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Abstract

A Quantification of Deep Core Trunk Muscles Impact on Lumbardosis and Spine
Stability
by
David Aaron Moody
Doctor of Philosophy in Engineering Mechanical Engineering
University of California, Berkeley
Professor Oliver M. O’Reilly, Co-Chair

Professor Jeffrey C. Lotz, Co-Chair

The lumbar multifidus (LM) plays a unique role for adjustmantl support of lumbar
lordosis. Although exercise therapies have shown thahgtinening the multifidus pro-
duces reductions in low back pain, the quantification of thsltole is undetermined. The
goal of thisin vitro study was to test the hypothesis that LM atrophy signifisargtiuces
lumbar lordosis for spines in the upright posture.

The paraspinal muscles of six fresh human thoracolumbaegpil2-pelvis) were sur-
gically removed, leaving the spinal segments intact. Th&l&tel was fixed to a torso plate
that facilitated anatomically appropriate trunk musctaetment and dead weight simula-
tion of torso weight (245 N). The pelvis was attached to aamustixture that allowed
pelvic tilt adjustment to the appropriate value for uprigtence. In this experiment, three
muscle groups were simulated using steel cables: the deegpetddtor spinae (ES), and
rectus abdominus (RA). These cables were inserted at aicatibyrappropriate vertebral
sites and were routed directly to digitally controlled taegmotors. A total of five loading
cases were investigated for three sets of experimentsrahg@asture, axial rotation, and
flexion/extension stability perturbation.

Results indicated a small change in lumbar lordosis for B4fiotion segment for at-
rophy while in the neutral posture. The data highlights hawations in muscle activation
patterns alter lumbar lordosis and tissue stress distoitout
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|Chapter 1

Introduction

The Institute Of Medicine (IOM) reported in 2001 that thetime prevalence of lower
back pain (LBP) approaches 80% among United States (US)en® 2] with the annual
prevalence of back pain ranging from 15% to 45%, with poietptences averaging 30%
[5, 6]. Back pain is the most common cause of activity limitatiorpeople under the age
of 45 in the US, the second most frequent reason for visitgfoyaician, the fifth-ranking
cause of admission to the hospital, and the third most conwaose of surgical procedures
[6, 44, 92, 117

There are many types of LBP with the most painful being claedaw back pain
(CLBP). In a US study conducted in 1988, patients sufferimognf CLBP had a preva-
lence as high as 90.1% during years 45-64, 80.5% during J&a#l, and 75.9% during
years 65-7492]. Patients experiencing CLBP often seek treatment. Contneatments of
CLBP include acupuncture, and in extreme cases, surgeina{dpsion, artificial disc re-
placement (ADR) or total disc replacement (TDR)), and fingdhysical therapy. Patients
choosing acupuncture often experienced mixed results. a&swet al. [103 showed
that acupuncture can be an effective treatment for back, fmihthe problem remains
in reproducibility of results in the research communifyf]l Those who suffer extreme
cases of CLBP tend to choose surgery due to lack of understaaotithe etiology coupled
with the few therapeutic inventions with proven clinicahleéits [L7, 34]. Despite choos-
ing ADR/TDR over spinal fusion for its advantages, increasaobility/range of motion,
there is no evidence that disc replacement reliably, repridly, and over longer periods of
time fulfills the three primary aims of clinical efficacy: domued motion, and few adjacent
segment degenerative problerBS|[ Additionally, the efficacy of spinal fusion remains un-
clear due to the high rates of reoperation and complica{i88@ls Surgical options should
only be considered under special circumstances.

Patients who decided to participate in physical therapyeggpce better results pro-
vided they follow an appropriate regim&7. Additionally, studies have shown that partic-
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ularly among obese, decreased trunk muscle strength arla&®ys in CLBP and trunk
muscle strengthening is helpful in reducing the p&h [Furthermore, the only exer-
cise therapy that has been shown to achieve substantialaatidg reductions in pain
are special exercises directed at coactivation of the abddrmand multifidus muscles
[17, 38, 39, 74, 99, 114). This research will focus on coactivation of the abdonsred
multifidus muscles.

The research efforts on multifidus and coactivation of theoatinals found that multi-
fidus atrophy (50% or more reduction in muscle activity) hasrblinked to CLBP, likely
due to alterations in lumber posture and kinematics. In sty this, human volunteers
subjected to prolonged bedrest develop multifidus atropaidorrelates with loss of lum-
bar lordosis (approximately 1.5 degrees at L4/113]]. Similarly, paraspinal muscle atro-
phy has been linked to a loss of lordosis in patients with degaive flat back syndrome
[63].

Based on this information, three hypotheses were formechothesis 1: force com-
parable to that of moderate to severe atrophy of the deepdumiltifidus will change
lumbar lordosis. Hypothesis 2. Force comparable to that eoflenate to severe atrophy
of the deep lumbar multifidus produces a greater change makpurvature during axial
rotation than during neutral posture. Hypothesis 3: Foorapmarable to that of moderate
to severe atrophy of the deep lumbar multifidus producesrafgignt reduction of spinal
stability when the spine is perturbed in flexion or extensrom the neutral posture. The
goal of the research question was twofold: first, to providgsicians and patients with
additional benefits of non-surgical options for CLBP and;osel, to provide future re-
searchers with additional information on the contributi@iween the muscles versus the
disc properties.

In order to test the three hypotheses it was necessary teagahysiologic represen-
tative mechanical testing apparatus. To support the relsearrobust, physiologic repre-
sentative mechanical quasi-static testing device thatlsit@s flexion, extension, and axial
rotation was developed. The testing apparatus presentedhias the ability to conduct
dynamic testing which is ultimately more desirable thansissatic testing. This novel
testing apparatus and corresponding data are discusséwhptets 2 -5.

Chapter2 begins with a brief overview of the anatomy of the human spimcontinues
with a literature review of various types of spinal testipgre moment, follower load, and a
hybrid loading system. Additional details on muscle anagtame found in AppendiA. In
particular, we conducted thorough investigations of Pedtvanet al. [90] work on a spine
testing apparatus used for testing the cervical sectioneo$pine, Wilkeet al. [124 award
winning work of an alternate spine tester for the lumbar epand finally, Welkeet al.
[12( innovative spine testing device that tests two vertebodi®s versus an entire section.
Following the detailed analysis of their work, limitatioase provided and discussed in
detail to further motivate the purpose for this work. Thetrmibsequent section continues
with a brief discussion of spinal stability for this work dtgethe tremendous variability of
definitions depending on the research community i.e., babraeics community as opposed
to the physical therapy community. Finally, the chaptersewith a brief overview of the
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multi-body model used versus a finite element or complexwettebral body models.

Chapter3 expands on the motivation for the spine testing apparatusged in Chapter
2 and provides details on the novel design of the spine tesfopgratus used in this dis-
sertation. Following the presentation of the spine testimgaratus the rationale for muscle
selection and postures are provided. Intimate detailsefitbscle groups are provided in
AppendixA. The chapter ends with the testing methodology for flexiotersion, and
axial rotation for the standing posture. More specificalyesting protocol for simulating
the standing posture for three experiments.

Using testing methodologies featured in Chaeghe results from the testing are pre-
sented in Chaptet. The three test procedures: neutral posture, right an@xedd pertur-
bation, and finally, two stability perturbations: flexiondagxtension, with varying loading
conditions. The dissertation concludes, Chaptewrith a thorough discussion of the out-
comes of this work as well as recommendations for future work

In closing, the testing of whole thorocolumbar (T12-Sacrusing a sophisticated pul-
ley system representing the trunk muscles during flexioneatehsion is a more accurate
physiologic simulation of the lower spine than presentingsinethods, thereby resulting
in a testing protocol that can be of great clinical signifc@nThe results provided in this
work will further educate physicians, patients, and res®ens on the importance the deep
cores muscles play in reduction of chronic low back pain.



|Chapter 2

Background on Biomechanical Testing
of the Spine

This chapter connects all the relevant information on theg@ny of the spine, com-
ments on clinical and structural spinal stability, and dodes with an overview of previous
testing measures to motivate this work. A discussion of airboldy model for the human
spine is included.

The data in this chapter will leverage several other worlee main sources for review
of spine anatomy are from Bogdek al. [14, 15, 16, 18, 19]. Much of the work presented
on stability follows the work of Panjalgt al. [83]. Sources for relevant testing methodolo-
gies are Patwardhaet al. [90], Welke et al. [12(, and Wilkeet al. [124. Each of these
researchers present their own unique testing methodaslegiech have made tremendous
contributions to the spine research community. Their coutions to the research commu-
nity are discussed as well as identifying some of their Btniins, following an overview
of the two most common testing protocols: pure moment andvier load. Finally, the
chapter concludes with a presentation of a multi-body mdéalethe spine based on the
work of Christophyet al. [26].

2.1 Anatomy and Motion of the Spine

The human spinal column is composed of three main secti@sical, thoracic, and
lumbar as shown in Fi®.1 These sections are characterized by their curvaturegceaér
lordosis, thoracic kyphosis, and lumbar lordosis. The icafvspine starts at the skull
and is composed of seven vertebral bodies, C1-C7. Follotiagcervical spine is the
thoracic spine consisting of twelve vertebral bodies, T2-T Finally, the lumbar spine
contains five vertebral bodies, L1-L5. It should be noted there is a section below the
five lumbar vertebrae, the sacral spine, S1, and coccyx,hndrie not directly identified in
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Fig. 2.1 The sacral region and coccyx are different from the lumibaracic, and cervical
regions because they contain fused vertebral bodies rdtheindividual vertebral bodies
separated by intervertebral discs. These vertebral badiésntervertebral discs allow the
spine to move in three planes: coronal, sagittal, and tems\vas seen in Fig.2

7 Cervical verlebrae = Cervical lordosi

12 Theracie vertebrae 3 THolac e

kyphosis

5 Lumbar vertebrae T e

Fig. 2.1 Lateral view of the human spinal column indicating the thresn spinal
sections and curvatures: cervical lordosis, thoracic kg and lumbar
lordosis. The citation for the source image can be found ipeXulixB.

