e.g. your name, birthdate, and other identifiers have been 
removed) may be published or deposited into a publicly accessible location at the time of 
publication.  This enhances the transparency of the research but also allows others to access 
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the data.  This should not increase risks to you, but it does mean that other researchers may 
analyze the data for different reasons other than those described in this consent form.  Once 
data is made publicly available, you will not be able to withdraw your data. 
 
17. What happens if something goes wrong? 
By signing this form, you do not give up any of your legal rights and you do not release the 
study doctor, participating institutions, or anyone else from their legal and professional duties.  
If you become ill or physically injured as a result of participation in this study, medical 
treatment will be provided at no additional cost to you.  The costs of your medical treatment 
will be paid by your provincial medical plan.   
 
18. What will the study cost me? 
You will not be compensated for your participation in this project; however, all research-related 
medical care and treatment and any related tests that you will receive during your participation 
in this study will be provided at no cost to you.  
 
19. Who do I contact if I have questions about the study during my participation? 
If you have any questions or desire further information about this study before or during 
participation, or if you experience any adverse effects, you can contact Dr. John Street at (604) 
XXX-XXXX or the Spine Research Coordinator, Leilani Reichl at (604) XXX-XXXX. 
 
20. Who do I contact if I have any questions or concerns about my rights as a participant? 
If you have any concerns or complaints about your rights as a research participant and/or your 
experiences while participating in this study, contact the Research Participant Complaint Line in 
the University of British Columbia Office of Research Ethics by e-mail at RSIL@ors.ubc.ca or by 
phone at (604) XXX-XXXX (Toll Free: 1-877-XXX-XXXX).  Please reference the study number 
[H18-01072] when calling so the Complaint Line staff can better assist you. 
 
21. After the study is finished 
Please indicate, by checking the applicable box, whether you are willing to be contacted for 
future research studies. 
 
 Yes, I am willing to be contacted for future research studies. 
 
 No, please do not contact me for future research studies.  

mailto:RSIL@ors.ubc.ca
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22. Enhanced Biomechanical Modelling of the Spine for Adult Deformity Surgery 

 

Participant Consent  
My signature on this consent form means: 

• I have read and understood the information in this consent form. 

• I have had enough time to think about the information provided. 

• I have been able to ask for advice if needed. 

• I have been able to ask questions and have had satisfactory responses to my questions.  

• I understand that all of the information collected will be kept confidential and that the 
results will only be used for scientific purposes. 

• I understand that my participation in this study is voluntary. 

• I understand that I am completely free to refuse to participate or to withdraw from this 
study at any time, and that this will not change the quality of care that I receive. 

• I authorize access to my health records and samples as described in this consent form.  

• I understand that I am not waiving any of my legal rights as a result of signing this 
consent form.  

• I understand that there is no guarantee that this study will provide any benefits to me.  
 
I will receive a signed copy of this consent form for my own records. 
 

 
 I consent to participate in the Upright MRI portion of this study. 

 
 
 
 

  
 

  

Participant’s Signature  Printed Name  Date 
 
 
 
 
 

      

Signature of Person 
Obtaining Consent 
 

 Printed Name  Study Role  Date 
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 I consent to participate in the Muscle Biopsy portion of this study. 

 
 
 
 

  
 

  

Participant’s Signature  Printed Name  Date 
 
 
 
 
 

      

Signature of Person 
Obtaining Consent 
 

 Printed Name  Study Role  Date 
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B.2 Patient Consent Form for Histopathological Assessment 

PARTICIPANT INFORMATION AND CONSENT FORM2 
 
 
 
  
 
 
 

Principal Investigator:   John Street, MD, PhD, FRCSCI  
Assistant Professor 
Department of Orthopaedics, Division of Spine, 
University of British Columbia Faculty of Medicine  
Vancouver Spine Surgery Institute (VSSI), 
Vancouver General Hospital 
Phone: (604) XXX-XXXX  
 

Co-investigators: Thomas Oxland, PhD, Professor, Departments of Orthopaedics and 
Mechanical Engineering, University of British Columbia 
  
David Wilson, PhD, Professor, Departments of Orthopaedics and 
Mechanical Engineering, University of British Columbia 
 
Tamir Ailon, MD, MPH, FRCSC, Clinical Instructor, Division of 
Neurosurgery, University of British Columbia Faculty of Medicine 
 
Sidney Fels, Professor, Department of Electrical and Computer 
Engineering, University of British Columbia 
 
Steve Brown, Associate Professor, Department of Human Health & 
Nutritional Sciences, University of Guelph 
 
Stephen Lewis, Professor, University of Toronto 
 

Sponsor: Medtronic of Canada Ltd. 
Natural Sciences and Engineering Research Council of Canada 
(NSERC) 
 

Study Contact: Leilani Reichl 
Research Coordinator 
Phone: (604) XXX-XXXX 

 
2   The consent form is put together by Leilani Reichl, Masoud Malakoutian, Noor Shaikh, and Allan Aludino. 

Optional consent for muscle tissue biobanking for future 

research studies  
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22. Invitation 
In addition to the main study [e.g. to create an accurate biomechanical model of adult spine 
deformity (ASD)], you are being invited to allow remnant muscle biopsy tissue to be stored for 
future use in other optional research studies.  This process is referred to as biobanking.   
 
23. Your participation is voluntary 
Before you decide to consent to participate in this optional biobanking study and future studies, 
it is important for you to know why we wish to store your muscle tissue and what will be done 
with it.  This consent form will tell you about why the research is being done, how it is different 
from the main study, what will be collected and stored, where it will be stored, who will have 
access to it, how it may be used in the future, and the possible benefits, risks and discomforts 
associated with giving the sample and with the information obtained from it.   
 
If you wish to participate in this study, you will be invited to sign this form.  You have the right 
to refuse to have your muscle tissue banked without affecting your participation in the main 
part of the study and without affecting your current medical care. If you decide to participate, 
you may still choose to withdraw your tissue at any time without giving any reason, and 
without any negative consequences to your medical care, education, or other services you are 
receiving now or in the future.  
 
Please take time to read the following information carefully and to discuss it with your family, 
friends, and doctor before you decide. 
 
24. Who is conducting this study? 
The main research study is sponsored by Medtronic of Canada Ltd. and the Natural Sciences 
and Engineering Research Council of Canada (NSERC) through grants to Dr. Street.  The muscle 
tissue banking process is also being sponsored by Medtronic and NSERC.  Some of the tissue 
analysis will be done by Dr. Oxland’s lab at ICORD located in Vancouver, B.C.  Current funding 
levels are expected to maintain the tissue bank for at least 10 years, after which time, tissue 
samples will be destroyed.   
 
