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Abstract

BackgroundThe mthogenesis of the central cord syndrome is stilclear While there is a
consensus on hyperextension as the main traumatgchanismeading to this conditionthere
is yet to be consensus in studies regarding pathological features of the spir{etervertebral

disc bulging or ligamentum flavum hypertrophifjat could contribute taclinical manifestations

Methods: A comprehensivdinite element model othe cervical spine segment and spinal cord
was used to simulate higlspeedhyperextension Four stenotic cases were model to study
the effectof ligamentum flavumhypertrophyand intervertebral dis bulging on the von Mises

stress and strain.

Findngs: During hyperextegon, the downward displacement of the ligamentum flavum and a
reduction of the spinal canal diametenp to 17%6) lal to a dynamiccompressiorof the cord.
Ligamentum flavum hypertrophy was associated with stress and gpaizk 0f0.011 Mpa and
0.24, respectively in the lateral corticospinal tractswhich isconsistent with thehistologic
pattern of the central cord syndromeLinear intervertebral disbulging alonded to a higher
stress in the anterior and posterior funicppeak 0029 Mpa). Combined with hypertrophic
ligamenum flavum, it further increased the stress and strain in therticospinal tract and in

the posterior horn(peak 0f0.023Mpa and 035, respectively.

Interpretation The stenotic typology and geometry greatly influence stress and strain
distribution resulting fromhyperextersion. Ligamentum flavum hypertrophy @&main feature

leading to central cord syndrome
Keywords

Central cord syndrome, hyperextension, cervicahspspinal cad, spondylosis
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1. Introduction

Central cordsyndrome(CCSjs the most common type of incompleteaumatic cervicalspinal
cord injuryand itsincidence is increasing in older patierfMcKinley et al., 2007; Thompson et
al., 2015) Thissyndrome is learacterzed by a greater motor impairmentin the upper limbs
thanin the lower limbs. It wasfirst describedn 1954 by Schneider et alSchneider et al., 1954)
and was attributed to hemorrhagedamage and swelling predominantly in thespinal grey
matter and in the lateral corticospinal tracs. Later, MRl and histopathological studies
substantiated thisshowing a predominance of axonahjury in the lateral columri{Collignon et

al., 2002; Jimenez et al., 200Qartin et al., 1992; Quencer et al., 1992)

The pathogenesi of CCSwas initially decribedas a compression of the spinal cord during
hyperextensiorof the neck usuallycombinedwith stenosis of thecervical spinal canéMolligaj

et al.,, 2014; Schneideet al., 1954) However, he main stenotic features of the spine
contributing to CCSure still debated: thespinal cord is either compressaqebsteriorly from
anterior bulging of the ligamentum flavurfSchneider et al., 1954anteriorly from margiral
osteophytes anteriorly fromdiscbulging(Dai et al2000) or by any combinationof those three
features Histologicaland MRIstudies suggested that axonal injury was mainly located in the
lateral columngqCollignon et al., 2002; Jimenez et al., 200@ytivi et al., 1992; Quencer et al.,
1992) whichmaythen be the location ofmaximal stressem the spinal cord in the presence of
CCS Unfortunately, histologial studies only present indirect evidence from a posteriori

evaluatiors, with little understandingpf the mechanism of injury.

The htest advances irfinite element (FE) analysisenable the replication of such injury
mechanisns and the estimation of the strain and stresdistribution in the spinal cord
throughouttraumatic evens. Li et al.(2010)simulatedthe extension, flexion andompression
of the cervical spinal cord submitted &m anterior or posteriorcompressivdorce. Nishida et al.
(2012) simulated extensionwith the cerical spinal cordsubmitted to posterior compression
from a simplified hypertrophic ligamentum flavummodel. These studieshowcased peak
streses locaed in the grey matter and both anterior ard posterior funiculi, as opposed to
histopathological studies reportinthe predominance of axonal injury in the lateral column
(Martin et al., 1992; Quencer et al., 1992herefore, he exact pathogenesis of traumatic
central cord syndrome remains largelyebated althoughit affects an increasing numbeof

