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Abstract
Introduction The pathomechanism of low back pain (LBP) remainknown. Unilateral LBP
patients have demonstrated ipsilateral morpholbgeal material property changes within the
lumbar soft tissues, potentially leading to asymindissue loading. Through the comparison of
healthy and unilateral LBP validated finite elememdels (FEMs), this study investigates potential
stress shielding consequential of spinal tissupgrty augmentation.
Methods Two FEMs of the musculoskeletal system — one detmatireg healthy and unilateral
LBP conditions — were developed undergoing 30-dedlexion. FEMs included the vertebrae,
intervertebral discs, and soft tissues from L1-Baterial properties selected for the soft tissues
were retrieved from published literature. To refflenilateral LBP, the paraspinal morphology was
atrophied, while the tissue moduli were increaSdtk symptomatic thoracolumbar fascia (TLF)
was uniformly increased. Validation of the modeisgeded testing.
Results Model validation in spinal flexion was accomplishddough comparison to literature.
Compared to the healthy model, the unilateral LBRtifidus (MF), longissimus thoracis (LT), and
TLF exhibited average tension changes of +7.9,,-&d +9.3%, respectively. Likewise, the
symptomatic MF, LT, and TLF exhibited tension chemgf +19.0, -10.4, and +16.1% respectively,
whereas the asymptomatic MF, LT, and TLF exhibitéd®, -2.0, and +0.4% changes in tension,
respectively.
Conclusion Relative to the healthy tissues, the symptomati® [Bft tissues demonstrated a 19.5
kPa increase in stress, with 99.8% of this increfisgibuted towards the TLF, suggesting a load
allocation bias within the symptomatic unilateraBR. tissues. Consequentially, symptomatic
paraspinal muscles may be unable to withstandhgadkading to stress shielding.
Keywords: Finite element analysis, physiological stress slimgl, low back pain, biomechanics,

thoracolumbar fascia, tissue mechanics, musculetkelystem
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Introduction

Low back pain (LBP) is one of the world’s leadirguse of disability [1]. Nearly 85% of
people will experience LBP at least once withinirthieetime [2], and yet upwards of 95% of cases
are idiopathic [3, 4]. The majority of chronic, nepecific LBP sufferers have demonstrated poor
recovery rates 12 months after the condition’s bftse6]. While interventions available to help
manage pain and disabilities, such as pharmactutmad manual therapies, no conclusive

treatment exists to cure long-term, non-specifi®LB].

Researchers have focused considerably on the jr@mbspuscles when investigating a
potential pathomechanism of LBP. Clinical evidetgs demonstrated abnormal tissue property
augmentation in the soft tissues of LBP patientth) atrophy [8—15], fatty infiltration [14, 16], dn
increased modulus [17] of the lumbar muscles bemgmonly affiliated with LBP. Likewise,
fascial tissue involved in force transmission hakitdts abnormal growth [18, 19] and reduced
shear strain [19] in those experiencing LBP. Atrppifi the paraspinal muscles may be selective,
with unilateral LBP patients often demonstratingophy in tissues on the symptomatic, or
ipsilateral, side [12, 13, 15, 20, 21]. Howeverlestive atrophy of the paraspinals may be a
consequence of force imbalances, where inhibitibthe paraspinal muscles on the symptomatic
side may yield compensatory hypertrophy of asymptiarparaspinals [12]. Scoliotic patients have
likewise exhibited paraspinal asymmetry in whichsties of the concave side demonstrated
significant degeneration relative to the convex §gP—26], paired with reduced muscle activity of
concave soft tissues [23]. The asymmetry of tisfoesd within scoliotic spines may promote
abnormal loading of the spinal tissues, yieldingnidished muscle activity and increased muscle
atrophy, leading to further asymmetric tissue degation and the progression of scoliotic

deformation [22, 27, 28]. Continual tissue degeti@nadue to abnormal loading, followed by



irregular tissue activation, force balances, asdué remodelling, may be indicative of cyclical

stress shielding — a phenomenon previously denaiestmwithin scoliotic vertebral columns [29].

Physiological stress shielding, as defined by tiset al. [30], occurs when strong tissues
(i.e. those with higher rigidity) withstand the mdjy of a load — or stress — induced from
physiological motion. In turn, weaker tissues arevpnted from receiving normal loading. As
stress acting on tissues acts as a trigger for amettansduction, the ability for the tissues to
regulate their performance is altered. Stimuli-defit tissues undergo degenerative tissue
remodelling, leading to atrophy and reduced rigidithese weakened tissues thus lose the ability to
withstand normal loading. Conversely, excessivelymuated tissues yield maladaptive
hypertrophy and increased tissue strength. Althahgh sequence of events has been commonly
characterized in bone tissue through Wolff's Lad][®hysiological stress shielding may have dire
consequences on the soft tissues of the muscuétakslystem. Analogous to scoliotic spines, the
lumbar paraspinals of unilateral LBP patients destrate asymmetric atrophy [12, 13]. Thus,
loading of the asymmetric spinal tissues may predhe same sequence of irregular force balances
and muscle activation as suggested within scolititisues, possibly laying the foundation for
cyclical stress shielding. Given the paraspinadéé rin spinal stability, and the TLF's ability to
transmit and withstand stress, augmentation oftietissues may compromise the ability for the

tissues to aid in spinal stability [32].