25. Background 
It is increasingly common for researchers to invite participants in different kinds of research 
studies to bank samples of their body tissues for use in future research studies. Often the exact 
nature of these studies is not entirely known because new discoveries lead research in new, 
and not always foreseen, directions. However, samples collected for the purposes of one study 
may not get used completely and can sometimes be used to answer other research questions. 
For this reason, participants are asked to consider storing the remainder of the sample for 
future studies that are as yet undetermined. 
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26. What is the purpose of the study? 
The goal of the main study, Enhanced Biomechanical Modelling of the Spine for Adult Deformity 
Surgery, is to create an accurate biomechanical model of ASD that incorporates elements of 
muscle function in order to improve surgical planning, allow for more individualized surgical 
treatment, and facilitate the development of more effective spine surgery implants.  The 
purpose of this optional study is to store muscle tissue samples for possible future analysis and 
to answer any new clinical questions that may arise.  The exact plan for these future studies is 
not known at this time since it will depend on other discoveries being made in the area of spinal 
deformity research.  

 
27. Who can participate in this study? 
You may participate in this study if you are eligible to participate in the main study on adult 
deformity. 
 
28. What does the study involve? 
As part of the main study, a Spine Surgeon will collect 8 biopsies of your muscle tissue during 
your spine surgery.  This procedure will take up to 4 minutes; otherwise, no additional time for 
your participation is required.   
 
Once your tissue is collected, your sample will be labelled with a unique code so that no one 
will know who the sample came from.  Dr. Street and those he designates (research coordinator 
or lab manager) will hold the key that links your identity to the individual code used to label the 
sample.  As part of the main study, your muscle tissue will be analyzed by researchers in Dr. 
Thomas Oxland’s lab located in the Blusson Spinal Cord Centre, Vancouver, B.C. No personal 
information that directly identifies you will be sent to the lab.   
 
We invite you to allow us to store remnants of your muscle tissue for future analysis that may 
help us to better understand ASD and identify potential treatments. If you consent to this 
study, your muscle tissue will be stored in a freezer to preserve it for future testing for 10 years 
in Dr. Oxland’s lab at ICORD. Every measure will be taken to ensure your privacy. The samples 
will only be used for research described in this consent form and will not be sold. You will not 
receive the results of this or any future tests and your participation in this part of the study will 
not become part of your medical record. It is very unlikely that the research testing on your 
muscle tissue will uncover findings that may affect your current or future health.  
 
29. What are my responsibilities? 
After your muscle tissue biopsies have been taken, you do not need to do anything else for this 
optional study.  
 
30. What are the possible harms and discomforts? 
There are no known harms or discomforts associated with the collection of muscle tissue 
biopsies.  The biopsy retrieval will not result in increased wound exposure, tissue damage or 
blood loss beyond what normally occurs during routine midline spine surgery. The biopsy 



229 

 

retrieval will not result in any effect on the remainder of the surgical procedure or on your 
short-term or long-term recovery.     
31. What are the potential benefits of participating? 
The research that may be done with your muscle tissue samples is not expected to benefit you 
directly.  
 
We hope that the information learned from this study can be used in the future to benefit 
other patients with ASD. 
 
You will receive no payment for taking part in this study, nor will you receive payment or 
money if this research ultimately leads to new knowledge or technology with commercial 
potential.  
 
32. What are the alternatives to study participation? 
Should you choose not to participate in the optional study for long-term sample storage, your 
samples will be destroyed after analysis by incineration (to destroy by burning), instead of being 
frozen for future use. 

 
33. What if new information becomes available that may affect my decision to participate? 
You have the right to know about new information that may affect your health, welfare, or your 
willingness to participate in the main study and optional studies. You will be provided with this 
information as soon as it becomes available.   
 
34. What happens if I decide to withdraw my consent to participate? 
If you wish for your stored muscle tissue samples to be removed once you leave the study, you 
may call Dr. Street at 604- XXX-XXXX and he will ensure that your sample is located, removed 
from the freezer and destroyed.  If you prefer, you can also send Dr. Street a letter (at the 
address listed at the top of this form), asking to be removed from the study, but this is not 
required. If you do choose to send a letter, Dr. Street will destroy it to protect your privacy after 
it has been read. Any other information collected about you will also be destroyed. However, if 
your sample has already been tested at the time you withdraw, it may be impossible to 
withdraw the results once they have been compiled with the results of others participating in 
the study or if they have been published. Furthermore, if some of your sample has been shared 
with other researchers, it may not be possible to remove this part of the sample. In these cases 
of total withdrawal being impossible, your identity will still be protected and the chance of 
anyone knowing that you were ever involved in the study is small. 
 
You may withdraw from this study at any time without giving reasons. If you choose to enter 
the study and then decide to withdraw at a later time, you have the right to request the 
withdrawal of your information and samples collected during the study. This request will be 
respected to the extent possible. Please note however that there may be exceptions where the 
data and samples will not be able to be withdrawn, for example, where the data and sample is 
no longer identifiable (meaning it cannot be linked in any way back to your identity) or where 
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the data has been merged with other data. If you would like to request the withdrawal of your 
data and samples, please let your study doctor know.  

   
 

35. Can I be asked to leave the study? 
The investigator may decide to discontinue the study at any time. He may also decide not to 
use your sample or withdraw you from the study at any time. 
 
36. How will my taking part in this study be kept confidential? 
Your confidentiality will be respected. However, research records and health or other source 
records identifying you may be inspected in the presence of the Investigator or his or her 
designate, by representatives of the UBC Clinical Research Ethics Board for the purpose of 
monitoring the research. No information or records that disclose your identity will be published 
without your consent, nor will any information or records that disclose your identity be 
removed or released without your consent unless required by law.   
 
You will be assigned a unique study number as a participant in this study. This number will not 
include any personal information that could identify you (e.g., it will not include your Personal 
Health Number, SIN, or your initials, etc.). Only this number will be used on any research-
related information collected about you during the course of this study so that your identity will 
be kept confidential. Information that contains your identity will remain only with the Principal 
Investigator and/or designate. The list that matches your name to the unique study number 
that is used on your research-related information will not be removed or released without your 
consent unless required by law. 
 