patients(Thompson et al., 2015)
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The goal of this paper is tmvestigatethe injury mechanism of traumatic CCS Using a
comprehensive cervical FRodel, this study will specifically assess the relatbontributions of
intervertebral dig bulging and ligamentum flavumhypertrophy on the stressand strain

distributionswithin the spinal cordluringan hyperextensiorof the neck

2. Methods

2.1. Fnite element modeling of the cervical spine

A finite element (FE)model of the cervical spine(C2T1) described in previous works
(Beauséjour et al., 2019; Fradet et al., 2014; Taso et al., 20d$ndapted for this studyrhs

modelof a 50" percentile adult male subjeéhcludesvertebrae, intervertebratliscs, as well as
six spinal ligaments anterior and posterior longitudinaligamens, zygapophyseal joint

ligamens, ligamentum flavum, interspinous ligamer@ndnuchal ligamentFig 1(a)).

(a) Finite element model of the (b) Stenotic scenarios at C5-C6 level
cervical spine

(1) Normal disk and . :
Iigamentum flavum (2) Disk bulging

‘ \.\ LD

(3) Hypertrophic (4) Disk bulging and
ligamentum flavum Hypertrophic
ligamentum flavum

[ Anterior funiculi
[ Lateral funiculi

[ Posterior funiculi

Fig.1. (a) Finite element model of the cervical spine and (b) Stenotic scenario &&€kvetin
the 4 tested cases. Abbreviation: DMura mater, PM, pia mater, DL, denticulate ligament

WM, white matter; GM, grey matter.

Each vertebra was defed as a rigid bodyMaterial lawsfor the ligamentswere defined by
tabulated non-inear, strainrate depenent, stressstrain curves derived from mean force
deflection curves measured in experimental studigkttucci et al., 2012; Mattucci and Cronin,

2015) Theinterspinous ligamentorce-deflection curve was applied to the adjacemtichal

4



119 ligament asthis liganment was not included in the experimental studid®e regiors of the

120 curves were calibrated in a previous studp account forthe initial elongationof cervical

121 ligaments (Beauséjour et al.,, 2019)he intervertebral discsvere divided intoa nucleus

122  pulposus (20% of the diskolumée) andan annulus fibrosus ground substancehey werethen

123  associated with firsbrder MooneyRivlin hypetelastic material laws. The annulus fibrosus was

124  divided into three sections (anterior, posterior and laterainforced with specific tensieconly

125 spring elements organized in concentric lameléth a cresswise pattern at +35° to represent

126 the collagen fibergWagnac et al., 2011Theinitial material properties of theliscswere initially

127  defined fromSchmidtet al.(2006)and Shirazadl et al.(1986) andthen modifiedand calibrated

128 for dynamicflexion and extensiorasdescribed in section 2.2.

129 TheFE modedlso includes spinal cordnodel previoushdescribed byFradet et al. (2014)aso

130 et al.(2015)and Diotalevi et al. (2020)Iit is composedof white and grey matter, denticulate

131 ligamens, pia mater and dura méer (Fig 1 (a)). Meshing wagerformed with pentahedral (6

132 nodes) 3D elements for the white ampley matter, and quadratic (4 nodeshellelements for

133 the ligaments,the pia andthe dura mater The proximal ed of the spinal cord was attached to

134 the C2 vertebra to simulate the coaction with the brain stem andb guide the spinal cord

135 movement.The rest othe spinal cordvas leftunrestrained Material laws and properties of the

136 FE model are summarizedTable 1.

137

138 Table 1: Finite element model material properties

e-:-gr?ér?tfs Material law hﬁﬁ:g';%ﬁ?iﬁ? References
Spinal cord:
Greymatter Pentahedral Brick Stresdstrain tabulated Curves inFradet et al. (Fradetetal., 2016)
White matter Pentahedral Brick Stresdstrain tabulated é?Jlr\E/}es in Fradet et al. (Fradetetal., 2016)
Pia mater Quad Linear elastic 2C(I)El?A( 11V T A 1X08f (Fradet et al., 2016)
Dura mater Quad Linear elastic E A I XHOM5E=5 (Fradetetal., 2016)
Dentate ligament Quad Linear elastic E A i XHOM5E =10 (Fradet et al., 2016)
Ligaments:
Quad Stressstrain nonlinear curves Curves derived from (Mattucci and
Except capsula Mattucci and Cronin 2015 Cronin, 2015)

ligament (tria)
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2.2.Dynamic calibration of thaliscs