Finite element method, a numerical method ori¢ynabnceived for solving complex
structural mechanics, , has become a popular meftinconducting analysis in physiological and
medical applications. Advancements in computatiopalver have allowed for finite element
analysis (FEA) to evaluate increasingly complex aetedf anatomical systems (e.g. the vertebral
column) [33]. When applied to the medical field,A-Bas yielded numerous benefits, allowing for

physiological stress analysis (non-invasive, alléevghe reconstruction of complex geometries and



loading conditions [34]), and medical device desfgrduction in cost and time associated with
device design performance testing, bench-testind,paototyping [35]), and elimination of ethical
concerns associated with vitro or in vivo clinical studies [36]. The application of FEA ipise
research has also provided an avenue for the assessf spinal conditions, including analysis of
the healthy spine, as well as altered spinal staiesequential of degenerative conditions [33]. For
in silico models to provide realistic representation of hunzmatomy and physiology, it is
imperative that the models are validated througloraparison to in vitro (i.e. bench testing) or in
vivo (i.e. clinical trials), allowing for the assasent of “the degree to which the computational
model is an appropriate representation of thetyealfi interest” [37]. Thus, the objective of this
study is to develop validated finite element mod&lEMs) of the musculoskeletal system with
healthy and unilateral LBP conditions to assesssstdistributions to investigate the potential for

physiological stress shielding in LBP.
Methods

To analyze the potential for stress shielding witspinal tissues affected by unilateral LBP,
two FEMs depicting the lumbar musculoskeletal systgere constructed leveraging previously
extensively validated works [38]: one reflective afhealthy spine and one reflecting unilateral
LBP. To construct FEMs reflective of realistic luatbmusculoskeletal tissue, CAD files of
anatomical segments were obtained through 3DBodsfRAsmatomography, an open-source
database. The volumetric CAD files available thto@pBodyParts/Anatomography were created
from the parametric data extracted from MRIs of ealthy adult male, capturing anatomical
segments’ morphological and geometric charactesisfB9]. Models included the vertebrae,
intervertebral discs (IVDs), lumbar muscles (ilee longissimus thoracis (LT), and multifidus
(MF)) and their respective tendons, and the thduaabar fascia (TLF) from L1-S1. The obtained

tissue geometries were subsequently processed0AD files and imported into SpaceClaim



(V19.1, Concord, Massachusetts; Figure 1) to cansthe models. As the FEMs sought to depict
only the lumbar musculoskeletal system, soft tissidending past the superior surface of L1 were

bifurcated using an axial plane located 10mm altlogd 1 vertebra and subsequently removed.
Construction of a Healthy Modéd

Construction of the healthy model involved modgjlitne vertebrae, IVDs, tendons, LT,
MF, and TLF as 3D volumetric bodies. Tissues wasumed to be homogenous, linear isotropic
and near incompressible. Material properties ofttbgues were obtained from literature [40—45]
(Table 1). To represent near-incompressibilitysues were assigned a Poisson’s ratio of 0.45. The
vertebrae, however, were assigned a Poisson’s oiti0.3 [40]. Tissues were subsequently
imported into ANSYS Static Structural (V19.1, Casburg, Pennsylvania) to undergo loading to

assess soft tissue stress distributions.
Construction of a Unilateral LBP Model

The aforementioned healthy model was used as aenefe for the construction of the
unilateral LBP model. Similar to the healthy modkg unilateral LBP model was constructed using
identical 3D volumetric bodies of the vertebraeDB/ tendons, LT, MF, and TLF. Tissues located
laterally to the left and right of the vertebralloon represented the “asymptomatic” and
“symptomatic” soft tissues of unilateral LBP pat®rrespectively. The L4/L5 vertebral level was
designated as the “peak” pain location of the teitd LBP. To represent unilateral LBP patients’
musculoskeletal systems, the cross-sectional a(€&%As) and material properties of the
symptomatic MF, LT, and TLF were modified, reflegiclinical findings involving unilateral LBP
patients. The CSAs of the MF and LT were reducectimentally at each vertebral level (Table 2).
Reduction of the MF and LT at each vertebral levethe symptomatic tissues was calculated
relative to the asymptomatic tissues to replichéeatrophy in CSA exhibited by MRIs of unilateral

LBP patients as aggregated by Ploumis et al [18& §ymptomatic TLF was uniformly increased



across all vertebral levels, as per clinical ddthBP patients [18]. The moduli of the MF and LT
were increased by 16.7% and 5.7%, respectively44}(Table 1). The unilateral LBP model was
subsequently imported into ANSYS Static Structtwalindergo loading. Only the aforementioned

changes in tissue material properties and CSArdiééwveen the two models.
Loading Scenario