Your rights to privacy are legally protected by federal and provincial laws that require 
safeguards to ensure that your privacy is respected. You also have the legal right of access to 
the information about you that has been provided to the sponsor and, if need be, an 
opportunity to correct any errors in this information. Further details about these laws are 
available on request to your study doctor.  
 
Your de-identified research data (e.g. your name, birthdate, and other identifiers have been 
removed) may be published or deposited into a publicly accessible location at the time of 
publication.  This enhances the transparency of the research but also allows others to access 
the data.  This should not increase risks to you, but it does mean that other researchers may 
analyze the data for different reasons other than those described in this consent form.  Once 
data is made publicly available, you will not be able to withdraw your data. 
 
37. What will the study cost me? 
You will not have to pay anything to be part of this study, nor will you be paid for participating.   
 
38. What happens if something goes wrong? 
By signing this form, you do not give up any of your legal rights and you do not release the 
study doctor, participating institutions, or anyone else from their legal and professional duties. 
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If you become ill or physically injured as a result of participation in this study, medical 
treatment will be provided at no additional cost to you.  
 
 
 
39. Who do I contact if I have questions about the study during my participation? 
If you have any questions or desire further information about this study before or during 
participation, or if you experience any adverse effects, you can contact Dr. John Street at (604) 
XXX-XXXX or the Spine Research Coordinator, Leilani Reichl at (604) XXX-XXXX. 
 
40. Who do I contact if I have any questions or concerns about my rights as a participant? 
If you have any concerns or complaints about your rights as a research participant and/or your 
experiences while participating in this study, contact the Research Participant Complaint Line in 
the University of British Columbia Office of Research Ethics by e-mail at RSIL@ors.ubc.ca or by 
phone at (604)XXX-XXXX (Toll Free: 1-877-XXX-XXXX).  Please reference the study number [H18-
01072] when calling so the Complaint Line staff can better assist you. 
 
41. After the study is finished 
Please indicate, by checking the applicable box, whether you are willing to be re-contacted for 
future research studies not listed here.  You may choose not to participate in some or all of the 
options – just leave the box blank if you do not consent to the use described. 
 

 
I agree that a member of Dr. Street’s research team may contact me in the future for 
follow-up or further research related to this study 

  

 
I agree that a member of Dr. Street’s research team may contact me in the future to ask 
if I am interested in participating in other research studies not described in this form. 

 
 
  

mailto:RSIL@ors.ubc.ca
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42. Optional consent for muscle tissue biobanking for future research studies 
 

Participant Consent  
My signature on this consent form means: 

• I have read and understood the information in this consent form. 

• I have had enough time to think about the information provided. 

• I have been able to ask for advice if needed. 

• I have been able to ask questions and have had satisfactory responses to my questions.  

• I understand that all of the information collected will be kept confidential and that the 
results will only be used for scientific purposes. 

• I understand that my participation in this study is voluntary. 

• I understand that I am completely free to refuse to participate or to withdraw from this 
study at any time, and that this will not change the quality of care that I receive. 

• I authorize access to my health records and samples as described in this consent form.  

• I understand that I am not waiving any of my legal rights as a result of signing this 
consent form.  

• I understand that there is no guarantee that this study will provide any benefits to me.  
 
1. I will receive a signed copy of this consent form for my own records. 
2. I consent to participate in this study. 
 
 
 
 

  
 

  

Participant’s Signature  Printed Name  Date 
 
 
 
 
 

      

Signature of Person 
Obtaining Consent 
 

 Printed Name  Study Role  Date 
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B.3 Clamp Validation 

To assess functionality of the clamp, the in situ sarcomere length of a fresh fiber bundle from 

rectus femoris in one rat (Figure B-1) was measured using the clamp in two situations. In 

situation 1, the clamp grabbed a fiber bundle while it was still attached to the bony elements 

(Figure B-2a); in situation 2, the grabbed fiber bundle by the clamp was detached from the bones 

(Figure B-2b).  

A diode laser transilluminated the fiber bundle in both situations and the resulting diffraction 

patterns were used for measurement of in situ sarcomere length. Sarcomere length measurement 

was repeated five times. The mean and standard deviation for in situ sarcomere length was 

2.64±0.08 µm in situation 1 and 2.70±0.08 µm in situation 2. This experiment verified that the in 

situ tension was preserved by the clamp such that after detaching the fiber bundle from the bones 

its sarcomere length did not decrease.  

Obviously after detaching the fiber bundle from the bones (situation 2), the clamp cannot apply 

further tension to the fiber bundle, therefore the 60 nm larger value measured for in situ 

sarcomere length in situation 2 compared to situation 1 is attributed to the measurement errors. 

Our sarcomere length measurement technique requires manual selection of the first order 

diffraction maximums. Due to large thickness of the fiber bundle tested, the diffraction pattern 

was not as sharp and clear as when a single fiber or small fiber bundle of ~10-20 fibers is tested. 

Therefore, a larger standard deviation was observed (i.e. 80 nm) than the typical resolution of 10 

nm we perceive when testing single fibers or small fiber bundles (~10-20 fibers).         
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Figure B-1. Rectus femoris of a Sprague-Dawley rat and the fiber bundle tested for in situ sarcomere length 

measurement.   

 

Figure B-2. Validation of the functionality of the specialized muscle biopsy clamp. In situation 1, the clamp 

grabbed a fiber bundle while it was still attached to the bony elements (A); in situation 2, the grabbed fiber 

bundle by the clamp was detached from the bones (B). 
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B.4 Biopsy acquisition instructions 

The following instructions were provided to the surgeons for biopsy collection:  

• Anatomically, all muscle biopsies should be ideally collected from L5. As a rule of 

thumb, any muscle tissue medial to facet joints is considered multifidus, and lateral to 

facet joints, Longissimus. 

• Four biopsies will be collected with the special muscle biopsy clamps. These biopsies 

need to be thin but very delicately taken. For the thickness of the fiber bundle you can 

consider the thickness of grocery rubber bands (3-5 mm in diameter).  

• The other four biopsies will be collected through blunt cut with a scalpel. The larger these 

pieces of muscle tissue, the better. Please divide them in half once placed in the sterile 

bowl.  