Thedynamic calibration ofhe modelwas performed by adjustintpe material propertiesof the
annulus extracellularmatrix and nucleis until the momentrotation curvesof each functional
spinal unit (CZX3 to C7T1)fit with experimental results from Barker et §1.2014) For each
spinal wit, the lower vertebra was fixedvhile a rotation of 500 deg’sin flexionand extension
was applied to the upper vertebralhe axis of rotation of each unit was determined as
described in Amevo et gl1991)to replicate the experimental conditions of Barker et(@D14)
Since the GT1 axis was not included in this study, theta forC6C7 was used to set the axis of

rotation.

To determine the goodness of fit betweesimulationand experimental resultshtee criteria

were used: corridor rating, shape rating and size rating. For each data point, the corridor rating
was set to 1 if the simulation results fit inside one standard deviatiandto O if the resultwas
outside two standard deviations. For resubetween one and two standard deviations, a linear
relation between 0 (outside 2 standard deviat8prand 1 (equal to one standard deviatiomgs
calculated. The final corridor ratingalue was obtained byaveragng corridor ratingvaluesat

every data pint. The size rating and shape rating were meaduas defined in Barker et al.
(2017) The size rating (equatiofl)) is the ratio between the area below the simulation curve

y(t) and the experimental curve x(t). The larger value is set adgheminator.

~Ag U :Re EELR 1)
AL S TU:Re E:l EEGP

5 EWA=P HJ

The shape rating (equatig®)) compares the slope and the changdtie slope of the simulated
curve y(t) against the experimeadtcurve x(t). The phasghiftingm, representing the sintercept

shifting,was not enabled for the measure of the shape ratifiterefore, m was set to 0.

Ay ¢g08:a>00a0 (gm0 ks,
5D=L A =P BJ}c—0 =008 287 10 BoDue )
§A%7’-é-:%@@:Q>UQQ;[A%7’-\I_:%08@9;

An average of these three criteria was calculated for the mornetztion curves in flexion and
extension and an overall rating was measured as the average between the rate in flexion and
extension.It was chosen tdarget a rating of between 0.65 and 1, based on a rating scale

defined by Cesari et g2001)
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Calibration of the disk material properties wasrformed by adjusting the parameters;£and
Go1 of the MooneyRivlin hypetelastic material laws used for the annulus and nucleuseach
spinal unit First, the dynamic flexion and extwon of each unit were performed with the quasi
static material prperties of the dik (Schmidt et al., 2006)f the ratings met our criteriano
calibration was performed. Otherwise, a scaling factor of 0.5 to 15 was applied @nthdus
and nucleusigidity (parameters @ and Gz of the material law)while maintaining theCio to Gox
ratio. The range of 0.5 to 15 was chosen to vary the prtps grossly between values
determined in other studies for the lumbar disk in qussitic (Schmidt et al., 2006and
dynamic(Wagnac et al., 2012padings A Gto-Go: ratio was maintained based on the results
of a preliminary sensitivity study, wiicshowed that this ratio had no significant impact on the
FSUmohbility. If no satisfying result was obtained, the rigidity of the nucland the anterior,
lateral and posterior bulk annulwere independently iteratiely scaleduntil the bestoverall

rating (extension and flexiopwas obtained.
2.3.Finite element modding of thespondyloticstenosis

The original geometry of the vertebradanal was maodified from C4 to C7 to simulate a stenotic
canal area. Firstthe canaldiameter was reducedby 3 mm, corresponding tahe average
reduction seen in patients with spondylog8hedid and Benzel, 200Two spondyloticfeatures
were alsoincluded linear disc bulging and hypertrophic ligamentum flavuriRour cases were

modeled, based on th@resene orabsenceof these two featuregFig 1 (b).