Both FEMs underwent a loading scenario to induced&free flexion by means of
reproducing realistic loading experienced by thescoloskeletal system during physiological
motion. As the paraspinal muscles contribute tmapstabilization during flexion, the selected
motion provides an ideal loading scenario for stristribution analysis between healthy and LBP
musculoskeletal soft tissues. To induce 30-dedes@oh within the models, a 1175N compressive
follower load was applied, in combination with argplbbending moment of 7.5Nm acting at the
centroid of the L1 vertebral body (Figure 2) [4Bhe tail of S1 was considered a fixed support. As
no loading was placed on the soft tissues of batldets, responses to loading by the soft tissues
were passive. All connections between tissues Wweraled. Contacts between soft tissues were

considered frictionless to prevent the productibfrictional stresses on the tissues.
Evaluation of Results and Validation

To investigate possible stress distribution disangges within healthy and unilateral LBP
spinal tissues, the average tensile stress exthibigethe soft tissues in the longitudinal direction
(+Z direction, Figure 1 coordinate system) was waked. Through ANSYS Static Structural, the
normal stress in the +Z direction was measurecémh soft tissue at individual nodes. Results of
the normal stress was then exported to MATLAB R201@MathWorks Inc., Natick,
Massachusetts). Artifact nodes reporting compressivess { 0 Pa) were removed from the
tabulated results, with the remaining nodes exhipitension being subsequently averaged. The

process for calculating the average tension wadumad individually for the MF, LT, and TLF, in



both the healthy and unilateral LBP FEMs. For corngoam of stress distributions in the
symptomatic and asymptomatic tissues, this prosessrepeated for individual soft tissues located
laterally to the left (i.e. asymptomatic) and righe. symptomatic) of the vertebral column in the

healthy and LBP FEMs.

To ensure the realistic representation of physiobdgnotion of healthy and LBP spinal
conditions, the IVD pressure and intervertebrahtion were calculated for both FEMs for the
purpose of model validation. The maximum compressibeach IVD was measured at the centre
of each disc in both FEMs. Following this, the imttebral rotation for each vertebra (L1-S1) was
calculated using two reference markers. The fefgrence point was allocated to the centre of the
posterior surface of the vertebral body, with tlkeahd located at a posteroinferior point on the
inferior vertebra. Measured at the unflexed (0 degoor initial position) and flexed (30-degree)
positions, each vertebral translation in the aategbsterior and inferior-superior directions was
measured using the central vertebral point relativéhe reference point in the inferior vertebra.
Following the measurement of translational motiohanges in angular motion were calculated
using MATLAB to determine the intervertebral rotatiof each vertebra [47]. This process was
repeated for each vertebral body in the healthy warithteral LBP FEMs. The IVD pressure and
intervertebral rotation of the healthy and unilatdtBP FEMs were compared to literature for

validation purposes.
Sensitivity Analysis

The robustness of the models was evaluated througterous sensitivity analyses. First,
the mesh size of both models was modified from &0tm 1.0mm using intervals of 0.5mm to
evaluate the results’ sensitivity to mesh sizingsékond sensitivity analysis involved varying the

elastic moduli of the tendons to determine the nsdensitivity to the tendon material properties.

Additionally, to determine the models’ sensitivitythe vertebral material properties, the vertebral



bodies were treated as a composite material ofcabrand cancellous bones with wide-ranging
magnitudes of elastic moduli and Poisson’s ratiastly, the moduli of the LBP MF and LT were

varied to determine the soft tissues’ sensitivitgtianges in the elastic modulus of each tissue.

Results

Twofold validation was accomplished through the panson of the IVD pressure and
intervertebral rotation of the healthy and unilatdtBP FEM lumbar vertebrae to literature. The
IVD pressure of both FEMs was compared to the nmelli® pressure of individually validated
silico lumbar spine models undergoing identical loadingirtduce flexion (Figure 3, “FEM
Median”) [36] and arin vivo study measuring L4/L5 IVD pressure during trunkiite (Figure 3,
“Wilke et al”) [48]. The L4/L5 IVD pressure of thbealthy and unilateral LBP FEMs each
demonstrated a maximum deviation of 0.1 MPa redativthe L4/L5 IVD pressure as measuned
vivo by Wilke et al [48]. Despite this minor deviationlVVD pressure relative tm vivo results, all
IVD pressures measured by the healthy and unildt®® FEMs are within the “validated” range
of IVD pressures obtained from thesilico models of the lumbar spine, as previously deterchine
by Dreischarf et al [36]. Likewise, the models wemdidated by comparing the intervertebral
rotation measured by the FEM lumbar vertebrae e¢ontieasured intervertebral rotation of patients
undergoing 30-degree trunk flexion (Figure 4) [4Rglative to the average intervertebral rotation
for each lumbar vertebra as outlined by clinicatagahe healthy and unilateral LBP FEMs
exhibited a maximum deviation of 1.2 degrees iarivértebral rotation at the L1 vertebra (Figure 4,
“Wong et al” [49]). Overall, the intervertebral adibn of the vertebrae composing the healthy and
unilateral LBP FEMs are within the “acceptable” ganof intervertebral rotation for 30-degree
flexion as outlined by patient data (Figure 4)][49

The unilateral LBP FEM demonstrated a minor de@éaghe VD pressure relative to the

healthy FEM IVD at each IVD level, except for tha/L3 IVD which demonstrated no change in



IVD pressure (Table 3). The maximum deviation iDlgressure occurred at the L4/L5 VD, with
the unilateral LBP IVD demonstrating a decreasedampression by 6.9kPa (0.6%) relative to its
healthy counterpart. For each of the vertebrae osing the unilateral LBP, there was no change in
intervertebral rotation relative to the interverrotation of the healthy FEM vertebrae. Resofts
the measured IVD pressure and intervertebral motadit each vertebral level for the healthy and

unilateral LBP FEMs are summarized in Table 3.