• Please make sure all the biopsies are taken from the muscle belly and not the tendon. 
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B.5 Tissue Collection Flow Sheet 

AT TIME OF OR BOOKING: 

• Surgeon to ensure study patient on OR slate with ‘Sagittal Deformity Study’ indicated in comment 

field 

 

DAY BEFORE OR: 

• Consent form and information package added to patient’s hospital chart  

• Spine Research e-mails the head nurse later so additions form can be updated with the following 

requested supplies: 

o Clamps X 4 

o A Container X 1 (holds clamps) 

o B Container X 1 (holds blunt cut samples) 

 

DAY OF OR: 

• Spine Surgeon contacts Masoud ≈ 1 hour before sample is ready to be collected  

• Masoud arrives in OR and sets up workstation in corner of OR theatre 

 

INTRA-OP: 

Part 1: Medtronic Clamp Biopsy Tissue Collection 

➢ Single, sterile 4-pack of Medtronic clamps already in sterile field 

➢ During exposure of spine muscles, Surgeon collects tissue sample in each clamp 

➢ As each sample collected, single clamp passed from Surgeon → Scrub Nurse → Circulating Nurse → 

Masoud  

➢ Masoud places clamps into Container A already containing formalin storage solution (see Figure 1) 

➢ Once all clamps placed in Container A, spill-proof lid applied (see Figure 5) 

➢ Closed Container A placed in transport box 

 

Part 2: Blunt Cut Biopsy Tissue Collection  

➢ 4 sterile stainless steel bowls already in sterile field  

➢ Surgeon collects 4 blunt cut biopsies 

➢ Each sample pair is placed in steel bowl and passed from Surgeon → Scrub Nurse → Circulating 

Nurse → Masoud  

➢ Masoud places the tissue samples into Eppendorfs already containing storage solution (see Figures 1 

and 6)  

 

POST-OP: 

Part 1: Sample Pick-Up 

➢ OR team member requests porter pick-up as a RUSH 

➢ Porter brings transport box containing all biopsy samples to Anatomic Pathology (AP)  

➢ Masoud goes to AP to sign off on tissues, picks up transport box with samples and transfers to ICORD 

lab 

 

Part 2: Return of Equipment to MDRD 

➢ Once samples removed from biopsy kit equipment, Masoud will rinse/clean clamps and containers of 

debris 

➢ Cleaned containers will be brought to MDRD dept for cleaning and sterilization (clamps & containers)  

➢ Clamps & containers to be kept by MDRD until next case booked and will be added to case cart  
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Appendix C Supplementary Materials for Chapter 5 

C.1 Formulations for Muscle Force Computation 

The anatomic properties (typically measured in cadaveric studies) required as input to the 

musculoskeletal models include the in situ sarcomere length (𝑙𝑐𝑎𝑑
𝑠 ), PCSA, pennation angle 

(𝛼𝑐𝑎𝑑), and the ratio of fiber to musculotendon length (
𝑙𝑐𝑎𝑑

𝐹

𝑙𝑐𝑎𝑑
𝑀𝑇 ). As these parameters taken from the 

literature were typically measured in cadavers the subscript “𝑐𝑎𝑑” was used. Note that absolute 

values for fiber or tendon lengths are NOT necessary, rather only the ratio of fiber to tendon 

length is sufficient. Here we explain how in a musculoskeletal model, normalized fiber length 

𝑙𝑚𝑜𝑑𝑒𝑙
𝐹 and consequently the sarcomere length 𝑙𝑚𝑜𝑑𝑒𝑙

𝑆  are calculated to be used for computation of 

muscle forces.    

To add muscles to a skeletal model, the attachment sites of each muscle fascicle is identified on 

bony elements based on detailed description of anatomical studies. By connecting those 

attachment sites, muscle fascicles are formed. As shown in Figure C-1, the resulting length of the 

connected points (the distance between A and B) is the length of the entire muscle-tendon unit 

(𝑙𝑀𝑇). 

The length of the muscle-tendon in the model may not necessarily be the same as the one 

measured in cadavers; therefore, direct incorporation of cadaveric muscle properties into the 

model is generally wrong; instead, they should get scaled by the ratio of the muscle-tendon 

length of the model at t = 0 (before simulation starts) to the muscle-tendon length of the cadaver 

(i.e. 
𝑙𝑚𝑜𝑑𝑒𝑙,𝑡=0

𝑀𝑇

𝑙𝑐𝑎𝑑
𝑀𝑇 ). 
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Figure C-1. Muscle anatomic properties including the pennation angle 𝜶, musculotendon length 𝒍𝑴𝑻, and 

fiber length 𝒍𝑭. For better demonstration of muscle parameters, (b) is merely a rearrangement of (a). 

With rigid tendon assumption, the length of the model tendon 𝑙𝑚𝑜𝑑𝑒𝑙
𝑇  will be constant over time 

and can be calculated as: 

𝑙𝑚𝑜𝑑𝑒𝑙
𝑇 =

𝑙𝑚𝑜𝑑𝑒𝑙,𝑡=0
𝑀𝑇

𝑙𝑐𝑎𝑑
𝑀𝑇

(𝑙𝑐𝑎𝑑
𝑀𝑇 − 𝑙𝑐𝑎𝑑

𝐹 cos 𝛼𝑐𝑎𝑑) = 𝑙𝑚𝑜𝑑𝑒𝑙,𝑡=0
𝑀𝑇 (1 −

𝑙𝑐𝑎𝑑
𝐹

𝑙𝑐𝑎𝑑
𝑀𝑇 cos 𝛼𝑐𝑎𝑑)

= 𝑐𝑡𝑒 

(C-1) 

where 𝑙𝑚𝑜𝑑𝑒𝑙,𝑡=0
𝑀𝑇  is the length of the muscle-tendon before the simulation starts (i.e. the body is at 

rest - supine position just as were the embalmed cadavers in which the muscle properties were 

measured). To avoid confusion, the parameters in the formulations were color coded: grey 

represented parameters taken from the literature (typically measured in cadavers), which were all 

constant values; Blue was used for parameters belonging to the model and were all constant 

values; and Red was used for model parameters that were dynamic and changed as the body 

moved.      
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After tendon length of the model was obtained, the model fiber length 𝑙𝑚𝑜𝑑𝑒𝑙
𝐹 , which changes as 

the body moves, can be computed as: 

𝑙𝑚𝑜𝑑𝑒𝑙
𝐹 = √(𝑙𝑚𝑜𝑑𝑒𝑙

𝑀𝑇 − 𝑙𝑚𝑜𝑑𝑒𝑙
𝑇 )2 + (𝑙𝑚𝑜𝑑𝑒𝑙,𝑡=0

𝑀𝑇
𝑙𝑐𝑎𝑑

𝐹

𝑙𝑐𝑎𝑑
𝑀𝑇  sin 𝛼𝑐𝑎𝑑)