Motion in these planes is achieved by the activation of th& r28scle fascicles in the
trunk as shown in Fig2.31 These muscles enable the spine to move in flexion-extension
(trunk moving forward/backward) in the sagittal planegtat bending (trunk moving side-
to-side) in the coronal plane, and axial rotation (twistofghe trunk) in the transverse
plane. Thus, replication oh vivo motion duringin vitro experiments are rather challeng-
ing. Two of the most common spine testing protocols used toimin vivo motion are
known as pure moment and follower load. These methods doapdtie the full essence
of spinal motion and loading. Thus, hybrid testing methoagehbeen developed to help
close the gap.

LAdditional details on muscle anatomy can be found in AppeAdi
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Sagittal plane

Coronal plane

Transverse plane

Fig. 2.2 Coronal, sagittal, and transverse planes for the humase spirterms of
X, Y, and Z coordinates, the coronal plane is the equivaléhe X-Z
plane, the sagittal plane is the equivalent of the Y-Z plamg] finally,
the transverse plane is the equivalent of the X-Y plane. Tla¢ian for
the source image can be found in AppenBix

2.2 Clinical and Structural Stability

The human spine supports compressive loads in the ranged6f N@uring standing
and walking. However, this load increases to several thuidéewtons during various
lifting activities [91]. Without the presence of the supporting muscles, it has begmated
that the spine would buckle under a simulated compressaa ¢d 90 N B1]. The trunk
muscles serve two main purposes: to actuate the spinetingsaldynamic motion, and to
stabilize the spine during these motions and daily actigjtstatic or dynamic, preventing
the spine from buckling. Although the muscles are criticapteventing buckling and
maintaining a stable spine, there is great debate in tham@seommunity on the precise
meaning of the term ‘stability’ with respect to the humamspi

There are two types of spine stability: structural and chihi Structural stability gen-
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Fig. 2.3 An OpenSim multi-body model of the human spine using all 238de
fascicles of the human spine: a) Simulated spine in the stgmqubsture,
b) Simulated spine in the standing flexed position in thetsdgilane.
The citation for the source image can be found in Appedix

erally refers to quasi-static mechanical stability whiehates stiffness of the system with
its accompanying stability as a function of back pain. Inweds of Reevest al. [96],
“To discuss stability of a system, whether it is in equiltbn (static) or changing with
time (dynamic), we must give a small perturbation and oleséne new behavior. If the
new behavior is approximately the same as the old, quaktigtspeaking, the system is
stable.” To measure this definition of stability, a numbenwdtrics have been developed
and are typically defined in relation to back pain. There &ergetrics commonly used
to quantify this quasi-static stiffness: neutral zone ($eeexample, 80, 82, 84]), range
of motion (see, for example2}]), motion patterns (see, for exampl&5[ 69, 70, 71]),
muscle activation patterns (see, for exampld, B0, 42, 48, 55, 107]), and finally, reflex
response to a sudden permutation (see, for exan8p, [This wide range of metrics re-
sults in a broader definition of stability and thus leads teefinition of clinical stability.
Panjabiet al. [12Z] defined clinical stability as, “the ability of the spine wergphysiologic
loads to limit patterns of displacement so as not to damageitate the spinal cord or
nerve roots and, in addition, to prevent uncapacitatingmety or pain due to structural
changes. Any disruption of the spinal components (ligaseatiscs, facets) holding the
spine together will decrease the clinical stability of theae. When the spine loses enough
of these components to prevent it from adequately provitliegnechanical functions of
protection, measures are taken to reestablish the sydblid compare this definition of
stability to mechanical stability, clinical stability ifé systems“robustness,” or rather, its
ability to cope with uncertainties in the presence of dis&mces or perturbations. The more
‘robust’ the system, the greater likelihood the system camdke larger perturbations and
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changes in trunk stiffnes9%).

This work will define spinal stability, rather a spinal stéisystem similar to Panjabi
et al. [83], in that the spinal stabilizing system can be thought ofassisting of three dis-
tinct yet functionally interdependent subsystems: thesipasnusculoskeletal subsystem
(consisting of the vertebral bodies, articulating facetigrvertebral discs, spinal ligaments
and passive mechanical properties), the active muscukisksystem (comprised of the
muscles and tendons surrounding the spinal column), andlfitree neural and feedback
system (encompassing various force and motion transduoeaged in the ligaments, ten-
dons, muscles, and neural control centers.). Althoughetbgstems are separate yet func-
tionally interdependent, it was not possible at the timehag study to fully replicate the
neural control system during testing. From this point faxvine spinal stability system
will consist of the passive (vertebral bodies, articulgtfacets, intervertebral discs, and
spinal ligaments) and active (muscles and tendons surnogitige spinal column) muscu-
loskeletal subsystems.

It is important to note that by focusing on all the trunk mescihat are active during
daily activities, the picture of stability becomes almasipbssible to analyze. Further-
more, not all active musculoskeletal subsystems direcihgridbute to stabilizing the spine.
A number of assumptions, such as which muscles are activegduarious postures and
activities, must be made in order to simplify the system. viéres studies have shown
that stability in the spine increases with application dfeslent muscle groupslp7]. The
lumbar multifidus muscle group in particular has proven t@bgsential in daily activities.
A degenerated or weakened lumbar multifidus has been linkidolronic back pain in
adults @5, 46] and particularly in astronauts when they return from ofbif]. In addition,
MacDonaldet al. [66])conducted a thorough literature review of the impact & tleep
lumbar multifidus and found three significant clinical ingaliions. First, that the deep
lumbar multifidus is advantageous to the nervous systemalits ability to control in-
terveretbral shear and torsion without generating tordins control is helpful because it
doesn't require muscle co-contraction of antagonistsof@cthe deep lumbar multifidus
is more active during postural perturbations than the mopesicial multifidus. Thus, for
postural perturbations it is best to simulate the deep lummhstifidus. Finally, it was noted
that there is still a great need to investigate the cor@tdbetween postural activity of the
deep lumbar multifidus regarding low back pain. Therefdris, small yet powerful muscle
group, the lumbar multifidus, is not only essential in redgathronic low back pain but in
improving the spine stability, and thereby helping to suppanore robust lumbar spine.

Another factor that influences stability of the spine is thteivertebral disc degenera-
tion. Kirkadly-Willis et al. [58] defined clinical spinal degeneration as occurring in three
phases or stages: temporary dysfunction, unstable, ahiization, with the idea being
that the initial degeneration leads to dysfunction follovioyy a period of instability before
the spine re-stabilizes. To further complicate matteesdilration of these phases or stages
varies from individual to individual. Couple this with thadt that disc degeneration is not
only common but a natural part of the aging procds}, [and the results allude to a rather
depressing future. O’Sulliveet al. [81] has shown that exercises directed at the abdominal



Chapter 2. Background on Biomechanical Testing of the Spine

and lumbar multifidus have proven to be effective in redugiam and function disability
in patients with specialized spine disorders but have icagitbns for the general population
suffering from low back pain when ‘instability’ of the lumbsgpine is suspected.

As stated previously, the only exercise therapy that has seewn to achieve sub-
stantial and lasting reductions in pain are special exesaisrected at coactivation of the
abdominal and multifidus muscle$7. Thus, anin vitro experiment that simulates coac-
tivation of the abdominal and multifidus would be of clinisagnificance to further under-
standing chronic low back pain.

In summary, the work presented in this research focusesexifgpaspects of clinical
and structural stability of the human spine. More speciffcélhe role the deep lumbar
multifidus plays in dynamics of the human spine using stgtals one measure of biome-
chanics.

2.3 Biomechanical Testing

Many of the biomechanical tests that researchers use foalsfasting focus on the
evaluation of total disc replacements or fusion devicegs€éhests are paramount to expe-
diting the design-to-clinical trial-to-patient use cyclehere is a wide range of procedures
and very little standardization (see, for examp, [61, 76, 86, 121]). This spectrum of
testing procedures is not surprising given the complexitthe human spine. However,
the variability of spine samples makes it difficult to coatel results from the various tests.
Consequently, several standardized testing procedukesldeen championed. The three
types of standardized testing are: pure moment, follownast land a hybrid loading system.

2.3.1 Pure Moment Loading

The origin of the pure moment can be traced back to classieahanics where a pure
moment can be defined as a system of forces applied with ataesuhoment but has
no resultant forceg6]. Thus, many researchers construct custom mechanismisisimi
Fig. 2.4where it can be seen that the sum of the forces are zero but &nasrapplied.

In the words of Equizabadt al. [37],“Pure moment biomechanical conditions are pre-
ferred because they ensure uniform loading along the cobfrtire spine easing the com-
parison of techniques of previous literatur&3 herefore, many researchers use pure mo-
ments in model simulations ard vitro experiments (see, for examplg, [LO, 13, 29, 35,
41,73, 85, 86,105 123 128).