Despite undergoing identical loading, the unildt&BP FEM soft tissues demonstrated
significant differences in average soft tissue itenselative to the healthy FEM (Table 4). Overall,
the LBP FEM soft tissues demonstrated an increatension from the healthy soft tissues by 10.94
kPa (9.24%). Compared to the healthy MF and LT LB MF demonstrated elevated tension by
20.2 Pa (7.90%), while the LBP LT tension decredsed.2 Pa (5.11%). The largest difference in
tension occurred within the TLF, with the LBP TLRdergoing a 10.92 kPa increase (9.24%)
relative to the tension experienced by the healtty.

In comparing the differences between soft tissasite exhibited by the symptomatic and
asymptomatic tissues (i.e. tissues located lajerigiht and left of the midline, respectively) riNa
to their healthy counterparts, the LBP FEM'’s sympdtic tissues exhibited a larger deviation in
average tissue tension than the asymptomatic tiséliable 4). Collectively, the LBP FEM's
asymptomatic soft tissues increased in averagéotenslative to the healthy left lateral tissues by
0.49 kPa (0.42%). The LBP FEM’'s symptomatic scfsties, however, increased overall by 19.52
kPa (16.10%). The LBP FEM's asymptomatic MF, LTdanLF demonstrated changes in the
average tension, with the MF and LT decreasing Byt Pa (-3.99%) and 0.5 Pa (-2.00%)
respectively and the TLF increasing by 0.5 kPa 3@} relative to the healthy tissues. The
symptomatic LBP tissues, however, demonstratedetadiscrepancies in individual soft tissue

tension relative to the healthy tissues: the MFdased in tension by 47.9 Pa (18.99%) while the

10



LT decreased in tissue tension by 2.27 Pa (10.40Phg largest difference between the
symptomatic tissues in the healthy and unilateBf [FEM occurred in the TLF, with the LBP TLF

increasing by 19.47 kPa (16.10%) from the healthly.T

Sensitivity analyses were conducted to demonsthatevalidity of the assumptions used in
the development of the FEMSs, as well as the rolegstiof the aforementioned results obtained by
both FEMs. Variation in mesh sizing demonstratedaximum difference of < 12%. Variation in
material properties of the tendon from the inits&lection of elastic modulus yielded a < 5%
deviation in results, indicating the models’ rolmests with respect to tendon properties.
Modification to the material properties, includitigtreat the vertebrae as a composite of cancellous
and cortical bone rather than a homogenous eméisglted in a < 1% difference in results of IVD
pressure. Furthermore, changes to soft tissue mgiélded a maximum difference in LBP results
for symptomatic tissues of < 14% when varying ttestec moduli of the LBP tissues. Despite the
above impact on absolute values, the aforementior&ative comparisons between LBP and
healthy hold true, giving confidence to the robassiof the model.

Discussion

Finite element analysis has become an increasipgjular method to non-invasively
analyze the biomechanics of the human body. O#fiaalytical models seeking to investigate the
biomechanics of the lumbar spine (or vertebral mwiuare osteoligamentous in design [36, 50-52].
Such models frequently utilize a follower load teyide an approximation of the compressive
loading acting on the vertebral column during pblgiical motion [53]. In doing so, this also
allows for the exclusion of volumetric skeletal roles within the FEMs while still considering the
contributions of local muscles to spinal stabitityring physiological loading on the spine [51, 54].
However, by excluding the volumetric bodies thairesent muscles, such FEMs cannot consider

the passive contributions of soft tissues to spioenechanics. Moreover, the exclusion of the TLF

11



further neglects the passive contributions in whiehfascia plays in spine biomechanics, including
force transmission from the muscles to the verelps&—58], and its influence on spinal stability
and injury prevention during intersegmental motjbf]. The FEMs developed within this study
sought to include the TLF, in addition to a followead, to best capture the active and passive
contributions of the musculoskeletal system. Additlly, many of the aforementioned silico
models portrayed and investigated the biomechadfieshealthy musculoskeletal system. As such,
it is to the authors’ knowledge that the FEM depelb for this study is the first to investigate the
effects of unilateral LBP on the musculoskeletatesn relative to a healthy spine.