2

  (C-2) 

By fiber length changes, the pennation angle changes, the cosine of which could be calculated as:  

cos 𝛼 =
𝑙𝑚𝑜𝑑𝑒𝑙

𝑀𝑇 − 𝑙𝑚𝑜𝑑𝑒𝑙
𝑇

𝑙𝑚𝑜𝑑𝑒𝑙
𝐹  (C-3) 

Fiber optimum length in the model 𝑙𝑜,𝑚𝑜𝑑𝑒𝑙
𝐹  is defined as the fiber length at which sarcomeres are 

at their optimum length (𝑙𝑜
𝑠) for generating active forces. This is calculated from the fiber 

optimum length in the cadaver 𝑙𝑜,𝑐𝑎𝑑
𝐹  as: 

𝑙𝑜,𝑚𝑜𝑑𝑒𝑙
𝐹 =

𝑙𝑚𝑜𝑑𝑒𝑙,𝑡=0
𝑀𝑇

𝑙𝑐𝑎𝑑
𝑀𝑇 × 𝑙𝑜,𝑐𝑎𝑑

𝐹 =  
𝑙𝑚𝑜𝑑𝑒𝑙,𝑡=0

𝑀𝑇

𝑙𝑐𝑎𝑑
𝑀𝑇 × 𝑙𝑐𝑎𝑑

𝐹 ×
𝑙𝑜

𝑆

𝑙𝑐𝑎𝑑
𝑆

=  𝑙𝑚𝑜𝑑𝑒𝑙,𝑡=0
𝑀𝑇 ×

𝑙𝑐𝑎𝑑
𝐹

𝑙𝑐𝑎𝑑
𝑀𝑇 ×

𝑙𝑜
𝑆

𝑙𝑐𝑎𝑑
𝑆  

(C-4) 

where 𝑙𝑜
𝑆 is assumed for both cadavers and models to be equal to 2.8 µm [115]; and 𝑙𝑐𝑎𝑑

𝑆  is the in 

situ sarcomere length. Finally, normalized fiber length in the model is computed as: 
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𝑙𝑚𝑜𝑑𝑒𝑙
𝐹 =

𝑙𝑚𝑜𝑑𝑒𝑙
𝐹

𝑙𝑜,𝑚𝑜𝑑𝑒𝑙
𝐹 =

𝑙𝑚𝑜𝑑𝑒𝑙
𝐹

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑆𝑎𝑟𝑐𝑜𝑚𝑒𝑟𝑒𝑠

𝑙𝑜,𝑚𝑜𝑑𝑒𝑙
𝐹

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑆𝑎𝑟𝑐𝑜𝑚𝑒𝑟𝑒𝑠

=
 𝑙𝑚𝑜𝑑𝑒𝑙

𝑆

𝑙𝑜
𝑆 = 𝑙𝑚𝑜𝑑𝑒𝑙

𝑆   (C-5) 

where by “Number of Sarcomeres” it is meant the number of sarcomeres in series that form the 

length of a muscle fiber; its value is not important here though as it cancels out in the above 

formula. Therefore, one may obtain the sarcomere length of the model as: 

 𝑙𝑚𝑜𝑑𝑒𝑙
𝑆 = 𝑙𝑜

𝑆 × 𝑙𝑚𝑜𝑑𝑒𝑙
𝐹  (C-6) 

The anatomic and biomechanical properties are then used for muscle force computation through 

the following formulation:  

𝐹𝑚𝑢𝑠𝑐𝑙𝑒 = 𝑃𝐶𝑆𝐴

× (𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 × 𝑆𝑝𝑇 × 𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐𝑇𝑒𝑛𝑠𝑖𝑜𝑛 × 𝑓𝑎𝑐𝑡𝑖𝑣𝑒(𝑙𝑚𝑜𝑑𝑒𝑙
𝑆 )

+ 𝑘 × 𝐾 × 𝑓𝑝𝑎𝑠𝑠𝑖𝑣𝑒(𝑙𝑚𝑜𝑑𝑒𝑙
𝑆 )) × cos 𝛼  

(C-7) 

where 𝐾 is a constant scaling the normalized passive curve just as does the specific tension for 

the normalized active curve; SpT and k are the scaling factors for the specific tension and 𝐾, 

respectively, and are both set to 1 by default; 𝑙𝑚𝑜𝑑𝑒𝑙
𝑠  is the model sarcomere length; 𝑓𝑎𝑐𝑡𝑖𝑣𝑒 and 

𝑓𝑝𝑎𝑠𝑠𝑖𝑣𝑒 are force multipliers as functions of 𝑙𝑚𝑜𝑑𝑒𝑙
𝑆 and are obtained from the normalized force-
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length curve (Figure C-1); and activation is a decimal varying between 0 and 1 representing 

muscle activation level between turned off and fully activated. 
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C.2 Calibration 

In an in vivo study [26] of four male subjects lying on their right side, the maximum voluntary 

back-extension torques about the L5-S1 joint along with the corresponding intra-abdominal 

pressures were measured at multiple lying body postures including 20° extension, 10° extension, 

10° flexion, and 30° flexion. To simulate this study, gravity was set to zero in our model and an 

anteriorly oriented horizontal force was applied to T3 center of mass which had a lever arm of 

0.39m about L5-S1. Division of the measured torques in that study by 0.39 gave us the expected 

equivalent forces to be applied horizontally at T3 and to be resisted by the model (Table C-1). In 

our model, for each posture the applied horizontal force was increased by increments of 5 N until 

the model was not able to resist. As a kinematic accuracy with tracking error of less than 1° was 

desired, the maximum resisting force by the model was defined as the force beyond which the 

model could not stay within 1° of the prescribed rotation.  

A specific tension of 100 𝑁/𝑐𝑚2 and three weighting terms of 2.5, 0.025, and 0.005 for the first 

three cost functions were achieved in our previous model through simulation of 10° extension 

and 10° flexion postures [152]. We used these same values and simulated 20° extension and 30° 

flexion, to determine the weighting term for the fourth cost function (𝑤4) which dealt with six-

dimensional springs force minimizations and was introduced in this study. Four values of 1, 5, 

10, and 15 were attempted for 𝑤4 to obtain the maximum forces the model could resist to keep 

the model once within 1° and once within 2° of the prescribed position. With 𝑤4 = 5 the closest 

results to the experimental data were achieved by the model, especially for the flexion postures 

(Table C-2). 
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Table C-1. Average of the maximum sagittal plane moment, intra-abdominal pressure (IAP), and diaphragm 

area at different positions for subjects of the of Daggfeldt et al.’s study [26].  