2.3.2 Follower Force Loading

Although the pure moment protocol has proven useful in tbenleichanics testing com-
munity, pure moments do not paint a complete picture of h@aWhtiman body applies loads
in the spinal region. More specifically, a pure moment is ré do fully simulate the

1Equizabakt al. observation is based on upon the worksi#5§, 126.
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Fig. 2.4 Custom pure moment fixture for flexion, extension and axi&tron.
Fixture is attached to top of pole of torso plate used for krureight
simulation: a) Top view of custom pure moment fixtures, b)ristric
view of custom pure moment fixture attached to torso plate psekd in
testing apparatus, c) Front view of custom pure moment &ty Front
view of pure moment fixture.

constant compressive preload the spine maintains duripgigbgic motion. Thus, other
testing methodologies have been developed. One such nodtiggds the follower load. A
follower load is a non-conservative load whose line of acfmlows a structural member
[20, 131]. The purpose of the follower load is to simulate a compkespreload and repli-
cate the function of local muscle groups. Nachemstoal. [75] was the first to investigate
applying compressive loads for daily activities howevemnjabiet al. [87] was one of the
first to include the effects of preload with the applicatidpbysiologic loads. By building
upon these earlier works, many research8gs91, 98, 101] were able to demonstrate that
the spine could maintain a compressive load of 1200 Newtortbe neutral posture. It
has been estimated that there are 1000 N of compressivedoritee lumbar spine during
standing and walking whereas, the compressive loads seteahousands of Newtons for
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lifting activities [91].

Despite the fact that previous researchers have been atirtonstrate that the spine
can experience these large compressive loads duringro experiments, the method in
which these compressive loads are applied (see for exangpl.B) are unphysiologic.
Thus, the follower load is useful in proving the concept & fpine being able to maintain
a large compressive load without buckling but loses valuerwdearching for a more robust
physiologic testing solution. A more appropriate testingtpcol would be a combination
of the previous two methods with an alternate applicatiotheffollower load.

Fig. 2.5 Custom lumbar follower load: a) Lateral view of tlre vitro follower
load technique, b) Anterior-posterior view of threvitro follower load
technique. The citation for the source image can be foundpipefdix
B.

Patwardhart al. [90] was the first to develop a more physiologic representagigtrig
apparatus using a follower load on a whole cervical spinda®/s in Fig.2.6. The benefit
of this tester was the ability for the cervical spine to maimta lordotic posture while
withstanding larger compressive vitro loading without any damage or instability. The
ability to simulate these large compressive loads whilenta@ing lordosis and avoiding
stability is critical to simulatingn vivo motion. For example, without the presence of the
follower load or simulated muscles, the lumbar spine wouwldkte under a compressive
load 90 N, a load which is typically less than the upper toB) fluring in vitro loading.
This work led researchers to believe that more advamtefttro testing was possible on

11
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entire regions of the spine, cervical or lumbar, without $ppghe becoming unstable and
maintaining a physiologic posture. This inspired reseansho develop several hybrid
loading apparatuses that conceptually mimicked a follda@d protocol but replaced the
follower load with simulated muscles.

Fig. 2.6 A human cervical spine (C2-T2) subjected to a compressiltewier
load: a) Lateral view of novel fixture, b) Front view of novektfire,
c) Lateral x-ray of follower load highlighting cable guidimechanism.
The citation for the source image can be found in Appemlix

2.3.3 Hybrid Loading Systems

Even though pure moment and follower load testing methagletohave proven useful,
they are unable to fully represent physiologic loads andanotn particular, they are lim-
ited in what information they provide in regards to musclévation and spine response.
As Wilke et al. [127] discovered, stability in the spine is increased with npldtimuscle
groups simulated during vitro experiments. Knowing this, Wilket al. [124] developed
one of the most robust lumbar spine testing apparatusesasseig.2.7. This spine tester
was the first to include multiple muscle groups for the lundg@ne, Erector Spine (ES),

12



Chapter 2. Background on Biomechanical Testing of the Spine

Rectus Abdominis (RA), a supporting abdominal force, eaitpreload and finally, a fol-
lower load. This tester was able to simulate lumbar flexiagi@mbetween -I%extension)
and +20 (flexion) in 5 increments. Furthermore, this tester could simulate hxidtean-
gles betweenVand 30 in 10° increments for a variety of loading conditions. This award
winning research demonstrated the possibilityifovitro loading to closely approximate
in vivo loading conditions for axial preload and use of local (felér load) and ‘global’
muscles (RA, ES, abdominal force).

SupForting Force
of Abdomen

Vertical Preload| &omm
(Body Weight)  [omms

40mm

A 4

Erector 153mm
Spinae
Rectus
Abdominis

Follower Load
(Local Muscles)

Fig. 2.7 Schematic diagram of the Wilke Spine Tester for loads agpbehe L1-
L5 spine specimens. The citation for the source image caounadfin
AppendixB.

2.4 Improvements to Existing Testing Devices

In light of these advantages, it seems difficult to improveruVilke et al. spine test.
However, there is great debate in the research communitytabe role of the supporting
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abdominal force during daily activitie2®, 49, 11(. There are those who believe that an
increase in intra-abdominal pressure will help stabilize $pine 7]. However, P4] has
determined that lumbar support belts, which are used tease intra-abdominal pressure
with the hope of lowering low back pain, did not reduce thedeace of low back injury
in baggage handlers. Thus, this lead to the belief that tppating abdominal force
is unnecessary. Second, the use of a follower load impligtsath local muscles apply a
constant load during routine activities and are less ingmbthan the larger, global muscles.
This simply isn’t the case as a growing number of researciersinding how important
these small muscles groups are to the reduction of chrombéxk pain L7].

In an attempt to address these shortcomings, Wetkal. [120 designed a similar
tester that didn’t include a supporting abdominal force sintlilated all the muscle groups
associated with the lumbar spine as shown in Zi§. In spite of including all these muscle
groups, the tester had its limitations as well. First, ityamged two lumbar elements which
limited the overall implications for the entire lumbar regi Second, it can be argued that
the robot-assisted approach was unphysiologic. Finakystmulated muscle groups failed
to simulate physiologic loads since they all applied theeséoad.

Fig. 2.8 Robot-assisted spine tester for simulation of five musaeigs on a calf
lumbar spine segment (L4/L5). The citation for the sourcagecan be
found in AppendixB.

Despite the fact all muscles are created equal, they shotlgenvalued as such. There-
fore, discrimination is not only useful but necessary dgirmvitro experiments. Welket
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al. and Wilkeet al. each found ways to discriminate that were useful for thepdilge-
ses. In this dissertation, Wilket al.swork is expanded upon by removing the supporting
abdominal force, simulating a local muscle group, the daegbar mulitifidus, with phys-
iologic loads in place of the follower load. It it our beliéfdt this modified approach will
produce greater results and more physiolagigitro experiments.

In summary, the pure moment is useful because it applie®umifoading along the
column, the follower load helped to demonstrate the spiakibty to handle large com-
pressive loads, and the various hybrid testing apparaasgsextended upon the previous
two testing methodologies to created a more advanced expeti Despite their many ad-
vances over their predecessors, an upgraded approacheissaeg In the next chapter a
detailed novel spine testing apparatus will be presenteceldss the testing methodology
used for then vitro experiments. However, it is useful to talk about spine $itgloriefly
here before moving forward.

2.5 Models of the Spine

In addition to considering stability and developing a ncs@he testing apparatus fo-
cusing on the lumbar multifidus, a spine model was necessaihé experiment. Comb-
ing through the literature, many researchers have deveélop@plex models of the human
lumbar spine (see, for exampldg 23, 36, 51, 62, 68, 106, 109, 13(). These models can
be separated into two distinct groups: multi-body modelthefspine and finite element
models of the spine.

The investigation begins with finite element models. Oneomdjawback of finite
element models is the large computation associated wittetiredels often requires a su-
percomputer to process them. The researcher is challengedxtracting relevant clinical
data from these model417. The significant financial resources required coupled with
the high level of expertise required to generate a detaitetdfelement model steered this
work towards other models and systems. More specificallgfinibe element mulitbody
models.

In regards to multibody models of the spine, it is imperathvat the muscles and ten-
dons represented in the model, which are responsible fatustmn of force and move-
ment, properly reflect the mechanical characteristicsdificanally, there are three models
or categories which are used to describe the mechanicaVioeltd muscles: cross-bride
models, one-dimensional Hill-type three-component medahd three-dimensional con-
tinuum models 10§. Use of these models also require accurate predictionethhee
muscle contractions: isometric, concentric, or eccentfibese models have often been
implemented in finite element studies (see, for exampkg,q0, 64, 115 129). The chal-
lenge with finite element studies is not limited to properesgntation, but also extracting
clinically relevant information from these finite elemenbdels.

In this work the model of choice was a multi-body model of thenan spine based
on an OpenSim platfornB8p] that uses the Hill-type constitutive model for the meclkahi

15



Chapter 2. Background on Biomechanical Testing of the Spine

behavior of the muscles and tenddns.complete model of the human spine with all 238
muscle fascicles in the trunk was developed by Christogthgl. [26], using OpenSim
as shown in Fig2.3. The advantage of using the OpenSim platform are the opereou
nature of the platform which allows greater access for thgelaresearcher community,
its internal inverse dynamics, and the ability to replicalle238 muscle fascicles in the
trunk. Intimate details on this full model are provided inpgmdixA. Although this full
model is of tremendous value to the research community, tileenous muscle groups
were simplified and limited to muscles that were activatednguthe standing posture.
Using these simplifications and assumptions, a simplifiedehof the human spine was
developed and used for this experiment and can be found ir2FEg

Fig. 2.9 An OpenSim multi-body model of the human spine with three ctaus
groups (Rectus Abdominis, Erector Spinae, and Lumbar ftlus) ac-
tivated during the standing posture: a) Lateral view of datad spine
in the standing posture, b) Front view of simulated spind@dtanding
position.