To objectively analyze the stress distributionsaahusculoskeletal system in healthy and
unilateral LBP conditions, both models were sulgddb an identical, validated loading scenario to
induce 30-degree flexion. To ensure an objectiayars, inter-subject variability in spinal profle
in both healthy and LBP spines had to be reduckdrefore, the spinal profile of the LBP FEM
was initially constructed by using the healthy spiprofile as its foundation. Only the material
properties of its soft tissues were modified tounately reflect LBP conditions [13, 17, 18]. As a
result, the differences in stress distributionsMeein the healthy FEM and the LBP FEM can only
be attributed to said changes in tissue properfisssuch, the potential for errors due to inter-
subject variability was eliminated from the compia&analysis.

In relation to the healthy FEM, the IVDs of the latéral LBP FEM demonstrated a
decreasing trend in IVD pressure. While a neglayitihange in IVD pressure occurred at the L2/L.3
IVD (0.01%), the largest discrepancy in IVD pressiietween the FEMs was registered at the
L4/L5 IVD (-0.58%). This trend in decreasing IVDeggisure may indicate an abnormality in stress
distributions within the vertebral column. It haseb hypothesized that such irregularities may
indicate the onset of IVD degeneration, with paanb cause discogenic pain [60]. While this may

have some clinical implications regarding the sigingbility to withstand regular loading and
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muscle activation patterns (due to unilateral LBBjther investigation is required to make this
connection absolute.

Substantial discrepancies were observed when camgptre overall stress distributions
between the healthy FEM and the unilateral LBP FEIv&t, the unilateral LBP FEM demonstrated
an average increase in cumulative tensile stre$8.68# kPa (9.24%) relative to the healthy tissues.
However, the majority of this 10.94 kPa stresséase was distributed towards the TLF (99.8%),
with the MF and LT withstanding the remaining 0.2%ihis increase in stress. While the LBP MF
also demonstrated an increase in average tensiontfre healthy MF (7.90%), the LT exhibited a
decrease in average tension relative to the hehlthft5.11%). Despite being a major contributor
to spinal stability during flexion in a healthy Bpj results suggest stress normally withstood &y th
LT may be redistributed towards the TLF. As sublig thay indicate a reduction in normal loading
for the LT, simultaneously increasing the strestingcon the TLF, signifying a potential load
allocation bias. Furthermore, the increase in ayen@nsion, exhibited by the LBP soft tissues
being skewed towards the TLF, may be a furthercator of a load allocation bias towards the TLF
of unilateral LBP spines.

While the soft tissues of the unilateral LBP FEMmibmstrated an overall increase in
average tension compared to the soft tissues ofig¢héthy FEM, this increase in average tension
was not evenly distributed between the asymptonaiit symptomatic tissues. This asymmetric
loading may be a consequence of the asymmetric lepscfile, which was implemented in the
LBP FEM to reflect the musculature of unilateral P.Bsufferers. For instance, while the
asymptomatic soft tissues increased by 0.49 kRE¥8) relative to the healthy FEM tissues, the
symptomatic soft tissues exhibited an increaseemsiobn by 19.52 kPa (16.10%). It can be
suggested, therefore, that the symptomatic tisanedearing the brunt of the increased loading

brought on by unilateral LBP.
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Considering only the asymptomatic LBP tissuestdte& average tension increased by 0.49
kPa (0.42%). However, the average tension of thmpsomatic LBP TLF increased by 0.5 kPa — a
104.2% increase relative to the overall increasgymptomatic tissues — while the average tension
of the asymptomatic LBP MF and LT decreased by 1®a4(-3.99%), and 0.5 Pa (-2.00%)
respectively. Such changes in tissue tension shawthe asymptomatic LBP TLF likely bears the
load of the overall increase in stress across sigmptomatic tissues, in addition to the stress that
would normally be withstood by the MF and LT in ealthy spine. This stress distribution pattern
appears to be allocated towards the asymptomatle, &b outcome that is similar to the stress
distribution demonstrated by the cumulative safsues of the LBP FEM relative to the healthy
FEM.

Akin to the asymptomatic LBP soft tissues, the sympatic LBP tissues experienced a
greater increase in average soft tissue tensiativelto the healthy soft tissues. However, the
magnitude of the increase in tension experienceithépymptomatic tissues was remarkably larger
than that experienced by the asymptomatic tissties.overall average tension of the symptomatic
LBP soft tissues increased by 19.52 kPa (16.10%jive to the healthy tissues, of which 99.8%
(19.47 kPa) was distributed towards the symptoniatiE. The remaining 0.2% of the increase in
tension was distributed towards the symptomatic 8P and LT. However, given the evident
reduction in stress exhibited by the symptomaticPLBT (-10.40%), it is likely that the
symptomatic LBP MF is the predominant recipientted remaining 0.2%. As the majority of the
increased tension predominantly impacted the symatic LBP TLF, it can be ascertained that a
load allocation bias exists within the symptoma# tissues.