As canaktenosisassociated with cervical spondylosigically occus at several leve these

featureswere insertedat three intervertebral levelsC4C5, CBC6 and C&7 (lisplayed in red in
Fig 3) (Stevenson et al., 2016Hypertrophic ligamentum flavunand linear disk bulging
idealized geometries(Fig 1 (b) were defined based orMRI measuremerstof typical cases
found in our institution databasdThompson et al., 2015and were consistent with the
literature (Muhle et al., 1998; Song et al., 2006; Tani et al., 1999; Yu et al., 188d)zation of
these features is also in accordance with therature Kim et al., 201B Thesefeatureswere

meshed with hexahedral (8 nodes) 3D elements defihedas rigid bodies

Modelling of the ligamentum flavumhypertrophy and disc bulging was performed in a
preliminarysimulation,with the neck placed in anpright position, and a normal C2C7lordosis

angle of 22.7according to Gore et a{1986) Thespondyloticfeatureswere movedalongside



196 the anteroposterior axis intdhe canalat the three affected levelto compress the cord and
197 reach40% reduction of the sagittal canal diameterhich @rrespondsto a typical degree of
198 compressionin cervical spondylosisaccording toOgino et al.(1983) Then,the diskbulging
199 features were fixed to thelower vertebra whilethe hypertrophicligamenum flavum features
200 werefixed to theuppervertebraof each segmenftThese altered geomegswere then usedn
201 the neckhyperextensiorsimulation Both spondylotic featurefiad frictionless contastwith the

202  dura mater.
203 2.4. Loading and boundary conditions

204  Hyperextensiorwas achieved byixing T1in space andapplying60 degrees of rotatiorin the
205 median planeto C2 at 50@eg.s', arounda mobile axis located at the center of the vertebral
206 foramen of C2This rotational speed d800deg.s' has beenobserved during typal car crash
207 scenarios(Panzer et al., 2011and a 60°magnitude of rotation approximatesthe maximal
208 amplitude without soft-tissueinjury, asreported by Barker et a(2014)

209

210 2.5 Analysis

211 Model outcomeswere von Mises stramand streses in the grey and white matter. Both
212 outcomeswere extractedat everynode of the FEmodel A smple averaging of their values was
213 performed by summinghe studied tensor equivalent invariant measured at the finite element
214  corner adjacent to the studied nedandthen dividing them by the number of finite element
215 corners adjacent to this node. This method was used to avoid mathematical aberratidhs on

216 results.
217 3. Results
218 3.1 Dynamiccalibration

219 Goodness of fit scosebetween the model[ sFSUkinematics and experimental results from
220 Barker et al(2014)varied from 0.82 to 0.9QFig 2). Theresulting G and Go parametersfor
221 the annulus and nucleuare presentedn Appendixl. The nomentrotation curvesgenerallylie
222  within one standard deviation of the experimental resultserallcorridor rating between 076
223 and 1)(Fig 2).
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Fig. 2: CervicaFSUmoment-rotation diagrams atrotational velocity of 500deg.s!

3.2.2. Stress and strain distribution duringyperextension

Fgure 3 presents a sagittal crossection of the cervical spine during hyperextension and the

strain distribution in the cord. During hyperextensiatime rotation of the upper adjacent

vertebrainduceda dovnward displacementof the ligamentum flavumat the C5C6 level, the

ligamentum flavum initially located above the disk ended up below it at the end of

hyperextersion (Fig 3). Thiswasassociated with a reduction of thinimalspinal canaantero-

posterior diameter(up to 16 decreaseat C5C6) The location of tis canal reductionalso

shifted downward during the hyperextesion: it is above the disk at 308ut below the disc at

60° of extesion. The highesstress and strain were observed at-C6 Fig 3).
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(a) upright (b) 30° (c) 60°

Strain
(in the cord)
0.35
[ 0.31
0.27
B 0.23

g 0.19
& 0.16

0.12
0.08
0.04
0

Fig. 3. Srain distribution in a sagittalcrosssectionof the spnal cord during hyperextension
with a stenotic case presenting a narrowed canbipertrophicligamentum flavum andlinear

disk bulging(both displayed in red)