LAdditional details on Hill-type constitutive models canfoend in AppendixA.
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|Chapter 3

Experimental Methods

The human spine is an amazing structure that provides thg Wwdt the necessary
support and functionality to execute daily activities vehgrotecting the spinal cord. It is
arguably one of the most sophisticated parts of the human bowisisting of 24 vertebral
bodies each separated by an intervertebral disc that aflommsiotion when the brain’s
neural system activates a portion of the 238 muscle fascideded to execute a desired
motion. Thus, replicating all the intricacies of this worfddy designed portion of the
body is extremely challenging. In this chapter, a novel spasting apparatus is presented
that seeks to replicate some of the functionality of the huspne by building upon earlier
researcher contributions (which were discussed in Chapteith the hope of developing
greater insight into back pain. This unique testing apparét a part of a series of steps
to better replicate spinal motion so researchers can ingpifoeir understanding of spinal
function and the role of various muscles during daily atitgi.

3.1 Testing Apparatus

The testing apparatus described here is similar to that tkevét al. [124] with two
major modifications. First, the follower load has been reetband replaced with the
actuation of the deep lumbar multifidus to provide a more fhggic boundary condition.
Second, the supporting abdominal force has been removegsponse to comments in
the research community[ 21, 53]. The attachment points of the Erector Spinae (ES)
and Rectus Abdominus (RA) are consistent with those foundiike et al. The forces
generated for a neutral standing posture for these two grags also based on Willet
al.. In order to mimic the multifidus, inserting points were u$exn Bogduket al. [18]
stating that the multifidus attaches to the mammillary psses of the lumbar spine, which
is consistent with multifidus modeling of Macintoshal. [67].
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Fig. 3.1 Sagittal view of the lumbar and pelvis with the testing apjpas showing
pelvic attachment frame, muscle cables, torque motorso tplate, and
OptoTrak target for measuring vertebral position.

3.1.1 Determination of the Muscle Forces

The determination of the muscle forces for the groups remtesl was determined by
combing the literature and using a variety of best practidesr example, electromyo-
graphic data was used to determine potential forces foktmunscles. Other data was also
used for two reasons: the large variability in outcomes at@gh as 160%H0] and second,
the fact that electromyographic data is only able to be captat the surface and unable
to predict the behavior of deeper muscles, like the lumbdtifisus. Therefore, the data
used in this study reflects the physiologic range of forcélfermultifidus which was found
to be between 30 and 90 NZ, 88, 93, 10(0. However, El-Richet al. [36] conducted a
muscle activation study for standing postures using a coetbmodel andh vivo studies
and determined a different range for muscle force in theifidus. Their work suggested
an average load of 22.5 N for the multifidus activity in L3-Lkdean average load of 32 N
for L4-L5. Based upon their work and the previously mentwresearchers, we selected a
constant load of 30 N to simulate the forces generated by th&figus for this study. Cou-
pling this information with a representative wire loadiragtern shown in Fig3.2, yielded
a improved simulation of the lumbar multifidus durimgvitro experiments compared to
simply lumping the muscle groups together as part of a faioad.
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Fig. 3.2 Lumbar Multifidus (LM) simulation foiin vitro experiments.

3.1.2 Kinematics of the Testing Device

It should be noted that in the testing apparatus shown in Fifj.the T12 level is
fixed to a torso plate that facilitates anatomically appiadprtrunk muscle attachment and
dead weight simulation of the torso weight. The pelvis iad@ited to a custom fixture
that permits pelvic tilt adjustment to the appropriate ealar upright stance?]. In this
test apparatus, we simulated the deep lumbar multifidus (levector spinae (ES), and
rectus abdominus (RA) muscle groups using steel cables. c@ibkes were inserted at
anatomically appropriate vertebral sites and were routeztitly to digitally controlled
torque motors. With the help of these guides and motors,iploggc boundary conditions
were imposed. However, in order to simulate axial rotatmother device was added
to the apparatus shown in Fi§.3 which shows a sliding ring cable driven mechanism
typically used in pure moment testing. A sliding ring cabtevein mechanism was used
instead of a traditional fixed ring system because of itssiased efficiency of the resultant
pure moment37].

3.1.3 The Possibility of Dynamic Testing

In addition to the various quasi-static tests, a seamlasahgition from quasi-static to
dynamic testing was required. To accomplish this task addatiinstrument’s (NI) real-
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Fig. 3.3 Isometric view of a sliding ring cable driven mechanism ugmdpure
moment testing in axial rotation (with current setup is daing right
axial rotation).

time embedded controller, CompactRIO cRIO-9004 (Natidnatruments Corporation,
Austin, TX). Pairing NI's hardware with their real-time $ofire, LabVIEW Real-Time
(National Instruments Corporation, Austin, TX), allowed PID control loops greater than
1kHz to be used. An added bonus of this controller is that Hassis is modular and thus
additional off-the-shelf actuators and sensors can bedabigéhe addition of NI modules.
This embedded controller has been programmed to accumatelyute the specific tasks
(force and positions control loops) and provide safetydnsfto the end user. Changing
the performance requirements of this controller are redlithrough manipulation of the
sampling rate for smoother operation and close approxandb dynamic motion. The
transition from quasi-static to dynamic testing can beizedl by making small changes in
the software for the controllers instead of dramatic charige¢he testing apparatus.

3.2 Testing Methodology

In order for specimens to be included in the study, inteelwdl discs could not be
herniated and had to have a disc height no less than 50% oinskbegel-specific values
published in the literatured] 111]. Previous studies (UCSF internal data) discovered that
the aforementioned criteria result in test populationdwiild to moderate levels of disc
degeneration: Thompson Grade 2 to Gradé3]. Furthermore, specimens were x-rayed
to ensure that they were not osteopenic. Using these eiigfresh human thoracolumbar
spines (T12-pelvic) were procured through the UCSF Willedly8 Program. Paraspinal
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muscles were surgically removed, leaving the spinal setgnietact. The T12 was potted
into a top potting cup using a urethane plastic, Smooth&23d (Smooth-On Inc., Eas-
ton, Pa) that connected to the torso plate simulator withptleis being potted into the
hip simulator (see Fig3.1). Spines were preconditioned through three cycles using ne
tral posture, flexion permutation, extension perturbatand finally, right and left lateral
bending perturbation. Each perturbation had a maximufrpg@urbation from the natu-
ral posture and provided adequate time for settling betwegeles B6]. Cycling through
these physiologic ranges helps to reduce the impact of giegeapparatus30]. Note,
these precondition cycles did not simulate full range ofiomtrather we limited the range
to reflect the potential range of motion during the experitaen

The lumbar vertebral body and torso data was collected asir@ptoTrak Analog Data
Acquisition Unit associated software (Northern Digitat InWaterloo, ON). The positions
and orientations of the vertebral bodies (L2, L3, L4, L5) dacso plate were simulta-
neously collected using a commercial infrared light-eimiftdiode (IRED) optoelectronic
stereophotogrammetry system (OptoTrak 3020 PositiondgNsrthern Digital Inc., Wa-
terloo ON). Furthermore, a total of 15 IREDs were rigidlyaatied to the vertebra of inter-
est (three IREDs on the torso, and three on each of the vatedwlies L2, L3, L4, and L5).
Prior to testing, all position sensors were digitized to @bgl coordinate system defined
by three points on the frame identifying the x-y and y-x plakié&rasakiet al. [47] found
the accuracy of the OptoTrak markers to b&°dn rotation, while Schmidet al. [104]
determined the translations accuracy to be 0.1 mm with dutso of 0.01 mm. Each
sensor yielded three translations (x,y,z) and three mtat{Rx - flexion/extension, Ry -
lateral bending, and Rz - axial rotation) alternativelyEmler angles: axial rotation)),
lateral bending ), and flexion/extensiory). Here, the X-Y plane is the transverse plane,
X-Z plane is the corneal plane, and finally, the Y-Z plane esdhgittal plane as shown in
Fig. 2.2 In terms of an Euler basis, letting X, Y, Z be denoted{by, p2, p3} and a 3-2-1
set of Euler angles, results in the following expressiomsgHe Euler basis vectors:

O1 0 0 1 P1
2| = | -sin(y) cosy) 0 P2 (3.1)
O3 cog6)cogy) cogO)sin(y) -—sin(6)] [ps

As discussed in detail by Crawfoet al. [28] and O’Reilly et al. [78], the 3-2-1 is the
optimal choice of Euler angles for this particular set of@exments.

3.3 Neutral Posture

Initially, each spine was placed in a neutral posture withimimmal trunk load (22.24
N from the torso and pure moment fixture) such that the toratefnglesy, 6, and )
were as close to zero as possible following three cyclesaafgrditioning. Following pre-
conditioning and manual neutral posture placement of ttevtaneasurements were taken
for each of the IREDs for a period of three seconds. After dimgitime of 30 seconds,
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Torso dead weight

L2-L5 IRED markers

Fig. 3.4 Sagittal view of the lumbar and pelvis with the testing apjpas showing
pelvic attachment frame, muscle cables and torque motorsy fplate
with dead weight, and five IRED (torso, L2, L3, L4 and L5) Optak
targets for measuring torso and vertebral position.

the measurements of each of the IREDs were taken two mores tivit an additional
30 second grace period between recordings. Once the dataeleadcollected for these
cases, known as passive, each spine was again placed inutinal pesture representing a
standing or upright posture and were preloaded with a cosspre load of 245 N to sim-
ulate upper trunk weight as shown in FRj4'. Next, the loads in the cables simulating
were ramped up slowly to match thevitro experiments shown in Tabllewhere TW de-
notes torso weight, AR denotes axial rotation perturbat®denotes stability perturbation
(flexion or extension), L LM denotes left lumbar multifidus,LiR1 denotes right lumbar
mulitifidus, ES denotes erector spinae, and RA denotessaftdominus. Activity in this
table represent the percent activity of the lumbar multgidlihus, active is equivalent to
100% activation of the lumbar multifidus, 75% active repnesa 25% reduction in lum-
bar multifidus force from the active case, 50% active reprsse 50% reduction in lumbar
multifidus force from the active case, and finally, 25% actegresents a 75% reduction in
lumbar multifidus force from the active case. As with the passase, eacin vitro case

LIt should be noted that a small portion of the right upper jpetvest bone was removed to ensure that
IRED markers could be observed by the OptoTrak camera.
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Table 1 Neutral posturén vitro experiments.