 
Extension 

20° 

Extension 

10° 

Flexion 

10° 

Flexion 

30° 

Moment Magnitude (Nm) 110 (90-130) 180 (150-210) 240 (210-270) 290 (240-340) 
IAP (kPa) 12 16 18 18 
Diaphragm Area (𝑐𝑚2) 190 (150-230) 200 (160-240) 210 (180-240) 240 (220-260) 
𝐹𝐼𝐴𝑃 = 𝐼𝐴𝑃 × 𝐴𝑟𝑒𝑎 (N) 228 320 378 432 

Expected Equivalent Force to 

be Resisted by the Model (N) 
282 461 615 743 

 

Table C-2. Maximum resistible forces by the model at 20° extension, 10° extension, 10° flexion, and 

30° flexion when values of 1,5,10, and 15 were attempted for 𝒘𝟒 (the weighting term for the FSU 

forces cost function). Values are reported for tracking errors of 1° and 2°. The weighting term 

producing closest results to the equivalent forces in Table S1 is presented in bold.   

 Tracking Error < 1°  Tracking Error < 2° 

 
Extensio

n 

20° 

Extensio

n 

10° 

Flexion 

10° 

Flexion 

30° 
 

Extensio

n 

20° 

Extensio

n 

10° 

Flexion 

10° 

Flexion 

30° 

w4= 15 160 N 170 N 205 N 250 N  225 N 270 N 330 N 400 N 

w4= 10 240 N 290 N 350 N 430 N  410 N 480 N 550 N 615 N 

w4= 5 400 N 505 N 615 N 745 N  410 N 510 N 650 N 765 N 

w4= 1 405 N 555 N 650 N 785 N  420 N 560 N 700 N NP 

Once 𝑤4 = 5 was determined, to refine the value selected for the specific tension, two other 

values of 80 𝑁/𝑐𝑚2 and 90 𝑁/𝑐𝑚2 were attempted, but still 100 𝑁/𝑐𝑚2 was the only one being 

able to produce sufficient strength especially when the model is flexed (Table C-3). 

Table C-3. Maximum resistible forces by the model at 20° extension, 10° extension, 10° flexion, and 

30° flexion for specific tension. Values are reported for tracking errors of 1° and 2°. The specific 

tension producing closest results to the equivalent forces in Table C1 is presented in bold.   

 Tracking Error < 1°  Tracking Error < 2° 

 
Extensio

n 

20° 

Extensio

n 

10° 

Flexion 

10° 

Flexion 

30° 
 

Extensio

n 

20° 

Extensio

n 

10° 

Flexion 

10° 

Flexion 

30° 

ST=100 400 505 615 745  405 525 650 765 

ST=90 375 470 570 695  385 480 605 695 

ST=80 345 435 515 640  360 440 555 640 
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Appendix D Muscle Stiffness Testing Apparatus 

D.1 The Apparatus 

Measuring elastic modulus of muscle fibers and fiber bundles required a special apparatus, which 

I designed and developed during my PhD studies receiving assistance from a graduate student 3 

and an undergraduate student 4 in prototyping some of the components (Figure 2-2, Figure D-1, 

and Figure D-2). The apparatus was customized and built based on the working system in Dr. 

Steve Brown’s lab at the University of Guelph. The major components of the apparatus included 

a temperature-controlled solution bath, a photodiode array system, a length controller and a 

highly sensitive force transducer. We bought the force transducer from Aurora scientific (400A, 

Aurora, Ontario, Canada) and developed the other major components in our lab.  

 

Figure D-1. Schematic of the designed muscle stiffness testing apparatus. 

 
3 Mr. Sandeep Sadaram 
4 Mrs. Sophie Ramsden 
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Figure D-2. The manufactured muscle stiffness testing apparatus designed and developed in our lab. 

D.2 Temperature-Controlled Solution Bath 

Measuring elastic modulus of a fiber/fiber bundle requires the fiber/fiber bundle to be immersed 

into a physiological relaxing solution, for which we designed and built a temperature-controlled 

solution bath. During the test to monitor the strain of the muscle fiber/fiber bundle through the 

diffraction technique, a laser beam needed to enter from the bottom of the bath to transilluminate 

the fiber/fiber bundle. Therefore, the design of the solution bath was considered to be modular 

consisting of a solution bath body, a bracket, and a transparent glass (for which we used a 

microscope slide) in between the two (Figure D-3). With this modular design, the glass 

(microscope slide) could be easily replaced by a new one when the scratches/dusts on it would 

affect the quality of the laser beam.   
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Figure D-3. Temperature-controlled solution bath. The temperature of the solution was monitored using a 

thermometer and was controlled by an Arduino adjusting the power fed to the thermoelectric cooler (A). The 

design of the bath was modular (B-C) to allow for convenient replacement of the transparent glass in between 

the solution bath body and bracket. 
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A few novel features were provisioned for the solution bath body, which made it a convenient 

one to work with (Figure D-4). A narrow slit on the left side of the bath enabled insertion of the 

force transducer pin into the solution bath. With narrow enough slits, the surface tension between 

water (or more precisely the relaxing solution) and the bath wall prevents any fluid leakage 

outside the bath. We tested various slit sizes and found slits as wide as 0.71 mm to be able to 

retain the water within our anodized aluminum bath. Such slit size provided sufficient room for 

the 0.15 mm in diameter pin attached to the force transducer to stay free from the slit wall. In 

narrower slits (e.g. 0.3mm) even a slight malalignment of the pin could result in a contact 

between the slit wall and the pin and affect the accuracy of the force transducer measurements.  

 

Figure D-4. Special features of the novel solution bath body.  
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Another novel feature introduced was the angled wall on the left side of the solution bath body. 

This feature enabled more ergonomic and convenient handling of the fiber/fiber bundle by 

providing extra room available for the tip of the tester’s forceps. The tester needs to extensively 

use two forceps (18025-10, Fine Science Tools, Vancouver, Canada) to mount a fibre/fiber 

bundle onto the pins and to secure that by tying suture loops around the pins and the muscle 

fibre/fiber bundle. This process needs to be done under a stereomicroscope with extra caution 

and fine control of hand movements so that when pulling the two ends of the suture ties the force 

transducer is not damaged due to extra force applied on one side of it. The angled wall made this 

process more ergonomic for the left hand-wrist and more convenient by providing extra room.  

