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Abstract

Whiplash associated disorders (WAD) represent one of the most frequent injuries following a motor
vehicle collision, with a significant economi c c
billion in Europe. Although high severity neck ings associated with high velocity impacts can be fatal,
WADs can occur from low speed impastenarios that can result in acute soft tissue injury, but can
transition into chronic symptoms that can be detrimental to the quality of life for the vicaeidibion, the
female population has been identified to be twice as vulnerable to sustain WADs with twice the risk to
develop chronic symptoms, compared to the male population. WADSs originate from tissue lesions due to
nonphysiological motion or excess nmm past the physiologic loading range of the cervical spine.
Epidemiological data has associated WADs with frontal, rear, lateral impact scenarios, with the rear impact
configuration having the largest injury risk. However, the total absolute incideMd&D& from frontal
and lateral impacts are equal to or exceed those from rear impacts. Anatomical sites that are susceptible to
injury and pain response include the cervical facet joint, spinal ligaments, intervertebral disc, nerve roots
and dorsal root gaglia, muscles and vertebral arteries. Injuries that originate from these anatomical sites
are difficult to diagnose due to challenges in identifying-abservable macroscopic tissue damage and
limitations in current medical imaging techniques. Currenhots to investigate WAD include volunteer,
post mortem human subject (PHMS), anthropometric test device (ATD), and animal experiments; however,
these methods do not include the combination of active muscles, tissue level injury and pain response that
areapplicable to a human. Detailed finite element (FE) human body models (HBMs) were developed to
address some of these limitations, particularly incorporating the effect of active musculature and the ability
to predict crash induced injuries (ClIs) at thedbtissue level for multidirectional impacts. The objective
of the study was to investigate the injury risk at the tissue level following frontal, rear and lateral impact
conditions using two HBMs that represer5@ percentile male and™percentile €male. In addition, a
new muscle activation scheme was developed and applied to the HBMs and the sensitivity of active muscle

parameters was investigated for each impact scenario.

The head and neck models of the Global Human Body Models Consortium (GHEM@grcentile
male (M5060 v.45) and %' percentile female (FO® v.3-1) were used to investigate the kinematic and
tissue level response in 8g frontal, 7g rear and 7g lateral impact conditions. A nelo@penuscle
activation scheme was proposedrtprove the reflex muscle activation response of both models under all
loading conditions. The new activation scheme was applied to an upper and lower bound assessment of
muscle activation, based on varying physiologic caesgional area (PCSA) and musalgivation onset

time from reported literature values, and assessed using head kinematics. Lastly, the male and female



models were compared for the various impact conditions (frontal, rear, lateral), based on kinematic

response, tissue level response, thiedpotential for injury risk at the tissue level.

The proposed opeloop muscle activation scheme improved the head kinematics outcome, compared
to human volunteer tests relative to the baseline muscle activation, for both the M50 and FO5 models for all
impact directions. The effect of varying PCSA and muscle activation onset time on head kinematics was
largest for the lateral impact, compared to frontal and rear impact conditions. The muscle activation strategy
affected the neck position in the sagigiddne during the impact, which was sensitive to lateral impacts
because increased neck flexion enabled increased lateral bending coupled with increased axial rotation. The
kinematic and predicted tissimvel injury risk were similar between the M50 andSFmodels for the
frontal and rear impact directions, attributed to the confounding effects of both stature and local tissue
dimensions. The lateral impact direction predicted the highest injury risk for the capsular ligament, and
compression of the nerveot and dorsal root ganglia at the lowervicalvertebral levels for both the M50
and FO5 models. No injury risk was predicted by both models in the rear impact condition, although the
impact scenario considered was in the transitional region fromnjured to injured as reported in the
literature. The low injury risk in rear impact was attributed to theptorsiological facet joint gap and the
numerical implementation of the capsular ligament. In addition, the FO5 model demonstrated consistently
lower head rotational displacement compared to the M50, attributed to thghgsiological planar facet

joint profile, whichrestricted axial rotation of the vertebrae.

An average stature male and a small stature female HBM were enhanced with a ninepperscle
activation strategy resulting in improved head kinematics for frontal, lateral and rear impact scenarios.
Assessment at the tissue level demonstrated the highest injury risk in the lateral impact condition for both
M50 and FO5 models. In generadigetinjury risk between the M50 and FO5 models were similar in the
frontal and rear impact conditions due to confounding effects of stature and local neck tissue dimensions,
while the lateral impact condition resulted in different capsular ligapestitraumaticinjury locations
because of the reduced vertebral motion from thepiysiological facet joint cartilage of the FO5 model.
Application of the upper and lower bound activation scheme demonstrated the highest sensitivity in model
response to the latd impact condition, while the rear impact condition demonstrated the lowest sensitivity.
Future research should investigate a range of impact severities to determine the injury tolerance for each

impact direction.
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CHAPTER 1: INTRODUCTION

Whiplash associated disorders (WA@pmmonly knownas necksprains and straiparethe most
frequentinjuries observed following a motor vehictmllision, accountingor 27.8% of all injuries treated
in US hospital emergency departe@uinlan etal., 2004 Gustafsson «idl., 2015; Kullgren eal.,2013.
The totalannualcostas a consequencé whiplash is gnificant at an estimate®3.9 t0$29 billion in the
United Statesand (10 bilion in Europe,representing areat social economiburdento society and
personal burden to the affected individudler@ etal., 1996;Freeman eal., 1999; Ritcher eal., 2000). It
is estimated that the incidence of WAD has increaseddwen times over the paiiree decadesvith a
predictedincidence rate in North America and Europe of approximately 300 per 100,000 inhabitants
(Versteegon etl., 1998; Ritcher eal.,2000;Holm etal.,2008. The occurrence of fatal and severe injuries
that result from motor vehicle collisions have redudad to advancements in vehicle safatijle the
incidence of low severity soft tissue injuries ahd riskof disability resultingfrom these low severity
injuries have both increased since the early 1980s (Kullgrah,&t002). Although high severitgeck
injuries can be lifahreatening oevenfatal, low severity soft tissue neck injuries can be disabling
develop into chronic symptoms that can be detrimental to the quality of life for the injured victim (Cronin
2014). This is problematic becaus#t tissue injury in the neck is the highest occurring injury in terms of
frequencywith anestimatedhalf of all WAD victims still repoiing symptoms one year after the initial
incident (Carroll etal., 2008).Furthermore, the female population hawibitedtwice the susceptibility
to WAD compared to the male populatidn addition females are repodeo hawe twice the riskfor
development ofchronic symptoms (Carlsson &lt, 2012 Carstensen etl., 2012. Epidemiological studies
haveidentifiedthat WAD can occur fronfrontal, rear, and side impacts, whahe rearimpactcondition
represerdd the highest risk ofsustaining?AD (Kullgren etal., 2013; Watanabe etl., 2000; Hell efal.,
2003; Martin etl., 2008;Cassidy eal., 2000; Berglund eal.,2002; Morris and Thoma4996 Kullgreen
etal., 2000; Jakobsson at., 2000. Despite rear eniinpacts having the highest injury rigke absolute
number ofWAD incidens that result fromfrontal and side impacare often equal to or exceed tretal
number ofoccurrencefrom rear impacevents which signifies the importaned WAD that developsrom
frontal and side impact@Berglund etal., 2008, Kullgren etal., 2013; Martin etal., 2008, Morris and
Thomas 1996)

WADs are thought to originate from tissue lesialue tononphysiological motions of the cervical

spine segments or excess motion fasphysiologic rangéCuratolo e@l.,2011) Several anatomical sites



with the potentiafor tissue injuryand pain respondgavebeenproposedn the literatureincluding the
cervical facet joint, spinal ligaments, intervertebral disc, nerve root and ganglia, masdesertebral
arteries with the cervical facet joirteing the most developédterms of researchith the most evidence

as the leading source of neck paime¢nund efal., 2009; Curatolo eal., 2011; Bogduk2011, Cronin,