In vitro Experiment T™W AR | S| LLM | RLM ES RA
Passive ON |ONm|O0°| ON ON ON ON
Active 245N|{ONm | 0° | 30.0N| 30.0N| 195N | 50N
75 % Active 245N|{ONm | 0° | 225N | 225N | 195N | 50N
50 % Active 245N|{ONm | 0° | 150N | 15.0N| 195N | 50N
25 % Active 245N|{ONm | 0° | 750N | 750N | 195N | 50N

was tested a total of three times on each spine with a segiérigd of 30 seconds between
each case.

4

Left Axial
Rotation

Y

Right
Axial
Rotation

Left Lumbar Right
Multifidus Lumbar
Multifidus

Fig. 3.5 Rear view of lumbar spine identifying right and left lumbaultifidus as
well as right and left axial rotation perturbations.

3.4 A Perturbation to the Axial Rotation

Using the sliding ring cable driven mechanism shown in Big, a total of twenty load-
ing cases were investigated to quantify the impact of theifitlus for a right and left axial
perturbation. The twenty load cases are displayed in Tahl8s4, and5. The experi-
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Table 2 Right axial rotation perturbationiih vitro experiments.

In vitro Experiment TW AR S|LLM |RLM ES RA
Passive ON | 452Nm|0°| ON ON ON ON
Active 245N | 452Nm|0°| 30N | 30N | 195N | 50N
75 % Active 245N | 452Nm| 0° | 225N| 30N | 195N | 50N
50 % Active 245N | 452Nm| 0°| 15N | 30N | 195N | 50N
25 % Active 245N | 452Nm| 0°| 75N | 30N | 195N | 50 N
Table 3 Right axial rotation perturbation Ih vitro experiments.
In vitro Experiment TW AR S|LLM |RLM ES RA
Passive ON | 9.04Nm| 0| ON ON ON ON
Active 245N | 9.04Nm|0°| 30N | 30N |195N | 50N
75 % Active 245N | 9.04Nm| 0° | 225N| 30N | 195N | 50N
50 % Active 245N | 9.04Nm| 0°| 15N | 30N | 195N | 50N
25 % Active 245N | 9.04Nm| 0°| 75N | 30N | 195N | 50N
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Table 4 Left axial rotation perturbationih vitro experiments.

In vitro Experiment TW AR S|LLM | RLM ES RA
Passive ON | 452Nm|0°| ON ON ON | ON
Active 245N | 452Nm| 0° | 30.0N| 30.0N| 195N | 50 N
75 % Active 245N | 452Nm| 0° | 30.0N| 225N | 195N | 50N
50 % Active 245N | 452Nm| 0° | 30.0N| 15.0N| 195N | 50N
25 % Active 245N | 452Nm| 0° | 30.0N| 750N | 195N | 50N
Table 5 Left axial rotation perturbation ih vitro experiments.
In vitro Experiment TW AR S|LLM | RLM ES RA
Passive ON | 9.04Nm|0°| ON ON ON | ON
Active 245N | 9.04Nm| 0° | 30.0N| 30.0N| 195N | 50 N
75 % Active 245N | 9.04Nm| 0° | 30.0N| 225N | 195N | 50 N
50 % Active 245N | 9.04Nm| 0° | 30.0N| 15.0N| 195N | 50N
25 % Active 245N | 9.04Nm| 0° | 30.0N| 750N | 195N | 50N

mental procedure for the axial perturbations were idehtahat of the natural posture
i.e., starting with the passive case and migrating to theexcases with the only difference
being the application of the axial rotation and varying lead the right and left lumbar
multifidus. Again, as far as procedure, they were identia#h whose two changes from
the neutral case. It should also be noted that whatevertdinegight or left axial rotation)
the perturbation was applied, the lumbar multifidus (righeét lumbar multifidus) did not
change. Fig3.2 shows the right and left lumbar multifidus as well as the rigihd left
axial perturbations. The spine in this figure has slight leethe left in the lateral rotation,
8, which was to be expected since there were no lateral musictegated to balance the

spine for lateral postures.

3.5 Perturbations to Flexional Motions

To investigate the sagittal plane stability of the lumbanspeach spine was manually

flexed to a+5° ¢ perturbation from the neutral posture as shown in Bi§. This was
accomplished by using a hand load cell with the experimgmifiing the torso pole until

the spine had reached5® from the previous neutral posture determined from the first
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experiment. Data was recorded in the same fashion as thepsesxperiments with the
only difference being that the experimenter used the haeui dell to ensure the spine held
steady at the-5° ¢ perturbation for the duration of the experiment (see Bi).

Hand load cell

Fig. 3.6 Sagittal view of the lumbar spine and pelvis with the testipgaratus
when the spine is flexed5° (i.e., the torso is flexeg = +5°) from the
neutral posture using a hand load cell.

3.6 Perturbations to Extensional Motions

The final investigation of sagittal plane stability of thenbar spine focused an exten-
sion perturbation;-5° ¢ perturbation from the neutral posture as shown in Bi@. This
was accomplished by using a hand load cell with the expetfiengrulling the torso pole
until the spine had reacheeb® from the previous neutral posture determined from the first
experiment. As with each of the previous cases, data wasdedan the same fashion
as the previous experiments with the only difference beag the experimenter used the
hand load cell to ensure the spine held steady at8%ep perturbation for the duration of
the experiment.
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Table 6 Flexion perturbation stabilitin vitro experiments.

In vitro Experiment TW AR S |LLM | RLM ES RA
Passive ON | ONm | +5° ON ON ON ON
Active 245N| ONm | +5° | 30.0N| 30.0N|[ 195N | 50 N
75 % Active 245N | ONm | +5° | 225N | 225N | 195N | 50N
50 % Active 245N|{ ONm | +5° | 1I5.0N| 150N | 195N | 50 N
25 % Active 245N|{ ONm | +5° | 750N | 750N | 195N | 50 N

Table 7 Extension perturbation stabiliip vitro experiments.

In vitro Experiment TW AR S |LLM | RLM ES RA
Passive ON | ONm| -5° ON ON ON ON
Active 245N|{ ONm | -5° | 30.0N| 30.0N|[ 195N | 50 N
75 % Active 245N | ONm | -5° | 225N | 225N | 195N | 50N
50 % Active 245N|{ ONm | -5° | 1I5.0N| 150N | 195N | 50 N
25 % Active 245N| ONm | -5° | 750N | 750N | 195N | 50 N
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Hand
load
cell

Fig. 3.7 Sagittal view of the lumbar spine and pelvis with the testpgaratus
when the spine is extended’ (i.e., the torso is extendep= —5°) from
the neutral posture using a hand load cell.
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|Chapter 4

Hypothesis and Experimental Results

4.1 Overview

Prior to discussing our experimental results of this wotks ihelpful to summarize
what methods were used in generating them. As stated in @@ fresh human tho-
racolumbar spines (T12-pelvic) were procured through tl&SB Willed Body Program.
The paraspinal muscles were surgically removed, leaviagpimal segments intact before
potting them into the spinal testing apparatus shown in&igj.Each spine was then sub-
jected to a series of vitro experiments: neutral posture, right and left axial petidn,
and finally, two stability perturbations: flexion and extiems with varying loading con-
ditions. During these experiments, lumbar vertebral baolitpns and orientations were
measured to quantify the postural changes as a functionegd Wenbar multifidus (LM)
atrophy.

For the given posture, this data was used to help determéstétility of the lumbar
region of the spine by perturbing the spine from a positiagutral posture) while simu-
lating atrophy of the deep LM. The data was then analyzed egahized with the help of
three hypotheses presented in the following sectionsid®ett2, Sectiord.3, and Section
4.4

The first section, Sectiof.2, focuses on the neutral posture and presents an additional
subsection on muscle compensation. Secfid@is devoted to an investigation of the im-
pact of right and left axial rotation for the two pure momesading cases. The discussion
in Sectiond.4focuses on the stability of the lumbar spine by studyingtiesct of a flexed
and extended perturbations of the neutral spine. Eaclosdudis at least two subsections,
the first states the hypothesis for the section and the sesonamarizes the results pre-
sented in their respective section. The chapter concludbsverief summary of all results
presented before moving on to the next chapter.
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4.2 Multifidus - Neutral Posture

4.2.1 Hypothesis 1

Force comparable to that of moderate to severe atrophy ofléep lumbar multifidus will
change lumbar lordosis.

To test this hypothesis, 6 fresh human thoracolumbar sginEz-pelvic) were tested
using the methods outlined in Secti@. Typically, muscle atrophy is defined by the
reduction in cross sectional area of the muscle of intehestever, in this work, moderate
to severe atrophy was defined by a 50% or more reduction inlmfmce. The relative
angles for the position of the adjacent vertebral bodies, L2 retatb L3, L3 relative to
L4, and L4 relative to L5 are provided in Tal®e Furthermore, the five load cases are as
follows:

Passive -a completely unloaded spine, i.e., no upper trunk weight.

Active - a loaded spine with a torso weight of 245 N and all musclesotgreSpinae
(ES), Rectus Abdominius (RA), and LM) fully activated.

75% Active - a loaded spine with a torso weight of 245 N, full activatiore& and
RA but only a 75% activation of the LM.

50% Active - a loaded spine with a torso weight of 245 N, full activatiored and
RA but only a 50% activation of the LM.