In the transverse planetress and strairat C5C6increased gradually throughout extensjon
with different patterns depending on thstenotic casesHig 4 and 5). We observed that the
stressdistribution didnot exactly match thestrain distribution due to the higher rigidity of the
grey matter compared to white matterln the normal column (reference casdhe peak stress
and strain were lodzd in the posterior funiculiand were respectively equal to @07 kPa and
0.08 at 30 pf extension,and 0.M45 kPa and 017 at 60 (Fig. 4 and 5)inthe presence of linear
disk bulging alone, stress and strain were initiatedha anterior andposterior funiculi and
increased graduallyniboth areas At30 gextensionthe peak stress andtrainwere respectively
9 and 42 times higher than inthe normal column(respectively 6.5 and 3.2 times higher at 60°).
The pak stress was observed in the anterior horn whiléhe peak strain vas located in the
anterior and posteriorfunicui. In the presence of hypertrophic ligament flavum alotiee peak
stress and strain first appeared in the posterior and medialgafrthe lateral funiculiwhere
theyincreased graduallyas well as in the posterior horn. 80 g the peak stress and strain were
respectively4.1 and 262 times greater than in thenormal column(respectively 2.5 and 1.5

times higher at 60°)In the presence of both linear disk bulging and hypertrophic ligament

10
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flavum, stress and strain initiated in both the posterior and medial gaftthe lateral funiculi
and in the anterior funiculi. AB0 gextension the peak stress and strainene mainly located in
the posterior and medial pastof the lateral funiculi and in the posterior hgriand were
respectively9.4 and 38 times higher than in th@ormal column(respectively 5.2 and 2.1 times
higher at 60°)Fig 4 and5).

In every simulationthe presence of daypertrophicligamenum flavumwas associated withigh
stresesand strairs in the medial part of the laterduniculi at the early stage of the extensipn
whichcorrespondto the main damaged region in CQ&artin et al., 1992; Quencer et al., 1992)
and to the location of the corticospinal tradthe addition of a linear disk lginginto the canal

in the presence ohypertrophicligamenum flavumincreased the overall level of stress iresle

areas duringextension

Linear Disk Bulging
& Hypertrophic
Ligamentum Flavum

Normal Disk and Linear Disk Hypertrophic
Ligamentum Flavum Bulging Ligamentum Flavum

20°

Stress

0.03

[ 0.027

0.023
— 0.02

— 0.017
k > ) —0.013

0.01

0.007

0.003
¢ DL

%

Fig. 4. Stress distributions ira transversakrosssectionof the spinal cord at the C&6

30°

40°

50°

60°

intervertebral level at 5 extensionanglesfor the 3 different stenotic case
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Fig.5. Straindistributions in a transversal crossection of the spinal cord at the G56

intervertebral level at 5 extension anglefor 3 different stenotic cases

4. Discussion

This FEnethod study s the first toinvestigatethe spinal cord dynamicwith different casesof
cervical canastenosisleading toCCSThe results demonstrate thahe geometry and position
of the stenotic featuregreatly influence the stress and strain distributiothroughout the
hyperextensiormovement of the neckin particula, the presence ohypertrophicligamenum
flavuminduced specificstress and strainistributions that areconsistent with histologic findings
related to CC®Jimenez et al., 2000; Martin et al., 1992; Quencer et al., 199} provides
important insighsinto the physiopathology of CCS

The mechanism of CCS is described @arsversecompressionof the spinal cord, during an
hyperextensiorof the neck,due to a reduction of the cervical spinal canal size induced by the
bulging of the ipamentum flavum(Schneider et al., 1954\ reduction of the canal diameter
was indeed observed by Muhle et §1.998)in somespondylotic patients performing a neck

extension in a kinematic MRI. In tpeesentstudy,up to a 17% canateductionwas obseved at

12



287 the C5C6 intervertebral level, buthis was also associated with alownward displacement of
288 the ligamentum flavumKig 3). Thiscombinedphenomenonmodifies the pinching zonef the
289 cord: it was above the disc in the neutral positidsut below the disc at 60° of extensiohhis
290 might explain thesignificantstrain increasein the cord (>25% &80 gof extersion) despite the

291 small reductiorin the canal diamete(6% at 6Qpf extersion).