2014. Furthermore, e cervical facet joint has been confirmed to contain nociceptors, which indicate the
potential for pain development with further supporting evidefioen animal modelsof pain from
nociceptor signalling and behavioural sensitivity studies (Siegmuaid 2009; Lu etal., 2005; Lee edl.,

2004; Lee etl., 2008 Bogduk 2002. A challenging aspeaf WAD is the difficult diagnosis ofthe
anatomical soureof painfor patientsbecausehte injuredsofttissuesdo notundergo catastrophic failure

that cause complete rupture, lameratherdistractedbeyond the physiologilmwadingrange thatancause
micro lesions to form(Yoganandan eal., 1988) where darage cannot be observed macroscopically
(Nordin and Frankel, 2001This presents challenges in {hi®cess otlinical diagnosisasthese types of
lesionsare undetectable usirayrrent medical imaging techniqu@éoganandan edl., 2001, Dullerud et
al.,2010; Vetti efal.,2011; Li etal., 2013. In addition to challenges in the diagnosis prodessdifficult

to quantify the pain response with respect to thechanicaloadingof a tissuedue to ethical restrictions

for in-vivo human testingSeveral methods are currently used to investigate the injury mechanisms of WAD
including anthropometridest device (ATD), post mortem human subjegPHMS), invivo volunteer
testing animal modelsand finite elemen{FE) modelling approache#TDs suchas the BioRIDare
mechanical human surrogatbat arecurrently used to assethe safety of modern production vehicles but
have low levels of biofidelity, are not frangiblean only predict injury for a global body region, and are
limited to a singlempact direction. Experiments that utilize PHMS provide increased biofidelity and allow
the investigation oinjury in high severity events, but lack muscle tocennotassess physiologic or pain
responseand are often more representative of the agedlatgo. Human volunteer testing is ideal as it
offers the highest level of biofidelity that includes muscle tone and active musculature, but exposures to
human volunteers are limited to ronjurious inputsdue to strict ethical regulation&nimal modelscan
provide insighton nociceptor activation and chronic pain development, but limitations in animal models
include distinct biological and anatomical differences compared to a human (Winkelsakin261.1).
Humanbody models (HBM) have been develope@dtdressome of theskmitationsand are useful tools
thatincorporate the response of passive and aatiwvgcleghatallow predictiors of kinematic and kinetic
responsewhich can be related to injurOne of the most valuable benefituflizing a HBM is the ability

to predict local injury for any body region at the tissue 1€¢€ebnin, 2014 Yanget al.,2018; Schmittet
al.,2019. This is crucial in discerning detailed injury locations to understand complex injury mechanisms
such aswhiplash injuryfor a given impact scenario. Furthermarl8BM can be used to conduct detailed

sensitivityanalysisof input parameters and have the added benefit of removing the effects of subject and



biological variabilityby incorporatingdeterministic nechanical and failuréssuepropertieghat result in
a single answer for a given load c&Seonin, 2014) The objective of this study was ttilize two HBMs
(Global Human Body Model Consortium, 'percentile male and™percentile female) to invegtite the
response ofsoft tissueneck injury in frontal, rear, and lateral impact loading conditions through
quantification of local tissue strainfurthermore, the effect of active muscle parameterglobal
kinematicsand injury potentialand the develpment of an improved muscle activation strategs

implemented.

This thesis is organized in five chaptdBackgroundnformation that is crucial for understding the
content of this thesis is provided in Chapte€Bapter 3 builds upon the knowledge described in Chapter
2 to highlight the methodologysed to conduct the investigatidbhapter presentshe result of the study,
and Chapter 5 providadiscussion about the results in relation to the current literatnraddition to
highlighting limitations otthe study.



CHAPTER 2: BACKGROUND

2.1 Anatomy

2.1.1Anatomic Planes and Directions

The anatomic position describes an individual in a baseline configuration that is standing upright with
the head, feet and palms facifigward (Figure 2-1) (Standring 2008). This baseline configuration is
critical because it standardizes a consistent method to describe human anatomy regardless of the
instantaneous position of tlredividual. These planes and directions allow the description of body parts

relative to the bodgt a global scale, or at a local scale when describing one part relative to another.

Three imaginary orthogonal planes intersect the body in the anatomical position: frontal (coronal),
transverse (axial), and sagittal (median) plane, and are primaety tosdescribe sections in the body
(Figure2-1) (Standring, 2008 The frontal plane is oriented vertically and divides the body into front and
back sections. The mext plane is oriented vertically and bisects the body into symmetric left and right
halves. The transverse plane is oriented horizontally and divides the body into top and bottom parts. These
planes are often used in conjunction with a reference poinhdmark on the body to identify where the

plane is situated.

The superior (above) direction points upwards towards the head while the inferior (below) direction
points downward towards the feet (e.g. eyes are located superior to the nose while the fnoatédis
inferior to the nose). The posterior direction is directed rearward toward the back, while the anterior
direction is directed toward the front of the body (belly). The medial direction defines parts that are close
to the median plane (e.g. centéthe body) while the lateral direction defines parts that are away from the
median plane in the left or right direction. Ipsilateral can be defined as a part or occurrence that is located
on the same side of the body, relative to a reference strucamgalateral is defined as a part or occurrence
that is located on the opposite side of the body, with respect to the reference structure. Superficial define
structures that lie toward the outer surface of a body region and deep define structureawsst fiem
the surface of a body region (e.g. skin is superficial to muscle). Proximal describes structures that are
situated towards the attachment or center of the body, while distal define structures that are situated away

from the attachment or the cenbf the body (e.g. hands are distal relative to the elbow).
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2.1.2Neck Motion Terminology

The basic movement of the heaeck complex can be divided into four primary motions: flexion,
extension, lateral bending, and axial rotat{®igure 2-2) (Standring, 2008 Flexion refers to anterior
bending of the neck (e.g. looking down at the ground) and is the neck motion experienced during a frontal
crash. Conversely, extensiorfaes to posterior bending of the neck (e.g. looking up at the sky) and is the

primary neck motion during a rear end impact. Lateral flexion or lateral bending refers to the motion of the

— Sagittal Plane

Pl a n €SA 8.0hbps://conmOmis. wikirBe@ia.dgfwiki/File:Anatomical_Planes.svg]

head when tilted towards either side of the shoulder. Axial rotaéifars to rotation of the heambck

complex along the longitudinal direction of the vertebrae alignment (e.g. looking left and right at a road
intersection). Due to the high number of sensory systems located on the head (visual, auditory, olfactory,

gustaory), the neck structure must have enough flexibility to enable large ranges of motion to provide

interactions with the surrounding environment.
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FIGURE 2-2: PRIMARY NECK MOTIONS

The vertebral column is cgmsed of individual bones called vertebrae and are connected as a
continuous column. It is a vital structural component in the human body as it forms a connection from the
head, leading to the thoracic region and down to the sacrum. It is not only @doad)lstructure that must
support external forces but must contain and protect the central nervous system (i.e. spinal cord) and delicate
vascular structures. Furthermore, it provides important musculature attachment points along the entire
column to faditate movement from the head, down to the lower back. In addition to providing these
structural functions, the vertebral column must be flexible enough to accommodate dayt@abay

movements within physiologic ranges of motion.