25% Active - a loaded spine with a torso weight of 245 N, full activatiorss and
RA but only a 25% activation of the LM.

Relative angles were calculated by first determingnépr each vertebral body in terms
of the absolute coordinate system then subtracting théwelangels between adjacent
vertebral bodies. In this table and subsequent tables,dheaase is the basis for how
data is compared, i.e., relative angles for each posturadlaive to L3, L3 relative to
L4, and L4 relative to L5) are zero for the active posture amésoured relative the active
loading case. Finally, it was noted that one of the data sdteg were drastically different
than the previous sets. However, the data set was stilldedwas part of the analysis due
to the small sample size. However, if this data set was reththeerelative change in angle
between L4/L5 would change from1f - 1.3° to 0.1° - 0.3°.

4.2.2 Neutral Posture with Muscle Compensation

During the experiments it was noted that despite the deenealsM force, there was
little to no change in posture of the torso or adjacent vealdiindies as shown in Tab&

LIt should be noted that a positive angle direction is intoifiax
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Table 8 Neutral posturen vitro experiments results. In this, and subsequent ta-

bles, ES denotes the Erector Spinae, RA denotes the RectissrAius,
and LM denotes the lumbar multifidus.

Passive Active | 75% Active | 50% Active | 25% Active
ES Force (N) 0.0 200 200 200 200
RA Force (N) 0.0 50 50 50 50
LM Force (N) 0.0 30 22.5 15.0 7.5
L2-rel-L3 (deg) 0.3 0.0 0.0 0.0 0.0
L3-rel-L4 (deg) 1.9 0.0 0.0 0.0 0.0
L4-rel-L5 (deg) 4.4 0.0 1.1 1.1 1.3

Table 9 Neutral posturen vitro experiments results with muscle compensation.

Passive Active | 75% Active | 50% Active | 25% Active
ES Force (N) 0.0 200 230 260 290
RA Force (N) 0.0 50 50 50 50
LM Force (N) 0.0 30 22.5 15.0 7.5
L2-rel-L3 (deg) | -4.8 0.0 0.0 0.0 0.0
L3-rel-L4 (deg) | 2.4 0.0 0.0 0.1 0.1
L4-rel-L5 (deg) 2.3 0.0 0.0 0.0 0.1

This result was contrary to a previous internal study. Tloeeg an additional testing pro-
tocol was added: muscle compensation of the ES based upafaiieenentioned internal
study. In this approach for every 25% decrease in LM forceBBeorce was increased
by 15%. The resultant data using using this approach is predgen Tabled. However,
it should be noted that only two of the six spines were subgetd this type of testing
and thus the sample isn’t large enough to generate firm ceiods. Nonetheless, it was
interesting to note that the changes in angels shown in Balere similar to those found
in Table8 even when a 45% increase in muscle force of the ES was present.

4.2.3 Summary of Results for Neutral Posture

The results of both neutral posture and neutral posturemiticle compensation were
contrary to what was expected. To verify that was not simplyagifact of the testing
facility, a simple stiffness calculation was performedirgsa modified relationship of the

31



Chapter 4. Hypothesis and Experimental Results

stiffness matrix shown in Eq4(1):2
F =Kd. 4.1)

In this equation, the generalized force veckprgeneralized displacement vectyrand
stiffness matrixK are

F-p1 y-P1
F-p, y-p2 kiz kiz -+ Kie
S Ll I D (4.2)
M-g1 17} TV
M -gp 0 ke1 Ke2 -+ Kee
(M -g3] L@

For the present purposes, the stiffness matrix of the ietegbral disk (taken from the
literature [/8]) was specified as

80307 155477 29398-6543 -1102 18923 ]

34377 382690 91836-1138 -1779 158%

«_ |88824 ~17381 3222 400 -5373 16306 @3
5995 14399 39983 -1152 -1197 13468

75449 16460 2832 -50.85 17402 -2769

| 105 70143 14685 7.9949 -1548 307.05]

Here, the displacement was measured in meters and rotatieasured in radians.

To proceed, we used the measured values ahdM along with the stiffness matrix
stiffness matrix 4.3), to conclude that a maximum change 0®d® and minimum change
of —0.02 in the relative angles was produced in the neutral postuneis,Tall cases (ex-
perimental and modeled) produced similar results in thatetiwas negligible change in
lumbar lordosis even when corresponding muscles forcesased due to simulated mul-
tifidus atrophy.

4.3 Multifidus - Axial Rotation Perturbation

4.3.1 Hypothesis 2

Force comparable to that of moderate to severe atrophy ofléep lumbar multifidus
produces a greater change in spinal curvature during axaétion than during neutral
posture.

2|t should be noted that this equation does not include themgeed residual force vectp found in
O'Reilly et al. [78] for simplification purposes.
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Table 10 Right axial rotation, 4.52 Nrmin vitro experiments results.

Passive Active | 75% Active | 50% Active | 25% Active
L LM Force (N) 0.0 30 22.5 15.0 7.5
L2-rel-L3 (deg) 6.9 0.0 -0.1 -0.2 -0.3
L3-rel-L4 (deg) | -7.6 0.0 -0.1 -0.1 -0.1
L4-rel-L5 (deg) 1.1 0.0 -0.2 -0.3 -0.4

Table 11 Right axial rotation, 9.04 Nmin vitro experiments results.

Passive Active | 75% Active | 50% Active | 25% Active
L LM Force (N)| 0.0 30 22.5 15.0 7.5
L2-rel-L3 (deg) 3.2 0.0 -0.1 -0.2 -0.2
L3-rel-L4 (deg) | -4.1 0.0 0.0 0.0 0.0
L4-rel-L5 (deg) | -0.8 0.0 -0.1 -0.1 -0.2

As with the previous hypothesis, the same six spines wetedeassing the methods
outlined in Sectior8.4. The relative angles of the vertebral bodies during axitdtron,
Y, were calculated by determining for each vertebral body from the absolute coordinate
system then subtracting the difference between adjacaheéf®oOnce this relative angle
was calculated they were then modified to make the activetbaseero basis. Thus, all
relative angles shown in Tablé®, 11, 12, and13, are relative angles changes with respect
to the active case. Although the ES and RA forces are not shitvey held constant at 200
N and 50 N respectively. The only exception was the passisescahen they were 0 N.
Finally, the congruent deep lumbar multifidus were held tamtsduring the right or left
axial rotations, for example: right axial rotation, righimbar multifidus held at 30 N for
all cases except for passive when it was 0 N.

4.3.2 Summary of Results for Axial Rotation

In both right and left axial rotation the largest change irabrsotation () occurred at
L2 relative to L3. Furthermore, each had a negative changsirelative to L4 for the
passive cases. In general, there were no significant chamgpmal curvature during axial
rotation as moderate to severe atrophy was simulated.
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Table 12 Left axial rotation, 4.52 Nmin vitro experiments results.
Passive Active | 75% Active | 50% Active | 25% Active
RLMForce (N)| 0.0 30 22.5 15.0 7.5
L2-rel-L3 (deg) 0.9 0.0 0.1 0.1 0.1
L3-rel-L4 (deg) | -1.8 0.0 0.1 0.1 0.1
L4-rel-L5 (deg) 1.1 0.0 0.1 0.1 0.1

Table 13 Left axial rotation, 9.04 Nmin vitro experiments results.
Passive Active | 75% Active | 50% Active | 25% Active
R LM Force (N)| 0.0 30 22.5 15.0 7.5
L2-rel-L3 (deg) 4.3 0.0 0.1 0.2 0.2
L3-rel-L4 (deg) | -2.3 0.0 0.1 0.1 0.1
L4-rel-L5 (deg) 1.8 0.0 0.1 0.1 0.1

4.4 Multifidus - Flexion/Extension Perturbation

4.4.1 Hypothesis 3

Force comparable to that of moderate to severe atrophy ofléee lumbar multifidus
produces a significant reduction of spinal stability whea $ipine is perturbed in flexion
or extension from the neutral posture.

To test the stability of the spine in the sagittal plane, gixes were tested using the
methods outlined in Sectidh5. The relative angles were measured using the same process
described in SectioA.2 The results for a flexion perturbation are provided in Tdldland
results for the extension perturbation are provided indab! It should be noted that there
was signal interference during data collection on one sgimig extension and two during
flexion.

4.4.2 Summary of Results for Neutral Posture

Flexion perturbation results were very similar to natu@tore with muscle compensa-
tion with the exception being a change in L2 relative to L@ passive case. Nonetheless,
for both flexion and extension there was little to no changeelative vertebral body po-
sition. Thus, despite the perturbations from the neutratye and simulation of muscle
atrophy, the spine appears to be very stable.
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Table 14 Flexion perturbatiorin vitro experiments results.

Passive| Active | 75% Active | 50% Active | 25% Active
ES Force (N) 0.0 200 200 200 200
RA Force (N) 0.0 50 50 50 50
LM Force (N) 0.0 30 22.5 15.0 7.5
L2-rel-L3 (deg) | -0.1 0.0 0.0 0.0 0.0
L3-rel-L4 (deg) 2.2 0.0 0.0 0.0 0.0
L4-rel-L5 (deg) 2.4 0.0 -0.1 -0.1 -0.1

Table 15 Extension perturbatiom vitro experiments results.