Discrepancies in the stress distributions betwherhealthy FEM and unilateral LBP FEM
indicate a possible load allocation bias within lilmabar soft tissues of the LBP FEM. Notably, this
load allocation bias is predominantly directed tmigathe TLF, which may be indicative of stress

shielding, whereby the TLF withstands the majoadfythe stress increase following the onset of
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unilateral LBP. In turn, the MF and LT receive redd loading relative to healthy conditions. The
reduction in loading may trigger atrophy througlyeleerative remodelling, reducing the ability for
the MF and LT to withstand normal loading. To comgete, irregular muscle activation of
alternative muscles may occur, leading to abnofiorgle balances acting on the soft tissues. As
such, increased activation of these tissues unthgydarger-than-normal loading may lead to
positive tissue remodelling. As LBP patients haeendnstrated increased TLF morphology [18,
19], this further supports the notion of the TLRhstanding higher loading relative to a TLF in a
healthy musculoskeletal system. Accordingly, thiaymlay the foundation for stress shielding
within the lumbar soft tissues, whereby the TLFe&ls the paraspinal muscles from receiving
loading. As a result, the MF and LT will furthertelgorate, essentially trapping the paraspinaks in
degenerative remodelling cycle. Given the vitaltdbations of the MF and LT to spinal stability,
this degenerative sequence of events may be detidirte the ability for the spine to be stabilized
and withstand external loading [32]. As this iteratcycle is continuous, unless interrupted by the
appropriate clinical intervention [30], long-terrimess shielding within the lumbar soft tissues may
contribute to the progression of LBP.

Analysis of the asymptomatic and symptomatic tissteveals the effects of the muscle
asymmetry with respect to the stress distributiohsinilateral LBP. While the symptomatic and
asymptomatic LBP tissues each demonstrated a lmwhtion bias towards the TLF, this bias was
found to be more severe within the symptomatiaiiss For instance, the symptomatic LBP tissues
demonstrate a 19 kPa difference in increased aeepion relative to the asymptomatic LBP
tissues, indicating asymmetric loading across timblar soft tissues of the LBP FEM. Given that
the symptomatic LBP tissues are subjected to atgreshange in average tension and larger
discrepancies in stress distribution (i.e. relativéhe asymptomatic LBP tissues), it is possib t
the symptomatic LBP tissues are more susceptibtiet®nerative stress shielding. As previously

discussed, the shielding of the symptomatic mudayethe TLF may result in the inability for the
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MF and LT to withstand loading, eventually leaditmgan unconstrainted cycle of further tissue
degeneration, as well as irregular loading andudisactivation. This sequence of events may
effectively trap the symptomatic tissues in a cyfldegenerative stress shielding.

Severe ipsilateral stress shielding may encoutagenuscle asymmetry documented within
unilateral LBP sufferers. For example, as demotesdrin scoliotic patients, loading of asymmetric
spinal tissues leads to unbalanced tissue activatielding the atrophy of weaker, stimuli-defidien
tissues. It has been suggested that this sequémseimts promotes the muscle asymmetry within
scoliotic spines and furthers the progression @& deformity instigated by scoliotic vertebral
columns [22]. Furthermore, researchers have praptiss greater antagonistic muscle activation
would be required to counteract the progressiospdhal deformation associated with scoliosis
[27]. Thus, asymmetric loading of the spinal tissoéunilateral LBP sufferers may be analogous to
the asymmetric loading demonstrated within scalispines. As such, the stress shielding within
the symptomatic tissues may promote the spinal lussymmetry of unilateral LBP sufferers,
potentially promoting stress shielding, and, imtutBP. Moreover, elevated muscle activity of the
asymptomatic tissues may be required to countstezgs shielding within the symptomatic tissues.
In turn, this may aid in the prevention of LBP preggion within unilateral LBP spinal tissues.
This, however, would require further investigation.

The FEMs developed for this study were indirectlfidated by comparing the measured
IVD pressure and intervertebral rotation to clihiemd in silico data obtained from published
literature. The results obtained from the healthy BBP FEMs demonstrated good agreement with
IVD pressure and intervertebral rotation data foumish silico, in vivo, and clinical studies [36, 48,
49]. Thein silico data was retrieved from eight validated FEMs, witéith model being constructed
from unique patient-specific geometry and varied riraterial properties to represent the
characteristics of biological tissues. Each of ¢has silico FEMs were previously validated

individually, with the median values of resultsrfrahese FEMs compared itovivo data, resulting
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in a range of “validated” IVD pressures for FEMsdargoing identical loading to induce flexion
regardless of anatomical geometry and material otigs used [36]. As such, the developed
healthy and LBP FEMs measured IVD pressure withn“tzalidated” range and can be considered
indirectly validated. The L4/L5 IVD pressure resutibtained from the healthy and LBP FEMs
were additionally compared to in vivo data measufed the L4/L5 IVD, providing further
validation of the models through vivo studies [48]. Additionally, for intervertebral rditan at 30-
degree flexion, the developed healthy and LBP FEMe within the “validated” range as deemed
acceptable by the clinical study [49]. Thus, theeal@ed models may be considered validated,
reaffirming the models’ validity in executing 30giee flexion.
Limitations