The vertebral columnan be broken down into five distinct sections: the cervical (C) spine, thoracic
(T) spine, the lumbar (L) spine, the sacrum, and the codegxre 2-3) (Standring, 2008 The cervical,
thoracic, and lumbar sections are where motion occurs. The cervical spine is composed of seven vertebrae,
the thoracic spine is composed of twelve vertelaad the lumbar spine, five vertebrae. The cervical spine
has the unique functionality to provide the largest range of motions in all directions while forming a

connection between the head to the n&ifjure2-4).
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FIGURE 2-4. LATERAL RADIOGRAPHY OF THE CERVICAL SPINE
[Adapt ed f rneckixriialya toefr anth i p | a s h éSA B.Q) httpseommdnsiwikim€d.orB/¥iki/File:Lateral_neck_X
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The thoracic spine contains unigjents to allow attachment of individual ribs and connects the
cervical spine to the lumbar spine. The lumbar spine connects the thoracic spine and the sacrum while
featuring the largest vertebrae in the column to bear the weight of the@éeladomplexand torso. When
referring to a specific vertebra, the common terminology is to designate the spinal level followed by a
number. Each section of the vertebral column is numbered starting from one, in descending order from the
superior to inferior directorFor exampl e, the seventh cervical ver
segment or motion segment is a functional unit consisting of a pair of adjacent vertebrae and intermediate
connective tissues and are denoted as the spinal level followed bynteemof the superior vertebra,
followed by the number of the inferior vertebra. For example, the motion segment that consists of the fourth

and fifth cervical vertebra can be denoted as AC4

Each vertebra exhibit common features and interconnectivily as containing two synovial joints
and a fibrocartilaginous intervertebral disc, with the exception of the first and second cervical vertebrae
(Standring, 2008 The size of the vertebra increases in the inferior direction, with the lumbar spine
containing the largest vertebrae. When viewed from the lateral aspect, the spinal column is not straight but
exhibits a natural anatomic curvature in each spinal se@tigare2-3). Lordotic curvature or lordosis is
referred to as posterior concavity while kyphotic curvature or kyphosis is referred to as anterior concavity.
Both the cervical and lumbar spine exhibits lordotic curvature, while the thoracic spine exhibitsckyphot
curvature. The curvatures at eapinalsection are often different between individuals and will change

through life.



2.1.3Cervical SpineStructures

Cervical Vertebrae

There are many structural similarities between vertebrae in the different regions of the cervical spine.
The third to seventh cervical vertebnave very similar anatomic features and characteristics and are
referred to as the lower cervical spine (LC)efke is a trend for the vertebrae to increase in dimension in
the inferior direction due to the progressive addition of body weight from subsequent posterior structures
(Standring, 2008 Each motion segment in the neck allow a limited quantity of movermewever when
the summation of all motion segments are considered, it provides the greatest range of motion in the
vertebral columr{Standring, 2008 The cervical spine contains the smallest vertebrae and is unique with
a transverse foramen in the tra@sse process through which the vertebral artery passes.

The first and second cervical vertebrae (upper cervical spine) contain unafoen& features that
areseparatdrom the lower cervical spine vertebrae. This is the only vertebral segment in khihaies
not connected by an intervertebral disc and are held together only by a complex arrangement of ligaments
and two facet joint§Standring, 2008

The vertebraare comprised dbur main structures: the vertebral body, two articular pillars,thed
spinous proceg$tandring, 2008 These structures are connected by the vertebral arch, whitztinsothe
pedicle and laminal'he vertebral body, pedicle and lamina form a triangular void in the center called the
vertebral foramen, through which thginal cord passes. There are seven processes in the ogrktiehfa
two transverse processes, four articular processes, and one spinous process. Each process may contain a
small protrusion of bone called a tubercle, which serves as additional attagioima for ligament and
muscle. The vertebral body is located anteriorly, with a superior surface that isstzajottel and an inferior
surface that is concave. This unique geometry limits anteroposterior and lateral movement between adjacent
vertebraen the neck. The transverse process and the lamina protrude bilaterally from the vertebral body
and forms a circular opening called the transverse forathenghwhich the vertebral artery passes into
the brain(Figure2-5).



FIGURE 2-5: VERTEBRAL ARTERIES PASSING THROUGH THE VERTEBRAL FORAMEN (Adapted from Gray,
1918)

The two articular pillars feature bothsaperior and inferior oval surface called the articular facet
surface and are located anterolateral to the vertebral body. The superior articular facet surface is directed in
the posterosuperior direction while the inferior articular facet surface igfdg@ranteroinferior direction.

The two lamina sections travpbsteromediajl and meet at a junction to form the spinous process. The
spinous process is the primary component in the lower cervical spine that can be felt through palpation on
the posteriosurface of th@eck.Indentations on both the superior and inferior surface of the pedicles form
the superior and inferior vertebral notches. The vertebral notch from adjacent vexdsiatesa
passageway called the intervertebral foramen, through whéelspinal nerve root exits the spinal cord
(Figure2-6).
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FIGURE 2-6: LOWER CERVICAL VERTEBRA (Adapted fronGray, 1918)

Bone tissues are complex biological materials possessiisgtropic, asymmetric (different tensile
and compressive propert)esiscoelasticity and strain rate dependent material properties. The vertebra is
constructed of two types of bonedile called cortical and trabecular b@figure2-7). Cortical (compact)
bone surrounds the exterior walls of the vertebra with characteristics of high density agth sive
withstand large compressive forces. Trabecular (spongy)ibtowated within the outer cortical shealith
characteristics of lower density (porous) and has a unique anisotropic lattice structure. The lattice structures
of the bone tissue are ted trabeculae and are oriented along the principal axis of stress to provide strength
to the vertebra. Together, cortical and trabecular bone create a strong, lightweight structure to ensure each

vertebra can endure the forces experienced during eveifelay
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The first cervical vertebra (C1), also known as the atlas, isstiaged and responsible for supporting
the base of the skulFigure2-8). There are no intervertebral discs between the skull and the atlas or with
the second cervical vertebra (axis) due to the absence of a vertebral bodyiTheunture of the atlas is
composed of two articular pillars connected by the anterior arch and the posterior arch. These two structures
create a void in the center of the atihatcan be divided into two compartments. The first compartment
occupies aproximatelyonethird of the anterior portion of the opening and encldésesdontoid process
of the axig(Standring, 2008 The remaining portion (approximately two thirds) is occupied by the spinal
cord. The transverse process extends bilaterally fnerarticular pillars and houses the transverse foramen.
The superior articular facet surface is fAkidneyo
condyles on the skullStandring, 2008 The atlas has a long transvepsecess, whiclprovides large

moment arms to help muscles make small adjustments to stabilize the head.
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FIGURE 2-8: POSTERIOR VIEW OF THE ATLAS (Adapted from Gray, 1918)
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The second cervical vertebra, commordferred to as the axis, provides an axel to which the atlas
and skull can rotate abo(Figure2-9). The most prominent feature of the axis is the odontoid process or
dens, which protrudes superiorly from the vertebral b{handring, 2008 The dens are positioned
anterior to the spinal cord and held in position by the anterior arch and transverse ligament in the atlas. The
transverse process is notably smaller, &wedspinous process is thicker and stronger when compared to the
inferior vertebrag€Standring, 2008 The two articular facet surface provides a platform to which the atlas

and skull rotate.
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FIGURE 2-9: C2VERTEBRA (AXIS) LATERAL AND SUPERIOR-OBLIQUE VIEW (Adapted from Gray, 1918)