Passive| Active | 75% Active | 50% Active | 25% Active
ES Force (N) 0.0 200 230 260 290
RA Force (N) 0.0 50 50 50 50
LM Force (N) 0.0 30 22.5 15.0 7.5
L2-rel-L3 (deg) | -0.2 0.0 0.0 0.0 0.0
L3-rel-L4 (deg) 1.6 0.0 0.0 0.0 0.0
L4-rel-L5 (deg) 3.8 0.0 0.0 0.0 0.0
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4.5 Summary of Results

All three sets ofin vitro experiments, neutral posture, right and left axial pestidn,
and finally, two stability perturbations: flexion and extems with varying loading con-
ditions, yielded similar results, little to no change inawint vertebral body position as
function of multifidus atrophy. The only significant changespinal curvature was found
in Table8 where there was a1’ to 1.3° change in L4 relative to L5 as multifidus atrophy
was simulated.
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Conclusions

The goal of this work was to provide the researcher or clamareater insight into the
role of deep muscles in chronic low back pain. More speclficed quantify the impact of
the deep lumbar multifidus on lumbar lordosis and spinall#tablro accomplish this goal,
a unique spine testing facility was designed and constiuciecond, a series af vitro
experiments (neutral posture, neutral posture with musmigpensation, axial rotation, and
flexion/extension perturbations) were conducted to antivegthree hypothesesne- force
comparable to that of moderate to severe atrophy of the deelpdr multifidus will change
lumbar lordosistwo - force comparable to that of moderate to severe atrophyeofigep
lumbar multifidus produces a greater change in spinal cureaturing axial rotation than
during neutral posturéhree- force comparable to that of moderate to severe atrophyeof th
deep lumbar multifidus produces a significant reduction ofastability when the spine is
perturbed in flexion or extension from the neutral postunethls final chapter, the results
of the varioudn vitro experiments are analyzed in Sect®rd, recommendations on how
to improve the experiments are presented in Se&igrand finally, this work concludes in
Section5.3with several suggestions for future work to better undesthronic low back
pain disorders.

5.1 Role of Muscles in Chronic Lower Back Pain

Three hypotheses were tested to quantify the impact of tep Wenbar multifidus. Of
the three hypotheses, only hypothesis one was close to belioigted. In that hypothesis,
moderate to severe atrophy resulted in a change in spinghttue. There was approxi-
mately a 11° to 1.3° change in relative flexion angle between L4/L5 during ndyoature
in vitro experiments. This result was similar to other studies tlaaehshown that mul-
tifidus atrophy correlates with approximately &°Lchange in the flexion angle at L4/L5
[11]. However, that was not the case in this study foiralitro experiments. All the other
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experimental results were on the order of error of the measent equipment (i.e40.1°)
and thus the corresponding hypotheses could not be verfiedertheless, using the data
from these experiments, three conclusions can be made:

1. The spine under loading conditions of erector spine, rega®minus, deep lum-
bar multifidus, and body weight is stable under torso pediiobs ¢5° ¢) in flexion
or extension from the neutral posture.

2. Postural changes found in patients with chronic low back paobably occur
when compressive loading has been reduced or disc prapbeie changed beyond
a threshold of the deep lumbar multifidus compensation.

3. It is unclear whether changes in lumbar spine posture ar¢adsiage spinal level
degeneration or to a more global degeneration.

The first conclusion followed the general trend of the datze $pine did not have sig-
nificant changes in lordosis or changes in axial rotatioangigss of the loading condition
with the exception being the neutral posture and changegdteat L4/L5. This was par-
ticularly evident for flexion and extension stability petiations where there was no little
to no change in the relative angles between vertebrae. Haniemhe case of flexion and
extension perturbationg6° @), this could have been a byproduct of the torso perturbation
being too small to generate a measurable change in adjagebal vertebral segments.
Torso perturbations of5° @ are similar to sudden movements of the arms, head, and initi-
ation of locomotion to reach items in the sagittal planehtidd be noted that the changes
in spinal kinematics in these mechanical experiments ang sieilar to those observed
in the mathematical model under comparable loading and lmastivations andn vivo
images of spines in the case6%° ¢ flexion or extension.

It should also be noted that because the spine is stable isatifital plane using the
loading conditions mentioned above does not require conataivation of the deep lumbar
multifidus. Thus reducing the amount of activity requiredhrtaintain this posture reduces
the likelihood of fatigue. As it stands, if all the muscle gps were constantly active
during the experiments, then the deep lumbar multifidus dhale a 33% activation of its
maximum contractile force, a level of activation that wopldbably lead to fatigue. This
percentage is well above those for the other muscle growgzsinghis experiments.

Though the first conclusion (concerning the stability of sipgne in the sagittal plane)
originated entirely from the data collected during this kydhe second conclusion arose
from a combination of this study’s results and results autyen the literature. Specifically,
Belavyet al. [11] found that volunteers subjected to prolonged bed restldpvaultifidus
atrophy and this atrophy was correlated with a loss of lagd{is5 change in lordosis at
L4/L5). Many believe that such alterations in lumbar postighange in lordosis at L4/L5)
and kinematics are lead to pain. Furthermore, paraspinatimatrophy has been linked
to loss of lordosis in patients with flat back syndroné8][ However, these correlations
were for individuals exposed to prolonged bed rest or aatrtmreturning from space that
exceed typical diurnal variations. Coupling this reseansth the data from our study
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suggests that posture changes most likely occur when tbevartebral discs are subject
to a lower loading condition (i.e., reduced compressivaadoading due to bed rest or
absence of gravity in space). It is well known that changespine compression alters
disc properties. More specifically, disc height, and ocawrdy sleep, extended bed rest,
or loss of gravity all of which are changes in spinal compessThe data suggests that
once individuals are subjected to normal loading cond#tiafter prolonged exposure to
adverse loading conditions, they will experience smalingjes in posture regardless of
their multifidus atrophy level which is consistent with étial diurnal variation studies (see,
for example, 1]). Thus, if these individuals have already experiencediigant changes
in spinal curvature, then they are on the cusp of low back gathit will only take a small
deviation from their current position to induce back pain.

The third conclusion was drawn from an inability to vary tbad of the deep lumbar
multifidus from segment to segment. Thus, a constant loachpalsed to each set of adja-
cent vertebral bodies even though such loading is not plogieal. Ideally a distribution
of the forces exerted by the multifidus on individual vertgebhould have been imposed
because level specific simulation of the deep lumbar mulsfidiould allow for greater
range of motion of the vertebral bodies and would more adelyranimic in vivo. Such
a distribution would have resulted in a variation in the antswf relative rotation experi-
enced by the individual vertebra. For instance, the ratabioL2 relative to L3 would be
distinct from the rotation of L3 relative to L4. A consequeraf the constant loading in
our experiments resulted in these relative rotations bsimgar.

In summary, a weakened multifidus is a contributing factoth® change in posture
of the lumbar lordosis. However, the thresholds in muscied® needed to produce the
change in posture are still not completely known. Furtheensome enhancements to the
testing facility are required before concrete answersesdlguestions can be found.

5.2 Recommendations

While the spinal testing apparatus used to conduct the ewpat in this study was
novel, it is not without fault. Four items that could be ind&d to improve this novel
testing apparatus are

1. Use of artificial muscle in place of cables.
2. Incorporation of a level specific multifidus activation.
3. Provision of a simpler method to manipulate the torso weight

4. Addition of muscles required for lateral motion in orderttbtner coupled motions
can be examined.

A general limitation of muscle simulation was the choice albles used in this exper-
iment. The cables used in this experiment were combinatidsseel cables and fishing
wire which have varying compliance. Although these cablesevgufficient for simulating
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and maintaining a constant load through the duration of xipe@ment, they were not ca-
pable of replicating the natural compliance of human musdtigould be beneficial to use
a more compliant material like artificial muscle to bettgpligate muscle activation.

One of the limitations of this testing apparatus was theilitglbo vary the loads of the
level specific multifidus. Thus, all the levels of the multifedsimulated in this study had
the same load even though physiologically the load variefsiastion of vertebral body
level. By improving the implementation of the multifidusetbxperimental results could
be compared to some finite element studies that alreadyrée#tis (see, for example,
[102)). Furthermore, it would help researchers and clinicianddtermine if bucking/loss
of stability of the spine is a local or global phenomena.

Although the dead weights were used to simulate torso wefgataddition and sub-
traction of these weights was tedious and time consumingla@a experiments should
not exceed 12 hours in length (see, for exam@6, 86]) and the approach used here was
on the order of ten hours. Simulation of various torso weidgbtsimulate bedrest, among
other activities, would add a tremendous amount of timessglleis process is improved.

Finally, one adjustment that could be included is the addibf muscles responsible
for lateral movement. One muscle group in particular thaff igreat interest to clinicians
are the transverse abdominals. The existing testing tiaesliequipped to add up to four
additional muscle groups however, the challenge would lherehéning where to attach
and how to route these muscle groups to provide a physiotagialation without making
the testing apparatus too complex and increasing setup tloeretheless, the addition of
these groups would allow for more complex postures thaesspt a larger pool of daily
activities while helping gain insight as to what activitiedividuals with specific conditions
should avoid.

5.3 Future Work

One of the goals of this experiment was to provide clinicigreater insight into the
role of the deep lumbar multifidus. More specifically, to afdygical therapist by quanti-
fying the impact of the deep lumbar multifidus impact on lumleadosis since the only
exercise therapies shown to achieve lasting and subdteetigctions in pain are those that
are directed at coactivation of the abdominal and multifidusscles (see, for example,
[17, 38, 39, 74, 99, 114). Although this experiment was able to simulate coacibrabf
the abdominal and multifidus, it was unable to simulate aetamf things that physical
therapist also do with patients in vivo. For example, phgisiberapy provides additional
benefits to the patient other than muscle strengtheningviges a relearning or retraining
on how to execute specific tasks and which muscles to usepattisnt specific and allows
for customized range of motion tasks, and accounts for ynjarspecific regions of the
trunk. These are things that were not able to be simulatedrno but could be if all the
information is known.