At the bottom face of the solution bath body, a groove of 1.3 mm in depth and 2.4 mm in width 

was milled (Figure D-4.D). Using an 1.7 mm in diameter O-ring and 6 screws which were 

uniformly tightened, the bath was sealed from the bottom against the microscope glass slide. 

Nonuniform tightening of the screws could lead to breakage of the glass or leakage of the bath.  

At the front face of the solution bath body, a window glass was secured using silicon glue; and a 

prism mirror was placed in front of it. By moving the stereomicroscope over this mirror, side-

view of the fiber/fiber bundle was observed and its side diameter was accurately measured.  

For the enzymes within the physiological solution to remain stable during the test, the 

temperature of the bath is recommended to be around ~15ºC. A waterproof thermometer 

(DS18B20, Maxim Integrated, San Jose, USA) was inserted into the solution bath through a hole 

in its right side (and secured by silicon glue) which enabled constant monitoring of the bath 

temperature (Figure D-3.A). The temperature of the bath was lowered using a thermoelectric 

cooler (CP30138, CUI Devices, Lake Oswego, OR, USA; Figure D-3.A). A thermoelectric 
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cooler is a semiconductor that when subjected to a DC voltage acts as a heat pump generating 

heat on one side while cooling down its other side. Based on thermometer readings, the power of 

the thermoelectric cooler was controlled using an Arduino. Natural convection was not sufficient 

to prevent temperature of the hot side of the thermoelectric cooler from going too high and 

burning; therefore, a copper heat exchanger (WBA-0.60-0.28-CU-01, Custom Thermoelectric, 

Maryland, USA) was placed in direct contact with the hot side of the thermoelectric cooler 

(Figure D-3.A). A flow of water at room temperature was constantly pumped from a water 

bucket (~2 liters) into the heat-exchanger and exited from the other side back into the bucket. 

Using this mechanism, we were able to maintain the temperature of the solution bath at a 

constant value of 17°C. 

D.3 Photodiode Array System 

The photodiode array system was an integral part of the apparatus. The strain of the fiber/fiber 

bundle after each increment was measured through the diffraction technique. In this technique, a 

coherent beam transilluminated the mounted fiber/fiber bundle. Due to the organized structure of 

the sarcomeres within muscle fibers, light interference occurs as the beam passes through the 

fibers and results in an spectrum of light and dark points (Figure 1-16). As explained in section 

1.6.1.1, a number of geometric dimensions including the distance between the first-order light 

points was required to measure the average length of the sarcomeres present in the 

transilluminated spot on the fiber/fiber bundle. Although the light points can be indirectly 

observed when projected on a surface (e.g. a white paper, Figure D-5.A,C, and E), accurate 

measurement of the sarcomere length requires detecting the exact peak of the light points. To 

accomplish this, we developed a photodiode arrays system that precisely rendered the diffraction 

pattern based on projected light intensity (Figure D-5.B,D, and F).  
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Figure D-5. Muscle fiber diffraction pattern observed by naked eye and with our photodiode array system. 
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We used a 1280×1 photodiode array (TSL1410R, AMS-TAOS, USA) consisting of 1280 linear 

pixel elements (each measuring 63.5 µm in length and 55.5 µm in width) in series (Figure D-6). 

These sensor pixels generate electrical current proportional to the intensity of the light projected 

onto them. Using an Arduino Mega 2560 (A000067, Arduino, Italy) we were able to scan the 

diffraction patter every 16 ms although for our application such speed was not necessary at all. 

Using the open source Processing software package (www.processing.org), we rendered the 

scanned pattern on the monitor screen. The user could click on the peak of the first order light 

points and measure the exact distance between them knowing that the physical distance between 

the two end pixels of the photodiode array is 81.272 mm (Figure D-5).  

We 3D printed a deep dark housing for the photodiode array to serve two purposes. First, inside 

the housing, the photodiode array was fixed and would remain at a constant distance from the 

fiber/fiber bundle. Second, the depth of the housing would filter our most of the ambient light 

from projecting onto the photodiode array. The remaining ambient light that would enter anyway 

was recorded when the laser was turned off and was subtracted when the laser was turned on so 

the user would only observe the diffraction pattern resulting from the laser beam. A swivel arm 

was used for convenient handling and coarse positioning of the photodiode array system, while a 

XY translation stage was used for finer positioning of the photodiode array system (Figure D-7).  
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Figure D-6. Photodiode array system. 

The golden line on the front side is to 

be exposed to the diffraction pattern 

(A). The back side of the photodiode 

array was pressed firm in place so that 

its position remained fixed with respect 

to the housing (B). The tall walls of the 

3D printed housing around the 

photodiode array filtered out a large 

portion of the ambient light from 

hitting the photodiode array (C and D). 
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Figure D-7. The mechanism for adjusting position of the photodiode array system. Swivel arm was used for 

coarse positioning and XY translation stage for fine positioning. 

The photodiode array system was calibrated and validated using two diffraction gratings of sizes 

2 µm (Edmond Optics, Barrington, NJ, USA) and 3.33 µm (Thorlabs, Newton, NJ, USA). For 

calibration, the first diffraction grating was immersed into the physiological solution in the bath 

at the same position that muscle fiber/fiber bundle would be placed for testing. By shining a laser 

beam through the grating, the diffraction pattern was captured by the photodiode array system 

(Figure D-8). The distance between the muscle fiber/fiber bundle and photodiode array (i.e. L in 

in Equation (1-3)) was fine tuned numerically so that the calculated grating size would match the 

grating nominal size, i.e. 2 µm. For validation, the first grating was replaced by the second 

grating and its grating size was measured. The measured (calculated) grating size was found to 

match the nominal value, i.e. 3.33 µm with a precision of 10 nm. 
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Figure D-8. Diffraction grating and its diffraction pattern. The size of the first diffraction grating was 2 

micron (A). Shining the diffraction grating by a laser beam resulted in nice diffraction patterns that could be 

seen as projected on a piece of paper (B-C) and through our photodiode array system. 

D.4 Laser Source 

We used S1FC660 Fabry-Perot benchtop laser source from Thorlabs (Newton, NJ, USA). This 

laser-diode-driven fiber-coupled laser source provided a single mode Guassian beam with a 

wavelength of 660 nm. The power of the laser source was adjustable using a knob reaching up to 

15 mW, but for our experiments we kept it between ~2.5 to 5 mW at most of the times (Figure 
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D-9). The beam was guided through a single-mode patch cable (P5-630A-PCAPC-1, Thorlabs, 

Newton, NJ, USA) to enter a collimation package (F230APC-633, Thorlabs, Newton, NJ, USA), 

resulting in a collimated beam of 0.84 mm in diameter. 