Ligaments

Ligaments are the fibrous connective tissue that provides a connection between adjacent vertebrae to
ensure stability and limit neck motiotswithin physiological limits. Ligaments are primarily composed
of a compact collection of proteins called collagind elastir(Standring, 2008 Collagen proteins are
wrapped and linked together to create fibres that form the structural integrity of most tissues in the human
body. Collagen is viscoelastic and responsible for the tensile strength of the ligamieng)asin is highly
stretchable and exhibits a hyperelastic response. In general, these two proteins enable flexibility but provide
substantial tensile strength when stretched. The ratio of collagen and elastin determine the mechanical
response of the lgment(Yoganandan &dl.,2001) Due tothiscompaosition, ligaments are tensile resistant
structures with a negligible compression response. Like other biological tissues, ligaments are strain rate
dependent, nonlinear viscoelastic materials that exrobit distinct tensile loading regions: toe, linear,
traumatic posttraumatic andruptureregion(Mattucci and Cronin2015) When a ligament is distracted,

there is an initial nonlinear region called the toe region, where collagen fibres begin toesirigmt the
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initial relaxed crimped state. The fibres transition into the linear response region (constant stiffness) when
all collagen fibres have straightened and are fully engaged in resisting the tensile load. As distraction
continues, microlesions maprm in the ligament and stiffness will begin to decrease when stretched
beyond the physiological limis the ligament response enters the traumatic réyioganandan edl.,
2001; Yoganandan et., 1988) In thisphase of loading, the ligament remaimsictwhile damage cannot
be observed macroscopical{idordin and Frankel, 2001and the ligament stiffness will continually
decrease as microlesions increase, until macroscopic failure occurs at the ultimate load where the stiffness
drops momentarily to zer@nd will enter the pogstaumatic regionAt this state, bundles of collagenriis
have ruptured, causing a steep decrease in the force response. In inaupteic region, the force

response wilkcontinue todrop as bundles of collagen fibres progressivallyuntil the ligament is fully
ruptured(i.e. no force responséPewit and Cronin2012)

Two bands of strontigamentsrun longitudinally along the vertebral bodies and travel from the axis
down to the sacrurfStandring, 2008 These ligaments are composed of individual fibres that are layered

on top of each other and ruarginuously, spanning up to four vertebrae. The anterior longitudinal ligament
(ALL) is located along the anterior surface of the vertebral bodies and travels from the skull down to the

sacrum(Figure2-10). The primary function of the ALL is to resist neck extension and provide stability to
the cervical column.

Posterior
Longitudinal Ligamentum
Ligament

Flavum

4\ f'?;gh’%{‘gw
: ] ﬁh 7

l ,.Fu’ﬂff 'ex

Anterior
Longitudinal
Ligament

&%‘W\\ '}}% gk

fa:m a _}Ls:g]g,no“‘g

. f.!.
'‘Proc £3 ‘& ’@‘

——IGAMENT.

LOMGIT.

. Interspinous
e

g N E L0 RN 2| Ligament
\ nggzu andsn t i - e oy ...‘

i i o L )
iody s one IS 7, Sth —A
ol %y P'n '5' }rr\ fs .

5 . i s

g g b \ e f;?"‘ff-‘ ff-"!.l;‘| é;uﬁ?
z : \ TS TR

< Capsular
Ligament

FIGURE 2-10: LOWER CERVICAL SPINE LIGAMENTS (SAGITTAL SECTION VIEW) (Adapted from Gray, 1918)

14



The posterior longitudinal ligament (PLL) is located along the posterior surface of the vdrteleal
whichis also the anterrosurface of the spinal cah(Figure2-10). The primary function of the PLL is to
resist neck flexion and provide stability to the cervical spine. These two ligaments not only adhere to the
anterior and posterior surface of the veréébodies but also to the surface of the intervertebral disc.

The capsular ligament (CL) surrounds the periphery of each articular process to form an enclosure for
the facet join{Figure2-10). The two pairs of CL are located on every segment level in the cervical spine

including the atlant@xial and atlant@ccipital joints.

The ligamentum flavum (LF) runs through the posterior surface of the vertebral canal ticonttec
laminae of adjacent vertebr@égure2-10). Unlike the longitudinal ligaments, the LF is not continuous,
but connect the inferior surface of the superior femaito the superior surface of the inferior laminae. The
LF resist neck flexion by reducing motion between adjacent laminae.

The interspinous ligaments (ISL) run vertically and connect adjacent spinous pr¢Eapse-10).
This ligament covers the entire length of the spinous process and primarily limit neck flexion during

movement.

The upper cervical spin@JCS) is connected by a complex arrangement of ligais due to the
absence of an intervertebral dig€igure 2-11, Figure 2-12). The anterior atlantabccipital membrane
(AAOM) connects the superior surface of the anterior atlantal arch to the anterior margin of the foramen
magnum(Standring, 2008 Running continuous from the AAOM, the anterior atlamt@al membrane
(AAAM) attaches ond the anterior surface of the C2 vertebral body. The AAAM is continuous with the
ALL in the lower cervical segment levels. The posterior atlaaipital membrane (PAOM) connects the
posterior atlantal arch to the posterior margin of the foramen magnhen.pdsterior atlantaixial
membrane (PAAM) is located directly below the PAOM and attach onto the posterior surface of the C2

vertebral body. The PAAM is a continuation of the LF in the lower cervical segment levels.
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FIGURE 2-11: LEFT SAGITTAL SECTIONAL VIEW OF THE UCS (Adapted from Gray, 1918)

The tectorial membrane is a band of tissue that runs from the posterior surface of the C2 vertebral body

and attach onto the basilar odt@pbone. Thsligament is continuous with the PLL from the lower segment

The transverse ligament runs laterally from the lateral mass of the atlas and confines the odontoid

erior atlantal #8thndring, 2008 The transverse ligament is located

anterior to the tectorial membrane. From the medial aspect of the transverse ligament, additional fibers run
longitudinally to connect the transverse ligament to the posterior surface of the C2 vertebral body (inferior
cruciate ligament) and the occipital bone (superior cruciate ligament). Together, these three ligaments form
the cruciate ligament of the atlas. The apical ligament run longitudinally from the apex of the odontoid

rior mardithe foramen magnum and is located anterior to the superior

cruciate ligament. The alar ligament consists of two bands of tissue that extends bilaterally from the
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odontoid process and attach onto the lateral margins of the foramen magnum near thespesdiaf the

occipital condyles.

— Apieal odontoid
finament

A!Iam.r..{ Avticular capiule
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Membrana tecloria, divided and reflected

_atlagam- Ammdma:rfapsrwic
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FIGURE 2-12: POSTERIOR VIEW OF UCSLIGAMENTS (Adapted from Gray, 1918)

Intervertebral Disc

The intervertebral disc is a fibrocartilaginous connection situsttgeen each adjacent vertebral body
in the cervical spine, with the exception of the atlantoaxial joiH@2)L The disc forms an amphiarthrodial
(slightly movable) joint between adjacent vertebral bodies, reinforced by the anterior and posterior
longitudinal ligamentgStandring, 2008 In the cervical vertebrae, the anterior region of the disc has a
greater thickness when compared to the posterior region and is attributed to the lordotic curvature of the
cervical spingStandring, 2008 The inferior ad superior ends of the disc adhere to the vertebral endplate
that is consisted of a layer of cartilage found at the superior and inferior surface of the vertebral body. In
addition, the anterior and posterior regions of the alisadhere to the anterioand posterior longitudinal

ligaments.

The disc has two primagomponentsa tough outer annulus filsusand the internal nucleus pulposus
(Figure 2-13) (Standring, R08). The annulus fitbsusis a composite structure that constitutes layers of
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anisotropic lamellae arranged concentrically around each disc. Each lamella layer has collagidratibres

are arranged parallel to each other an angle of approximately 2legrees to +4%egrees from the
transverse plang@Cassidy etl., 1989)andaresurrounded by a matrix of water and proteoglycans called

the ground substance. The angles of the collagen fibres alternate between each successive lamella layer to
provide stability during any neck motion (particularly axial rotation).