292 In the presenceof the hypertrophic ligamenum flavum, the peak stress and strain are
293 observed in theposterior and medial pastof the lateral funiculj close to the posterior horn of
294  the grey matter. This areamatches thosewhere most of the axonal damage and Wallerian
295 degenerationare found in histological studies of C@Bmenez et al., 2000; Martin et al., 1992;
296 Quencer et al., 1992 Conversely stress patternswith linear disk bulgingalone weremostly
297  distributed in the anterior and poterior funiculi These results suggest thitte presence of
298 hypertrophic ligament flavum isnreimportantfactor in the pathogenesis of C@Sproposed by
299 Schneider et al(1954) and discussed by many othe(®ai and Jia, 2000; Li and Dai, 2010;
300 Quencer et al., 1992Yhe concomitant presence of hypertrophic ligamentum flavum and linear
301 disk bulging further increasethe stresses and strains in the lateral funiculi by inducng
302 additional pincer effect from combined anterior and posterior congsien of the spinal cord

303 during extension, as suggested by previous autiilarishita et al., 2013; Nishida et al., 2012)

304 The differencs in stress and straimistributionsinduced byhypertrophicligamenum flavum
305 and disk bulgingnaybe explained by thir geometry andheir location of contact with the cord.
306 Inthe presentstudy, disk bulgingappliesa linear compressioto the anterior part of the cord
307 resulting in strain concentrationst the contact area decreasing toward the center of the cord.
308 Converselythe hypertrophicligamenum flavum apples two lateral contact force converging
309 toward the cener of the spiral cord forming a pincer movemenbetween contralateral
310 segmentf the ligamentum flavum. Thimduces centraizedstresgsand strairs in the cordin
311  previous FEnethod studies Nishida et al(2012)usedother simplifiedgeometriesto model the
312 pinching force applietb the cod during hyperextesion: the ligamentum flavum was modeld
313 with a linear shapeand three types of anterior compression were used (central, lateral or
314 diffuse type).Each of thee configuratiors also presented a unique stress pattenmainly
315 locaed in thegreymatter and in the anterior and posterior funiculowevernone led to high
316 levek of stress in the corticospinal tractasobservedin the presentstudy. This confirmthat

317 different stenotic configuratios lead to different stress and strain distribabs, which is
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consistent with thegreatvariability of gndromes and outcomes associated with hyperexsten
injuries without instabilities(McKinley et al., 2007uture FEmethod studies nay need to

considempatient-specific model geometry to understdrheir unigue injury mechanism.

The areaof highest stress and strain concentratisrgenerally observedn the presence of
hypertrophicligamenum flavumis located irthe lateral corticospinal tractwhichis associated
with motor control andis strongly linked with hand dexteritgCourtine et al., 2007)According

to Faerster (1936) and Schneideret al. (1958) the lateral corticospinal tract have a
somatotopic arrangement in whidihe medial partis associated wittupper extremityfunction,
while the lateral partis associated withower extremity function. Based on thisomatotopy
greater motor impairment in the upper limbsbservedin CCS would be explained by higher
damage in the medial part of the corticospirtahct than in the lateral part. Howevethis
hypothesishas beenchallengedby histologic findings showing uniform damage to the lateral
corticospinal trac{Quencer et al. 1992)nd by Nathan and Smi{i955) whodemonstrak that

the lateral tractsare not laminated into functional unitsbut rather, that the motor fiber
involved in upper and lower limb function were interlac& hishypothesiswas reinforced by
several studies on monksyshowing that sectioning of the entireorticospinaltract lead to
greater d/sfunction in the upper limbthan in the lower limls (Bucy et al., 1966; Nathan and
Smith, 1955)The resuls of the present study are compatible withCCS ithe two theories On

the one handjn the presence of the ligaemtum flavum high stressswere mostly distributed

in the corticospinal tractssuggestingthat the entire lateral corticospinal tract was affected
(Quencer et al. 1992; Jimenez, Marcillo, and Levi 20D8)the other hand, peak stress in the
white matter was mainly seen in the medial part of the lateral funiculi, next to the posterior
horn, which is the zone associated with upper extremity function in the somatotopic
arrangement described by Foerstér936). To further correlate the stress pattern in the cord
with neurological damaganddiscriminate tlese two theories, futue FEmethod studies should
considerreproducing patierispecific geometry and injury dynarsiand comparethem with

clinical observions.