Back pain and particularly chronic low back pain disordeesraulti-faceted. The re-
sults of this study underscores that statement. Althougldé&ep lumbar multifidus atrophy
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has been linked to chronic low back pain, it is just one of memytributing factors. It is
imperative to better understand the underlying pain mash@when individuals experi-
ence chronic low back pain since 85% of chronic low back p&nrders have no known
diagnosis T9]. One area of interest that would be extremely valuableitaatans would
be a greater understanding of the neural system. The tesgpipgratus used in this work
has the capability to simulate muscle contractions as tefedg as the brain’s neural sys-
tem. However, how the brain executes the dynamic movemethieofiuman body is not
fully understood. With the advancements in digital compgittapacity and high perfor-
mance sensors that can map the brain’s activity, there witrédmendous opportunities in
the future to better understand how the neutral system tgseaad executes these dynamic
human body movements. Coupling a neurological model wittogram like OpenSim that
can be validated by studies like the one presented in thig,wavuld likely provide clin-
icians some of the insight they seek to understand the uynidgnbain mechanism present
in individuals suffering from chronic low back pain disorde
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|Appendix A

Detalls of Muscle Anatomy and Function

Muscles in the human body are one of the key components iegalv locomotion.
Although this work focused on some of the muscles activatedsisociation with trunk
movement, intimate details on muscle anatomy and functierewot discussed in detail.
In this Appendix, a general overview of muscle anatomy amdtion are provided as well
as a generic model that is typically used to describe thdiaer. Finally, this Appendix
concludes with additional details about the deep lumbalifisluts which is this work is
based upon.

A.1 Muscle Anatomy

Motion of the human body is achieved through complex, cdleriactuation (involun-
tary or voluntary) of the muscles in the human body. Geaal. ([43]) described voluntary
muscles by their cross-stripped appearance of fibers dieaisdic displayed under the mi-
croscope coupled with it being capable of being put intooscéind controlled by the will.
Thus, involuntary muscles were described by their lack o$ststripped fibers and for the
most part are not controlled by the will. An example of thdudal structure can be seen
in Fig. A.1. Although involuntary muscles are extremely importantie human body, this
work focuses on skeletal voluntary muscles. Skeletal negsate voluntary and for the
most part are controlled by the will of the subject.

Skeletal muscles are a collection of fascicles, which amdlas of individual cells.
Each fascicle is surrounded by a connective tissue layevkmas perimysium. The collec-
tion of fascicles wrapped in perimysium are enveloped byngpium. All these compo-
nents connect to tendons, which connect the arrangemehokctive tissues or, in this
case, skeletal muscle, to the bone as seen in&R. Within the fascicles there exists an
additional tissue layer, the endomysium, which acts artetetinsulator and separates the
muscle cells from each other. These muscle cells are codmdsenumber of myofibrils
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Skeletal muscle Smooth muscle Cardiac muscle

Fig. A.1 The three types of muscle cells: skeletal, smooth, and aar@keletal
muscles cells are considered to be voluntary whereas srandtbardiac
muscle cells are involuntary. The citation for the sourcageican be
found in AppendixB.

as shown in FigA.3 where the sacroplamic reticulum acts as a sleeve aroundnegch

ofibril. Myofibrils are made up of individual contractile geins known as myofilaments.
There are two types of myofilaments: thin and thick. Thin mgafients are mainly com-

posed of the protein actin whereas the thick myofilament argti;mmade up of the protein

myosin. The thick and think filaments in each myofibril areaaged in a repeating pattern
along the length of the myofibril, commonly known as sarcrmse Furthermore, there is
a space between these overlapping thick and thin filamenthwhbridged by projections

known as cross bridges. These cross bridges make contéctheithin flaments during

muscle contraction and exert force on them. It should bedibi muscle contraction does
not necessarily mean shortening; rather it refers only éadinning on of force-generated
sites, the cross bridges, in a muscle fidetq.

A.2 Muscle Function

Force is generated in muscle when thin and thick filamentsah esarcomere moves
past the other via movements of the cross bridges which is/kras the sliding-filament
mechanism for muscle contraction. The muscle fibers aliitgenerate this force is a
function of the two proteins, myosin and actin, with energgvided by Adenosine-5'-
triphosphate (ATP). Although these components are alwegsepnt in the muscle, the mus-
cle is not a continual state of contraction. The reason fsiistdue to two proteins, troponin
and tropomyosin, which prevent the cross bridges from &aténg. The cross bridges can
interact once calcium binds to troponin which drags troposity away allowing for con-
traction provided there is a sufficient calcium ion concatndn in the muscle fiberl[1§.

The careful release of calcium originates from the sacswpiareticulum and is a func-
tion of action potential similar to nerve cells. Action poti@l in the muscle fiber endures
for 1 to 2 milliseconds and is followed by a latency period éa fmilliseconds) before
activity is observed. The mechanical response of a singlectadiber to a single action
potential is known as twitchl[Lg. There are two types of twitch: fast and slow. Fast twitch
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Perimysium
Bone 'y Blood vessel

Muscle fiber

- —— Fascicle
Tendan Epirmysium Endamsysium

Fig. A.2 Basic components of skeletal muscle: epimysium, perinmysiblood
vessels, fascicles, endomysium, and muscle fibers. Theaoitir the
source image can be found in Appendix

is typically on the order of 10 milliseconds and slow twitshabout 100 milliseconds or
more. The resultant force or tension produced in each masgends the type of twitch,
the length of the muscle, muscle fatigue, and number of fibengracting at any time.

A.3 Hill-Type Muscle Models

Hill-Type muscle models are used to predict the maximumdafaa muscle. OpenSim
uses a modified version of a Hill-Type muscle model to prethietloads the simulated
muscles generate through inverse dynamics. A simple gehRdlType muscle model is
shown in Fig.A.4.

Where:

CE - contractile element

PE - passive viscoelastic element
o - pennation angle

I - optimal muscle fiber length
ITs- tendon slack length

ImT - musculotendon unit length

FM - maximum isometric force
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Muscle fibre

Sarcoplasmic
reticulum

Myofibril

i" r
il

i

Sarcomere

Fig. A.3 Basic components of muscle cells: sacroplasmic reticuhagofibrils,
and myofilaments. The citation for the source image can bedon
AppendixB.

FmT - muscle force

Not shown are two important input parameters: muscle eiaitau, and muscle acti-
vation, a. It should be noted that this model can be extendéactude parameters like:
motoneuron output, force-length relation, force velocéation, sacroplasmic reticulum
response, fithess variable (for fatigue), and several stlesulting in a more accurate mus-
cle model. The more variables the model can accommodate|dber these models will
get to generating physiologic simulations.

A.4 Deep Lumbar Multifidus

This section is devoted to providing information about tleep lumbar multifidus.
More specifically, it contains a reviews evidence showirgf the mutlifidus is a stabi-
lizer, rather than initiator of motions, and concludes vattiidence of shallow versus deep
lumbar multifidus fiber types.
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Fur
Fp!

Tendon

ImT

Fig. A.4 Generic Hill-Type Muscle Model used in OpenSim. Model define
boundaries on maximal muscle force.

The deep lumbar multifidus is a small yet powerful muscle t&dps stabilize the hu-
man spine. Waret al. [119 presented significant evidence demonstrating that thp dee
lumbar multifidus has a unique architecture among posteparal muscles. Based on
its very short fiber lengths, very large physiological cresstional area, and specialized
sarcomere length operating range functions, the multifisispecialized as a stabilizing
muscle for the human spine capable of producing large fquagscularly during forward
leaning posture.

Comparing passive properties of posterior spinal mustlesd et al. 118 measured
stress-strain relationships of single-fiber and fiber- beimoaterial properties from biop-
sies from multifidus, longissimus, and iliocostalis musclélthough all three muscles
had similar material properties at the single-fiber levelltifidus fiber bundles had signif-
icantly greater stiffness (45%) than longissimus and dgialis muscles. This finding is
important in this work because it demonstrates the highmiatiefor passive stiffness of
the multifidus, based on the structure of its extracellulatrir.

Another other misconception about the lumbar multifidus thasdifference between
the shallow and deep muscle. It was believed that the shall@mhdeep lumbar multifidus
possess different fiber types, Type | for shallow lumbar ihdits and Type Il for deep
lumbar multifidus. However, Regeat al. [97] were able to determine that there was no
difference in fiber type. They used a minimally invasive stabapproach to obtain biop-
sies from the multifidus, longissimus, iliocostalis andgsmuscles at specific predefined
depths. They determined fiber types by measuring myosinyheaain isoform distribu-
tions using SDS-PAGE electrophoresis. The fiber type distion was similar among the
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posterior paraspinal muscles and was composed of relatingh percentage of type |
(63%), compared to type IIA (19%) and type IIX (18%) fiberscbntrast, the psoas mus-
cle was found to contain a lower percentage of type | fiber&dya@nd a higher percentage
of type 11A (33%) and IIX fibers (26%; R0.05). No significant difference was found for
fiber type distribution among three different depths of thétifidus and psoas muscles.
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Sources for Images

B.1 Linkstoimages
Several of the images used in this dissertation were cellieitom various papers and

websites on the internet. The location for all of the origjinsages cited in this work are
provided in Tabl€el6.
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Table 16 Source links for images used in this work.

Figure Label | Corresponding links
Fig.2.1 http://t.co/BB4xI0j5
Fig. 2.2 http://bit.ly/qe90OHnN
Fig. 2.3 Christophyet al. [26]
Fig.2.5 Renneret al. [98]

Fig. 2.6 Patwardharet al. [90]
Fig. 2.7 Wilke et al. [124]
Fig.2.8 Welkeet al.[120
Fig.A.l1 http://t.co/LpY GSMtF
Fig.A.2 http://t.co/cwDuSibf
Fig.A.3 http://t.co/WwIjgAEt
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