POSTERIOR

NUCLEUS
PULPOSIS

ANNULUS
FIBROSIS

\\\<JINTERLAMELLAR
ANGLE, ¢

FIGURE 2-13: IVD ANNULUS FIBROSUSCOLLAGEN FIBER ANGLE (Adapted fronCassidy eal., 1989)

LATERAL |

The nucleus pulposus is an incompressible flikiel gelatinous material located within the annulus
fibrosus with the primary purpesf resisting and distributing compressive loads to the vertebral endplates.
Together, this unique composition of the intervertebral disc allow for flexibility between vertebrae and
provide shock absorption by deforming amid neck movements. During canaprethe nuclear material
expands outwards, causing radial expansion and increased bulging of the annotus fibading the
collagen fibres in tensiofFigure2-14). For example, during anterior bending, the posterior region of the
disc is loaded in tension while the anterior region is in compreg¢bignre 2-14). This mechanisnof

loading can be applied for all other bending directions during neck movement.
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FIGURE 2-14: IVD RESPONSE A) COMPRESSION, B) BENDING

Facet Joint

The facet (zygapophysial) joints are bilateral synigeiats, located at the posterolateral aspect of a
motion segment, formed by the inferior articular surface of the superior vertebra, and the superior articular
surface of the inferior verteb(&tandring, 2008 This joint is classified as a diarthrod{fdeely movable)
joint (Standring, 2008 The articular surface of the articular process is covered in a layer of articular
cartilage which hascharacteristicallyow friction and enabkethe contacting surfaces of the bone to glide
smoothlyto preventdamage to the subchondral bone (bone underneath the cartilage). The exterior of the
facet joint is surrounded circumferentially by the articular capsule (capsular ligament), while tle interi
contains a separate lining called the synovial membrane. This membrane secretes synovial fluid to help
lubricate and reduce friction between the tage surfaces during tractiofihe synovial fluid fills the joint
cavity created between the two artarucartilage surfaces and surrounding membrane. Located subjacent
to the synovial membrane exists intidicular structures called the synovial fold (meniscoids), particularly
in the anterior and posterior regions of the facet joint. The synovial folouswls the periphery of the joint
and consistsof adiposeand fbrous connective tissues and functionally, hbeen hypothesized to help
distribute compressive forces across the contacting joint surface (JaurabyaGHt1).

The main function of thiacet joint is to guide and limit movement between adjacent veggivevent
potential damage to surrounding soft tissues, and transfer compressive forces throughout the cervical
column.Therefore, the general movement of the riet&rgely dictated byhe shape and orientation of the
facet joint. The surface of the joint is inclined at an angle of approximatelynthin the sagittal plane
with the superior face of the articular process facing towards the posteromedial difeatigabi efal.,

1993) This orientation limits mobility for adjacent cervical motion segments (excluding atlas and axis) in

axial rotation, lateral bending, and lateral/anteroposterior translations, but allows for extensive ranges of
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motion in flexion and extension. Additiongllthe facet geometry results in axial and lateral motion of the
cervical vertebra to be coupled, meaning during lateral bending, axial rotation will also occur, and vice
versa(Bogdukand Mercer2001) Although motions such as axial rotation daugral bending are limited,

the summation of movements between all censegments is still substantial asdables a high degree

of neckmaobility.

Nerve Roots

The nerve roots and spinal nerves located within the vertebral caltgpart of the nervaosisystem,
which is considered to be the most complex system in the human body. The nervous system can be divided
into two networks: the central nervous system and the peripheral nervous €ytadring, 2008 The
central nervous system (CNS) consistshaf brain and spinal cord, while the peripheral nervous system
(PNS) refers to cranial and spinal nerves and associated branching nerve structures located throughout the
body. Communication between the CNS and the body occurs via the PNS nerve filugls thecafferent
(sensory) fibres and efferent (motor) fibfEggure2-15) (Standring, 2008 This network can bperceived
as an inpubutput system where afferentr@s transmit information into the CNS via sensory receptors in
the periphery, and efferent fibres relay information from the CNS to peripheral systems (e.g. skeletal muscle
for contraction). These long nerve fibres that travel throughout the body ackaailes and are extensions
of nerve cells (neurongswhich function to encode, relay and transmit information via nerve impulses
(Standring, 2008

Lateral column

Posterior
Ant. med, fissu

Anterior eolumn™

Subdural cavily

Anterior

“Paosierior
division

FIGURE 2-15: NERVE ROOTS, SPINAL NERVE, AND SPINAL CORD: LEFT LATERAL VIEW AND
SUPERIOR VIEW (Adapted from Gray, 1918)
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The spinal nerves and nerve roots form the transitional structures between the CNS and PNS
(Standring, 2008 There are eight pairs of spinal nerves in the cervical spin€€g}land areomposed
of both motor and sensory fibres. The nerve roots are designated by the vertebra inferior to the root (e.g.
C3 spinal nerve is located between C2 and C3 and C8 is located between C7 and T1). Two pairs of spinal
nerves exit bilaterally from the webral canal and run anterolaterally between adjacent vertebrae through
the intervertebral foramgfrigure2-16). Each pair of spinal nerves are formed from the uni@gheodorsal
(sensory) and ventral (motor) root, while each dorsal and ventral root are comprised of multiple adjacent
dorsal and ventral rootlets originating from the spinal d@tandring, 2008 The dorsal root contains
afferent nerve fibres and ventraots contain efferent fibres. Along the dorsal root between the spinal cord
and the spinal nerve constitutes a distinct section called the dorsal root g&8taiadring, 2008 The
ganglion contains a cluster of afferent neuronal cell bodies and/sicpltly prominent by the enlarged

diameter of the dorsal root, just before the junction that forms the spinal nerve.

FIGURE 2-16: A) LATERAL VIEW OF THE CERVICAL SPINE, IVF MARKED BY ASTERISK (C23

FORAMEN OUTLINED ), B) SPINAL NERVES EXITING IVF, SUPERIOR VIEW
[Adapted fronfi Pr oj ecti onal radiograph of cervical foraminal stenosi
https://commons.wikimedia.org/wiki/File:Projectional_radiograph_of_cervical_foraminal_sténe . j pg; fAHuman cervical ver
Bauer (CC BY 4.0) https://commons.wikimedia.org/wiki/File:Human_cervical_vertebra.stl]
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Muscles

The human body is comprised of three different types of muscle tissue: skeletal, cardiac, and smooth.
Skeletal musckeare voluntary, reflexive, striated aagresponsible for voluntary control to facilitate the
movement of the body. Cardiac muscles are involuntary and striated and are only located in the walls of
the heart and surrounding vascular structures. Smoagicles are noestriated, involuntary and constitute

the lining of vessels of the circulatory system and hollow organs (e.g. stomach, intestines, éii@dder,

Skeletal muscles are composed of hierarchical tissues ranging from the muscle as a whdie, down
the individual contractd units of a single muscle cglFigure 2-17) (Standring, 2008 A muscle is
composed of bundles of fascicles, and each fasc@itains bundles of muscle fibrésach nuscle fibre
is constructed from bundles ofiyofibrils thatare composed of longitudinally aligned contractile units
called a sarcomere (basic contractile unitEach hierarchical component of a muscle are enclbged
collagenous sheathes knownths epimysium (whole muscle), perimysium (fascicles), and endomysium
(muscle fibres)Standring, 2008 Within each muscle fibre, individual myofibrils are surrounded by a
cellular membrane structure called the sarcoplasaticulum. This membrane cascalciumions,which
are critical in the role of initiatingand terminatingmuscle contraction. Each sarcomere uné@asures
approximately 2.6 um in length in a humskeletal nuscle at a resting state (Kamibayashi Richmond,