To develop realistian silico models depicting musculoskeletal systems in hgadid
unilateral LBP conditions during physiological nastj multiple assumptions were required. First,
both models were constructed using geometry oldimen an anatomographic database compiled
from the MRIs of a young, adult Japanese male. §hadn vivo studies may involve clinical
patients, geometry of the musculoskeletal tissaaesvary from subject to subject, introducing inter-
subject variability in results obtained. Inter-sdijvariability can lead to difficulty in objectile
determining the consequences of LBP on spine bibarécs relative to healthy spinal tissues.
However, as each FEM was constructed using the gaometry to represent spinal tissues, inter-
subject variability has been avoided. Additionathe use of FEMs constructed from a male subject
may not be conducive with the potential for strelielding within biologically female sex as a
result tissue property changes in LBP patients.sfsh, future studies are to include FEMs
constructed from MRIs taken of subjects that arethef female sex. The inclusion of FEMs
representative of all biological sexes will provifierther insight into the potential for stress
shielding within the lumbar spine to be universafjardless of sex. Moreover, differences within

the tissue stress distributions between healthy 8RIFEMs of different sexes may provide further
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insight into the potential for and severity of sigeshielding to occur within LBP patients of vagyin
sex.

Additional assumptions included considering thdetmal bodies to be homogenous, rather
than a composite material of cancellous and corfimme tissue. Sensitivity analysis results
demonstrated that the homogeneity of the vertetaadittle effect on the results measured from the
FEMSs. Additionally, all tissues within the FEMs wedenoted as homogenous linear isotropic.
Although biological tissues are inhomogeneous,ogkastic, and anisotropic in nature, the material
properties of the FEM tissues were obtained froavipusly validatedn silico models or clinical
trials. With respect to the soft tissues specifjcahaterial properties were obtained throtuiglvivo
studies which involved the use of shear wave ajmaphy — a methodology which estimates the
shear modulus via ultrasound [17, 44]. Given thegedéency on the shear wave velocity and the
density of the skeletal tissue, the shear modulag be estimated regardless of the tissue cross-
section. Further, the elastic modulus can be sulesaly determined through Hooke's law for
isotropic materials (E = 2G(1}~ 3G for incompressible materials), providing re#dispassive
behaviour of specific skeletal muscles in healthjects and LBP patients irrespective of tissue
cross-section. Moreover, the sensitivity analysisying the tissue moduli of the symptomatic MF
and LT demonstrated a maximum difference < 14%tHersymptomatic MF and < 10% for LT,
indicating the results of the symptomatic tissues welatively unaffected by changes in the
modulus, regardless of the increased modulus o$yhgptomatic LBP MF and LT irrespective of
the tissues’ cross-section. Lastly, the stressiloligions of the models’ soft tissues outlined lirst
study were analyzed statically. Although tissues vscoelastic, the static analysis of the stress
distributions negates the effects of time on tidseleaviour. Future studies using dynamic analysis
of the stress distributions changes in healthyldBi should consider the use of viscoelastic effects

on tissue behaviour.
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The material properties of the tendons were unablde determined from literature
involving human subjects. The tendons’ materialpprties were varied in a sensitivity analysis,
with the FEMs demonstrating little deviance in ttesults obtained due to tendon properties.
Overall, the FEMs demonstrated good validationMD Ipressure and intervertebral rotation. As
validation for IVD pressure was achieved througd domparison to multiple validateéd silico
models with varying material properties, includimpnlinear, anisotropic, and hyper-elastic
properties undergoing an identical loading scenf8&]j, as well as comparison ta vivo IVD
pressures [48], the use of linear elasticity foe thealthy and unilateral LBP models may be
considered acceptable. Furthermore, the simplifipabf material properties within the FEMs
allowed for the reduction in computational cost &inte, while ensuring the accuracy of the results
of obtained by the model were not hindered. Finalynesh of 3mm was selected for the developed
FEMs. However, mesh sensitivity analyses concludsdits obtained were unaffected by mesh
size. Thus, given the aforementioned assumptionghéconstruction of the FEMs, the FEMs may
be considered robust.

Conclusion

This in silico study sought to comparatively analyze the stressitilitions within the
musculoskeletal system in healthy and unilateraP Lé&nditions as a means of determining the
potential for stress shielding within the soft ties as a contributor to the progression of LBP.
Results demonstrated an overall increase in terditime unilateral LBP tissues, with most of this
stress increase being distributed towards the TlHe majority of the load increase was skewed
towards the symptomatic LBP tissues, indicatingaleuficed loading as a result of asymmetric
tissue properties. Asymmetric loading, paired vatavated stress within the symptomatic tissues
directed towards the symptomatic LBP TLF, is notaiisent within the healthy FEM. As a result,
this load allocation bias within the symptomatic R.Bssues may be indicative of physiological

stress shielding within unilateral LBP patients.
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Right ! Left

Symptomatic Tissues Asymptomatic Tissues

Vertebra

Intervertebral Disc
Multifidus
Longissimus Thoracis

Thoracolumbar Fascia

Fig. 1. Anatomy included within the finite element models.Finite element model of the lumbar
musculoskeletal system demonstrating the vertefith&1), intervertebral discs, and soft tissuesl|{ifidus,
longissimus thoracis, and thoracolumbar fasciap Uhilateral low back pain model tissues are segeeg
through the midline of the vertebral column (gi\®nthe dashed line), with the material propertiegssues
located to the right of the midline (“symptomaticile augmented to reflect unilateral low back pitients.