 

Figure D-9. Laser source with adjustable power up to 15 mW (here set to 5 mW).  

I designed and 3D printed a housing for the collimation package to provide easy positioning of 

the laser beam (Figure D-10). The housing included four magnets at a height of 10 mm from the 

breadboard table. The magnets allowed smooth slide of the housing for adjusting its position, 

while providing sufficient grip to the table so as to be kept fixed in a desired location. The 

collimation package was secured within an unthreaded adapter (AD11NT, Thorlabs, Newton, 

NJ, USA) and placed inside the housing bore. Using a set screw on top and two screws at sides 

of the hole, the orientation of the adaptor containing the collimation package could be fine-tuned 

so as the exiting beam stays horizontal (Figure D-10).  
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Figure D-10. Housing for the laser collimation package. 

 

The horizontal collimated beam would hit a right-angle prism mirror (MRA10-P01, Thorlabs, 

Newton, NJ, USA) to be reflected vertically and pass through the transparent bottom of the 

temperature-controlled solution bath and hit the muscle fiber/fiber bundle and transilluminate it 

(Figure D-11).  
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Figure D-11. Prism mirror reflecting the horizontal laser beam vertically. 

Under no circumstance the laser beam could be directly looked at. Adjusting the beam direction, 

however, required an indirect glance to the laser beam. Therefore, standard laser safety glasses 

(LG13, Thorlabs, Newton, NJ, USA) were used to protect the user from this class 3B laser.  

D.5 Length Controller 

To stretch the muscle fiber/fiber bundle, increments of 10% strains at a rate of 10% per second 

were applied. For a 2.5 mm long fiber/fiber bundle this would be equal to a stretch of 250 µm at 

a rate of 250 µm/s. Such stretch was achieved using a stepper motor (CRK523PMAP, Oriental 

Motor, Torrance, CA,USA), a motor driver, and an Arduino (Figure D-12).  
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Figure D-12. Length controller consisted of a stepper motor, a motor driver, and an arduino. 

Initially, we attached a 3D printed lever arm to the stepper motor and assessed its performance 

(Figure D-13). Using a dial gauge with a resolution of 25.4 (0.001 inches) the function of the 

length controller was verified (Figure D-13). We aimed for applying 10 consecutive 

displacement of 250 µm at the tip of the lever arm, which was in contact with the tip of the 

spring-loaded dial indicator. We repeated the measurement for three complete cycles (each with 

10 incremental stretches). The average of the measured displacement per each increment was 

256 µm with a precision of 27 µm (standard deviation). The length controller successfully met 

our expectations, especially given that the average load on the lever arm by the dial gauge 

indicator was ~500 mN which is larger than the maximum tension a muscle fiber/fiber bundle 

would undergo in our tests (~30 mN). In addition, part of the lower precision reported here was 

due to the coarse resolution of the dial gauge being 25.4 µm. Most importantly, the exact strain 

of a muscle fiber/fiber bundle after each stretch would be measured accurately using the 

photodiode array system. Therefore, it was not necessary that the length controller apply an exact 

10% strain, rather the accuracy of the stress-strain curve would be guaranteed by the very 
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accurate photodiode array system. In the final version of the length controller, we replaced the 

3D printed lever arm by a modified lever arm which was manufactured out of anodized 

aluminum (Figure D-14). 

 

Figure D-13. Verification of the performance of the length controller using a dial gauge. 

   

Figure D-14. Final version of the length controller with a modified lever arm. 
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D.6 Force Transducer  

We bought the 400A force transducer from Aurora Scientific (Aurora, Ontario, Canada), whose 

design was based on a variable displacement capacitor. The resolution of the force transducer 

was 1 µN with maximum force measurement of 50 mN (and maximum overload force of 250 

mN). A scaling factor of 5.013 mN/Volt was used to convert voltage readings to forces. The 

force transducer was validated by hanging standard weights of 10 mg, 100 mg, 1 g, and 2 g 

(ASTM Class II Standard Weights Troemner, NJ, USA) repeated for 12 trials each with no 

measurement having more than 6%, 4%, 2%, and 1% errors, respectively.  

D.7 Stereo Microscope 

The entire tissue preparation process, ranging from muscle fibers/fiber bundle extraction to 

installation of the fiber/fiber bundle onto the pins, demanded usage of a stereomicroscope 

(Figure D-15). We selected SteREO Discovery.V8 stereomicroscope (Zeiss, Germany) and 

equipped it with a Plan-Apochromatic 0.63x objective lens (435202-9902-000, Zeiss, Germany), 

which provided a wide filed of view correcting for spherical aberrations. In addition to providing 

better visualization and hence contributing to better handling of the fiber/fiber bundles, this 

feature helps in ensuring that both pins are in focus and hence aligned, which is desired for 

uniaxial tensile testing. For alignment, specifically, it is noteworthy that we would also check the 

side-view of the fiber/fiber bundles to make final position adjustments ensuring alignment in 

both planes are achieved.  

For measuring the dimensions of the fiber/fiber bundle (from the both top and side views), the 

XY translation stage on which the base plate was mounted was used (Figure D-16). For example, 

for measuring the top diameter in the middle of the fiber, the XY stage was moved such that the 
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center of the crosshair reticule inside the eyepiece of the microscope would coincide with the 

bottom edge of the fiber/fiber bundle. The micrometer of the Y stage was zeroed at this point and 

then moved until the crosshair reticule center coincided with the top edge of the fiber/fiber 

bundle. The micrometer reading at that point is the diameter measured wit ha resolution of 1 

micron. After all dimensions were measured using the microscope, the microscope needed to 

give its place to the photodiode array. This was achieved thanks to the heavy duty ball-bearing-

based gliding mechanism in our boom stand (411005-0001-000, Zeiss, Germany) through which 

the microscope could be easily pushed away and brought back at the end of the experiment with 

no change in its focus (Figure D-15).  

  

Figure D-15. Zeiss stereomicroscope equiped with a plan-apochromatic objective lens. 
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D.8 Base Plate and Translation Stages  

To adjust position of most of the major components in our apparatus, several translation micro-

stages were used (Figure D-16). While the force transducer and length controller required a XYZ 

translation stage, the photodiode array system and the base plate were mounted on a XY 

translation stage.  

  

Figure D-16. Base plate and translation stages. 

  

 

 