1998) The sarcomere is composed of actin (thin) and myosin (thick) filaments. The current understanding
of skeletal muscle contractions is based on the sliding filament theory, and is briefly described at a high

level below.
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Sarcolemma

FIGURE 2-17: HIERARCHICAL STRUCTURE OF SKELETAL MUSCLE AND CONNECTIVE TISSUES
[Adapted r oInD .12 Skel et al Muscl e, Figure 10 by Rice Universitd (CC BY
skeleal-muscle/]

Stimulation from motoneurors causs an action potential that travels to the muscle fibre and arrives
at the neuromuscular junction. This action potential cadspolarization of the sarcoplasmic reticulum
and initiatesa release of calciurions into the muscle fibres through a series of electrochemical events.
Actin-binding sites exist on the thin filament (actin) for the myosin heads to attachfigure 2-18).
These binding sites are covered by two regulatory proteins called tropomyosin and troponin. Calcium ions
released by the sarcoplasmic reticulbimd with troponin and induca modification in the shape of both
proteins, which reveal the bindinges (Standring, 2008 The myosin heads can proceed to attach onto the
active binding sites to form cressidges and pull the actin inwatidat resulin contraction(Figure2-19).
Each stoke of the myosin head cause movement ofrilto 5 nm (Standring, 2008 with average total

shortening of 1 um for each sarcomere.

Muscle relaxation occsiin the opposite manner and begjivhen the nerve impulse from the motor
neurors stogs firing. The kelease of calcium ions into the muscle fibeeeversed and travel back into the
sarcoplasmic reticulum as repolarization of the membrane ©¢8taindring, 2008 This causeghe
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troponin to cover the actininding sites, preventing cross bridigemation, whichresults in the actin to
slide outward. As the cross bridges decrease, muscle tension falls until the muscle fibessanedaked

state.

An action potential arrives at
neuromuscular junction

ACh is released, binds to
receptors, and opens sodium
ion channels, leading to an
action potential in sarcolemma

Action potential travels along
the T-tubules

)
0% o
o

Calcium ————==,,
o

Thick and thin filament interaction
leads to muscle contraction

Muscle shortens and
produces tension

E

FIGURE 2-18. SLIDING FILAMENT MODEL OF MUSCLE CONTRACTION
[Adaptedfroni 1 0. 3 Muscl e Fiber Contraction and Relaxation, Figure
https://opentextbc.ca/anatomyandphysiology/chaptedthiusclefiber-contractionandrelaxation/]

The force that a muscle can generate isansation of the forces produced at each cross bridge at the
molecular level(Standring, 2008 Therefore, the force produced by each skeletal muscle is directly
proportional to the number of muscle fibres, hence is proportional to thesessnal areknown aghe
PCSA
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FIGURE 2-19: DEPICTION OF A SARCOMERE UNDERGOING CONTRACTION

There are three types of muscle contraction that a skeletal muscle can produce: concentric, eccentric
and isometric contraction. Concentric contraction occurs when muscles are being conttatded
shortening in length (e.g. bicep curl). Eccentric comimads the opposite of concentric contraction where
a muscle is activated but increasing in length (e.g. quadriceps when walking downhill). Isometric
contraction refers to muscles that are activatediaintained aa static length during activation (epjank

exercise).

Skeletal muscles are attached to hard tissues by tendons to allow movement by transmitting tensile
forces produced by the muscle fiboeging contractionTo create movement, one end of the muscles must
be stationary (origin) and theher end movable (insertioiiptandring, 2008 The insertion and origin
positions are used to define the landmark of eacdiscle.The cervical musculature is composed of a
complex arrangement of layered skeletal muscles that work in conjunction witloth&chto produce
movement of the head. In addition, they provide stability in the cervical column, and help maintain posture.
Muscles in the neck are arranged in symmetric pairs about theagitial plane and can be activated
bilaterally to produce flexin and extension, or can be activated unilaterally to produce lateral bending
and/or axial rotation. These muscles are primarily divided into the anterior and posterior groups by the
location and type of movement they produce when activated bilaterakyjofiland extensior{standring,
2008.

The sternocleidomastoid is a superficial muscle that wraps around the anterior and posterior aspect of
the neck(Figure 2-20) (Standring, 2008 This muscle originates from the sternum and clavicle and runs

posterolaterally to the mastoid process on the skull. Flexion and anterior head translation are produced when

25



activated bilaterally. Ipsilateral lateréendingand contralated axial rotation result from unilateral

activation.

The infrahyoid muscles are attached and located inferior to the hyoid bone: sternohyoid, sternothyroid,
and omohyoidFigure2-20) (Standring, 2008 These muscles produce principal actions that contribute to
the movement of the hyoid bone and thyroid cartilage to facilitate speech and swallowing, with the potential
to act synergistically with other muscle to produce flexion. The sternohyoid and sternothyroid originate
from the clavicle and sternum respectively and insert onto the hyoid bone. The omohyoid is separated into
two bellies, linked together by an intermediaadon. It originates from the upper border of the scapula

and attaches onto the hyoid bone.

SymPhys;,
%

Trapezius

1 SN

FIGURE 2-20: ANTERIOR NECK MUSCLES AND TRAPEZIUS (Adapted from Gray, 1918)

The prevertebral muscle groapnsists of the remaining anterior muscles: suboccipital (rectus capitis
anterior and rectus capitis lateralis), deep anterior (longus capitis and longus colli), and lateral vertebral
(scalenus anterior, scalenus medius, scalenus posterior) m(Sgee 2-21) (Standring, 2008 The
anterior suboccipital muscles both originate from the transverse process of the atlas and insert onto the
occipital bone of the skull, witthe rectus capitis anterior running superomedially and the rectus capitis
lateralis running superiorly. The rectus capitis is responsible for atbeetpital anterior flexion, while the
rectus capitis lateralis performs ipsilateral lateral head fleXibe longus capitis and longus colli are long
narrow muscles that run superiorly adjacent to the anterior surface of the vertebral bodies of the cervical
column. The longus capitis produce head flexion and originate from the transverse proce€6ofith3
attachment to the occipital bone. The longus colli arises from the transverse proced83afr@3attaches
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onto the anterior surface of the-CB vertebral bodies. Neck flexion is produced when activated bilaterally,
while ipsilateral neck flexion ancbntralateral axial rotation during unilateral activation. Lastly, the lateral
vertebral muscles are split into the scalenus anterior, medius and posterior muscles, all of which runs
obliquely from the vertebral column to the first and second rib. Theraeglanterior originate from the
transverse process of €3 with attachment onto the first rib and produces neck ipsilateral anterolateral
flexion and contralateral rotation of the neck. The scalenus medius arises from the transverse process of
C1-C2 andinsert onto the first rib, and produces ipsilateral anterolateral flexion of the neck. The scalenus
posterior initiates ipsilateral flexion and arise from the transverse process@ @dd attach onto the

second rib.

Rectus Capitis

Rectus
Capitis

Longus Lateralis

Capitis

Scalenus
Medius

Scalenus

Anterior

Scalenus
Posterior

FIGURE 2-21: ANTERIOR NECK M USCLES (Adapted from Gray, 1918)
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The trapezius is the most superficial muscle located on the posterior neck region and along with the
rhomboideus minor and levator scapulae, form the scapular @Figyre 2-22) (Standring, 2008 The
trapezius originates from the external occipital protuberance of the skull, the ligamentum nuchae, and the
spinous process of €710 and inserts onto the clavicle and scapula in the anterior and posterior aspect
respectively. The primary function is to elevate and retract the scapula, but can also aid in head extension
when the shoulders are fixed. The rhomboideus minor initiates thenspinous process of 4 and
attaches onto the medial end of the scapula, with a primary function of scapula retraction. Lastly, the levator

scapulae arise at the spinous process e€E€ and attach onto the superior medial end of the scapula, with

the purpose of scapula elevation.