This study presentscene limitations associatedvith assumptions and simplificationBirst, the
cerebrospinal fluidwas not included becausewas absent in the stenotic zone of most cases of
CCS with severe spinal stenosis found in iogtitutional database(Thompson et al., 2015)

Secondly disks and ligamenbehaviair in the current modelwere calibrated based on data
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from nonpathological spine segmen(Barker et al., 2014put a stenotic spinds expectedo

be more rigidand lesslikely to sustain a 6Ghyperextension. However, this does not challenge
our conclusionsincehigh stress and strain appeared lassthan 30@f extension,which is a
normal range of extension for the elderlyaccording toMuhle et al. (1998) Thirdly, the
mechanicabehaviar of white andgrey matter wasdefined by isotropic strain ratelependent
tabulated laws derived from experiments reported in the literatufferadet et al., 2016)
Nevertheless these materials arepossibly anisotropic asthey are notably composed of
neurones, myelin, glial cells, eta.order to further study the local stresencentrations and the
affected axonal tractsfuture studiesshould be performed tsupplement theunderstandng
and charactedation of the local behaviar of the spinal cord white andrey matter and to
refine finite element modelsFinally, no direct link could bestablishedbetween the results of
this study and neurological injurlgecauseno accepted stress and strain thresholds hieen
defined for neurological injury of the spinal cord dmtausehe model was not associated with
the specific geometry and injury dynamic of a patient with identified neurological evaluation.
Future work should focusn reproducing patiensspecific ifjuries andestablishing aneurological

injury threshold.

5. Conclusios

dZ]e *8u C ]* 8Z (]JE+3U 3} 8Z u3Z}Ee+[ IviAo P U 8} £ u]v
osteoligamentous spine and spinal cord model for a typical traumatic event associated with
central cord syndromeThe hypothesis suggesting a pinching of the spinal cord by hypertrophic
ligament flavum and linear disk bulging during a hyperextensasinvestigated in this studyit
was foundthat only ligamentum flavum hypertrophy was associated with high stress and strain
in the corticospinal tractswhich is consistent with the histologic pattern of the central cord
syndrome. The presence of a linear disk bulging alone was not associstesiuatha pattern,
but when combined with hypertrophic ligament flavum, increased the overall level of stress and

strain in the corticospinal tract.
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508 Appendix 1: Resultsfrom the dynamiccalibration of disks: Finite element model material
509 properties
510
511 Appendixla:Material properties of disk
Type of _ Material parameters
Material law _ References
elements (units: g, mm, ms)
Disks:
Annulus hexahedral Brick Hyperelastic Mooney Rivlin  Coef. inAppendix b (Barker, et al.
2014)
Nucleus hexahedral Brick Hyperelastic Mooney Rivlin  Coef. inAppendix b (Barker, et al.
2014)

Collagen fibers

Spring Forcedisplacement non Scaling factors:
linear curves with scaling Anterior = 1.2

factor by region Posterior = 0.85
Lateral = 1.03

(Schmidt et al.,
2006)
(ShiraziAdl et al,
1986)
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518
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520
521

522  Appendix1b: Qoefficients of the MooneyRivlin hypetelastic material laws of the annulus and

523 nucleus for each spin&linctionalunit

Spinalunit C2C3 C3C4 C4C5 C4C5 C5C6 Ce6C7 Ce6C7 CrTl

Annulus
Anterior
Go 0.72 2.88 0.11 0.36 0.72 0.72 7.20 10.80
G -018 -0.72 -003 -0.09 -0.18 -0.18 -1.80 -2.70
Lateral
Gio 0.72 2.88 0.11 0.36 0.72 0.18 10.80 10.80
G -0.18 -0.72 -0.03 -0.09 -0.18 -0.05 -2.70 -2.70
Posterior
Gio 0.72 5.76 0.45 0.36 5.76 0.07 10.80 5.76
G -0.18 -144 -011 -0.09 -1.44 -0.02 -2.70 -1.44
Nucleus
Gio 0.96 7.68 192 0.48 0.96 0.96 0.96 14.40
G -0.72 576 -144 -0.36 -0.72 -0.72 -0.72 -10.80
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