This is a single column fitting image.
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Fig. 2. Loading scenario acting on the developed finite eleent models.Loading scenario of the finite
element models to induce 30-degree flexion, invava 1175 N follower load acting at the centre athe
vertebral body towards the adjacent vertebral breshtral and a 7.5 Nm acting at the L1 centroid ¢tieeh by

red arrows). The tail of S1 acted as a fixed suppais is a one-column fitting figure.
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Fig. 3. Title: Intradiscal pressure of the lumbar \ertebrae undergoing trunk flexion. Measured pressure
of the intervertebral disc (IVD) for the lumbar I'\éDor the unilateral low back pain (ILBP) and hkglfinite

element models (FEMs) in comparison to IVD pressuemasuredn vivo at L4/L5 during trunk flexion
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(“Wilke et al”) [48] and the median IVD pressurehibited by previously validateth silico models (“FEM

Median”) [36]. Error bars indicate the range of I\¥Bessures obtained from tiresilico FEMs [36].This is a

1-column fitting figure.
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Fig. 4. Title: Intervertebral rotation of lumbar ve rtebrae undergoing 30° trunk flexion.Intervertebral
rotation of the vertebrae of the healthy and ueikdtlow back pain (ULBP) finite element models g in
comparison to clinical studies involving 30 degtemk flexion of patients in the sagittal plane J4bhis is a

1-column fitting figure.
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Tables

Young's Modulus (MPa) Poisson’s Ratio (Unitless)
Tissue HE;:\TV 'F'E,\F; % Diff. HE;:\tAhy 'F';CI % Diff.
Vertebrae 3000 3000 - 0.30 0.30 -
Intervertebral Discs 8 8 - 0.45 0.45 -
Tendons 200 200 - 0.45 0.45 -
Multifidus 0.092 0.107 16.7% 0.45 0.45 -
Longissimus Thoracis 0.041 0.043 5.7% 0.45 0.45 -
Thoracolumbar Fascia 416.67 416.67 - 0.45 0.45 -

Table 1 Material properties of tissues composing the hga#nd unilateral low back pain (LBP) finite

element models (FEMSs) [17, 40—-45].

Tissue Cross-Sectional Area

Vertebral Level Multifidus Longissimus Thoracis Fascia
L1/L2 ¥ 18.1% V 0.2%
L2/L3 ¥ 15.6% ¥ 5.6%
L3/L4 ¥ 13.1% ¥ 11.0% N32.7%
L4/L5 ¥ 10.7% ¥ 16.3%
L5/S1 v 8.1% ¥ 21.8%

Table 2Change in cross-sectional area of the symptomatings relative to the asymptomatic tissues at each

intervertebral level for the low back pain (LBPhife element model (FEM). The thoracolumbar fascées

increased uniformly across all vertebral levels.
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Healthy FEM  LBP FEM % Difference

IVD Pressure (MPa)

L1/L2 1.4572 1.4551 -0.14%
L2/L3 1.3636 1.3638 0.01%
L3/L4 1.4938 1.4892 -0.31%
L4/L5 1.1978 1.1909 -0.58%
L5/S1 1.0791 1.0774 -0.16%

Vertebral Rotation (deg)

L1 9.9972 9.9972 -
L2 8.3811 8.3811 -
L3 6.7902 6.7902 -
L4 4.7841 4.7841 -
L5 4.2012 4.2012 -

Table 3 Measured intervertebral disc (IVD) pressures (inaylBnd intervertebral rotation (in degrees) of the

healthy and low back pain (LBP) finite element med&EMS).

Symptomatic Tissues (kPa) Asymptomatic Tissues (kPa) Both Tissues (kPa)
Tissue Healthy  LBP % Diff. Healthy LBP % Diff. Healthy BP % Diff.
Multifidus 0.252 0.300 18.99% 0.259 0.249 -3.99%  0.256 0.276 7.90%
Longissimus

0.0219 0.0196 -10.40% 0.0254 0.0249 -2.00% 0.0238.0226 -5.11%
Thoracis
Thoracolumbar

120.92 140.39 16.10% 115.33 11583 0.43% 118.1229.08  9.24%
Fascia
Total 121.19 140.71 16.10% 115.62 116.10 0.42% 8.401 129.34 9.24%

Table 4 Measured normal stress (in kPa) of the symptonfatiht lateral), asymptomatic (left lateral), or
both symptomatic and asymptomatic tissues in thgitadinal direction within the healthy and unilatielow

back pain (ILBP) finite element models (FEMS).
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Highlights

Development of muscul oskeletal models reflective of healthy and low back pain
Analysis of stress distribution discrepancies between healthy and back pain models
Pain model tissuesincreased by 19.5 kPa; 99.8% of increase skewed towards fascia

Possible |oad allocation bias within pain model may be indicative of stress shielding
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