> L% —— '\\.'XQA)
oceipital bon, RN
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Capitis/Cervicis

Levator Scapulae

Rhomboideus

FIGURE 2-22: POSTERIOR BACK M USCLES (Adapted from Gray, 1918)

The splenius capitis and cervicis are postemaiscles, whictare located subjacent to the trapezius
(Figure 2-22) (Standring, 2008 The splenius capitis begins at the ligamentum nuchae and the spinous
process of CT4 and runs superolaterally to towards the mastoid process of the skull. Bilateral activation
produces head extension, while unilateral activation with the contralaterabdeidomastoid yields
ipsilateral head axial rotation. The splenius cervicis is a continuation of the splenius capitis, which arise
from the spinous process of -T® and attaches onto the transverse process-&f3 Principle actions for
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bilateral andunilateral activation include upper cervical spine extension and ipsilateral axial rotation
respectively.
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FIGURE 2-23: POSTERIOR NECK M USCLES (Adapted from Gray, 1918)

The cervical erector spinae musaleoup aids in cervical column extension and includes the
longissimus capitis, longissimus cervicis, and iliocos{&ligure2-23) (Standring, 2008 The longissimus
capitis originates from the transverse and articular process-0bTdnd C4C7 respectively and is affixed
onto the mastoid process of the skull. Neck extension and ipsilateral axial rotation during bilateral and
unilateral activation respectively. The lasgimus cervicis initiate from the transverse process efg'1
and insert onto the transverse process e€62The iliocostalis arises from the third to sixth rib and inserts

onto the transverse process of-C@. Both of these muscles produce neck extensiuring bilateral
activation and ipsilateral lateral flexion when activated unilaterally.
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The spinotranverse group consists of the multifidus, semispinalis capitis, and semispinalis cervicis
(Figure2-23) (Standring, 2008 The multifidus originates from the articular process of C4 to the sacrum
and inserts superomedially ontisasupmji ofhvermaebch
action includes extension and stabilization of the neck. The semispiapiis dnitiates at the transverse
and articular process of €177 and C4C6 respectively and attaches onto the occipital bone. This muscle
produces head extension during bilateral activation and ipsilateral head rotation during unilateral activation.
The £mispinalis cervicis arise from the transverse process-d6Tdnd attach onto the spinous process of

C2-C5. Neck extension and ipsilateral rotation occur during bilateral and unilateral activation respectively.

The last group of the posterior neck mesdk the suboccipitgroup, whichncludes the rectus capitis
minor, rectus capitis major, obliquus capitis superior and obliquus capitis infféigare2-23) (Stardring,
2008. The rectus capitis minor produce head extension, and originate from the posterior arch of the atlas,
inserting onto the occipital bone. The rectus capitis major arises from the spinous process of the axis, and
attach onto the occipital bonghis muscle is responsible for head extension, and ipsilateral lateral flexion
and rotation during bilateral and unilateral activation respectively. The obliquus capitis superior begins at
the transverse process of the atlas and ends at the occipitaHs@ueextension and lateral flexion are
produced during bilateral and unilateral activation respectively. Lastly, the obliquus capitis inferior is
initiated from the spinous process of twds that insert onto the transverse process of the axikjs

responsible for the axial rotation of the atlas.
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TABLE 2-1: NECK M USCLE GROUPS (Standring, 2008

Muscle Group Origin Insertion Function

Anterior

Sternocleidomastoid Anterior Sternum and clavicle Mastoid Process Head flexion | Ipsilateral lateral flexion and contralateral rotation*
Sternothyroid Infrahyoid Posterior surface of sternum Thyroid Cartilage Larynx depression and head flexion

Sternohyoid Infrahyoid Posterior surface of sternum Hyoid bone Hyoid bone depression

Omohyoid Superior Infrahyoid Upper border, scapula Intermediate tendon Hyoid bone and larynx depression

Omohyoid Inferior Infrahyoid Intermediate tendon Hyoid bone Hyoid bone and larynx depression

Rectus Capitis Anterior Suboccipital Transverse process, C1 Occipital bone anterior surface Head flexion, stabalize atlanto-occiptial joint

Rectus Capitis Lateral ~ Suboccipital Transverse process, C1 Occipital bone jugular process Ipsilateral lateral flexion, stabalize atlanto-occipital joint

Longus Capitis
Longus Colli
Scalenus Posterior
Scalenus Medius
Scalenus Anterior

Posterior

Rectus Capitis Minor
Rectus Capitis Major
Obliquus Capitis
Superior

Obliquus Capitis Inferior
Longissimus Capitis

Longissimus Cervicis
Tliocostalis
Splenius Capitis

Splenius Cervicis
Multifidus
Semispinalis Capitis

Semispinalis Cervicis
Levator Scapulae
Rhomboideus Minor
Trapezius

Anterior Vertebral
Anterior Vertebral
Lateral Vertebral
Lateral Vertebral
Lateral Vertebral

Suboccipital
Suboccipital
Suboccipital

Suboccipital
Erector Spinae

Erector Spinae
Erector Spinae
Erector Spinae

Erector Spinae
Spinotransverse
Spinotransverse

Spinotransverse
Scapular
Scapular
Scapular

Transverse process, C3-C6
Transverse process, C3-T3
Transverse process, C4-C6
Transverse process, C1-C2
Transverse process, C3-C6

Posterior arch, C1
Spinous process, C2
Transverse process, Cl

Spinous process, C2
Transverse process, T1-T5 |
Articular process, C4-C7
Transverse process, T1-T5
Rib angle, third-sixth
Ligamentum nuchae | Spinous
process, C7-T4

Spinous process, T3-T6
Articular process, C4-Sacrum
Transverse process, C7-T7 |
Articular process, C4-C6
Transverse process, T1-T6
Transverse prcoess, C1-C4
Spinous process, C7-T1

Occiptial bone

Anterior vertebral body, C2-C6
Second rib

First rib

First rib

Occipital bone
Occipital bone
Occipital bone

Transverse process, C1
Mastoid process

Transverse process, C2-C6
Transverse process, C4-C6
Mastoid Process

Transverse process, C1-C3
Spinous process, C2-Sacrum
Occipital bone

Spinous process, C2-C5
Superior medial end, Scapula
Medial end, Scapula

External occipital protuberance | Clavicle and scapula

Ligamentum nuchae | Spinous
process, C7-T10

Head flexion

Neck flexion | Ipsilateral neck flexion and contralateral rotation*
Ipsilateral lateral flexion

Ipsilateral anterolateral flexion

Ipsilateral anterolateral flexion and contralateral rotation

Head extension
Head extension, lateral flexion and rotation
Head extension and lateral flexion

Atlas rotation
Neck extension | Ipsilateral rotation*®

Neck extension | Lateral flexion*
Neck extension | Lateral flexion*
Head extension | Ipsilateral rotation*

Upper neck extension | Ipsilateral rotation™®
Stabalize spinal column, neck extension
Head extension | Ipsilateral rotation*

Neck extension | Ipsilateral rotation*
Scapula elevation

Scapula retraction

Scapula elevation, retraction | Head extension
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2.2 Whiplash AssociatedDisorders

In 1928, (Crowe, 1928) first defined the term whiplash to descio& injuries that occurreftiom
acceleratiordeceleration eventh 1995, he Quebec Task Forbas adopted the term whiplaahsociated
disordergWAD) a s : AWhi pl as h-décaeration mexhamisenlofeenesgy trawsfer to the neck.
It may result fom rearend or sidanpact motor vehicle collisions, but can also occur during diving or other
mishaps. The impact may result in bony or-$isiue inyries (whiplash injury), which in turn may lead to
a variety of «clini c all199aSymptomsntlude neckrpan) negk Stiffniessz er et
headache, shoulder pain, arm pain and arm numbness, paresthesia, weakness, dyispiahgad
auditory disturbances and dizzine@gorris and Wattl983; Barnsley efal., 1994; Spitzer eal., 1995)
These symptoms are hypothesised to arise from an organidhmtsisvolvetissue lesion in the cervical
spine,whenstretched beyond their physiologiange of motioror nonphysiologic motions of cervical
spinal segment&Curatolo etal., 2011) Injuries that result from whiplash are typically classified as AIS 1
(minor)and sometimes AIS @noderate) inerms of severity. The abbreviated injury s¢alkS) is a global
rating system used to classify the severity of injury for different anatomical regiabie2-2), developed
by the Association for th&dvancement of Automotive Medicine (AAAM).

TABLE 2-2: AIS RATING SYSTEM AND EXEMPLAR INJURIES FOR THE CERVICAL SPINE (AAAM, 2005)

AIS Rating  Injury Examples

1 (Minor) Spinous ligament injury, acute straintlivno fracture or dislocation

2 (Moderate) Disc injury, dislocation (no cord involvement), fracture of the spinous process,
transverse process, facet, lamina, pedicle (no cord involvement), nerve root cont
or laceration

3 (Serious)  Cordcontusion, odontoid fracture, bilateral facet dislocation, vertebral body burst
fracture (>20% loss of anterior height)

4 (Severe) Incomplete cord syndrome

5 (Critical) Complete cord syndrome (C4 or below), cord laceration (C4 or below)

6 (Fatal) Complete cord syndrome (C3 or above), cord laceration (C3 or above)

A different clinical grading system (Quebec Classification of Whipkassociated Disorders)
designed specifically for WADs was initiated by the Quebec Task Force (Spited85)that includes
five grades of severitylTable2-3).
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TABLE 2-3: WAD CLINICAL GRADING SYSTEM (Spitzer efl., 1995)

Grade Clinical Presentation

0 No pain and physical signs

I Neck pain, stiffness or tenderness. No physical sig

Il Neck complaint and musculoskeletal signs (decrea
range of motiontenderness)

Il Neck complaint and neurological signs

\Y% Neck complaint and bone fracture or dislocation

WADs can have symptoms that are either acute (short term) or chronic (long term) which is defined
as pain lasting more tharG3months by th&uropean Foundation of International Association for the Study
of Pain (Niv and Devor, 2007). The development of chronic symptoms from these minor injuries are related
to alterations of pain processing in the central nervous systems, and could be idfhyemétiple factors
such as gender, impact direction, vehicle interaction etc. The most common sgahiableuggessiow
recovery ordevelopment of chronic symptoniscludesa high level of initial painhigh number of
symptomsand the female gendéternerand Gerdle2003; Schofferman etl., 2007, Carrol etal., 2008.
It is estimated that half of all WAD victims continue to report symptoms one year after the initial incident
(Carroll etal., 2008).The cervical spine has the highest vulnerability for AIS1 injuries to occur, in addition
to the highest frequency to develop permanent medical impairment from these AIS1 injuries, and is ranked
third in terms of body region for the highest risk of deveigpihronic symptoms from injuries in motor
vehicle collisions (Gustafssonadt,2015).Over the past four decagj@advancements in vehicle safety have
reduced the occurrence AIS3+ injuriesthat result from motor vehicle collisioby 80%, in additiorio a
decrease of 76% of the disability risk that result from AIS 2+ injuries (Kullgrah,&002). In contrast,
the disability risk from AIS1 injuries increased by 18%, and the neck was the only body region that
demonstrated an increase in disabilitgkri(14%) whereas other body region had on average a 90%
reduction (Kullgreen etl., 2002).

Females have approximately double the niskoththe development o' WAD andthe transition to
chronicsymptomavhen compared to maléSarlsson eal.,2010;Castensen adl.,2012). Some difference
between the male and female gender include neck circumference, neck muscle moment arms, and vertebra
dimensionsn size matched individual¥Vhen compared to females, males have a greater increase in neck
circumfereme with body weight, and have larger neck circumference when compared féanale
volunteers with the same body weight (Vasavadal.e2008). Males also have greater muscle moment
arms when compare to size madiiemales because the neck muselessiuated further away from the

cervical spine which indicate that the neck musculature in males have greater moment generating
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capabilities(Stemper eal., 2008). Females typically have a smaller cervical vertebra (vertebral width and
discfacet depth) angertebral body dimension (vertebral body depth and width) when compared to male
vertebrae, whiclsuggestshat the female vertebraould experience higher stresg&temper eél., 2009).

The airrent literature has suggested that the increased nisjuof from WAD may be more dependent on
morphologic differences of the cervical spiaed headrather than differences in gend&temper and
Corner 2016). These factorindicatedthat the same morphologicdifferencesthatare more commonly
present ifemalessuch as neck slenderness and sma#ekcircumference wilklsoinfluenceinjury risk

in the male population that posgshesesamemorphologicfactors(Stemper and Corng2016)

Epidemiological data has suggested #ikgd1 soft tissue injurycan occur in the neckfter exposure
to frontal, rear and laterampact configurations with rear impacts have the highesk of sustaining
whiplash injury followed by frontal impacts and side impabigligren etal.,2013; Watanabe el., 2000;
Hell etal., 2003; Martin etl., 2008; Cassidy «il., 2000; Berglund edl., 2002; Morris and Thomas 1996;
Kullgreen etal., 2000; Jakobsson ek, 200Q Kraftt, 1998. Although ear impacts have the highest riek
sustain WAD, the total number of occurresoginjury from frontal and side impac#seoften equal to or
exceed the occurrence from rear imgd@etble2-4) (Berglund etal., 2003, Kullgren etl., 2013; Martin et
al., 2008, Morris and Thoma4996 Krafft 1998, Hell etal., 2003; Otte etl., 1997; Temming and Zohel
1998. This signifies themportance of investigating whiplash injury that involve frontal and side irapact

in addition to rear impacts.

TABLE 2-4: WAD FREQUENCY IN FRONTAL , REAR, AND LATERAL |IMPACT DIRECTIONS

Study Frontal Rear Lateral
Martin etal., 2008 43.9% 37.7% 18.4%
Berglund etl., 2003 22.6% 38.4% 11.5%
Morris and ThomaslL996 55% 12.6% 24.8%
Krafft, 1998 33.2% 47.9% 9.6%
Hell etal., 2003 44% 32.6% 23.4%
Otte etal., 1997 34.6% 21.2% 12.2%
Temming and Zobel1998 38% 16% 11.8%
Kullgren etal., 2013 37% 43% 20%

Richter etal., 2000 36% 16% 12%

Whiplash tolerance is difficult tquantifydue tomany crash factaer(e.g. vehiclecrash performance,
seat and headrest designpact severity and orientatipatc.) as well as individual differences (e.g. age,
statue, etc) that may account for the outcome of the injury. These factors are further limited by the

relatively low number of cases used to generate injury tolerance curves for different crash s@ahrios
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may not be fully representative of the entire population. Despite these shortcomings;rémeinjury
tolerancedata in the literaturare still useful and contribute to our understandintp@human tolerance to
WADs.

In frontal impact, the risk for sustaining WAD for Volvo vehicles in Sweden in the year of 1997 to
1998was18% for velocity changes of 0 km/h to 8 km/h, 25% for 9 kta/h6 km/h and 30% for 17 km/h
to 24 km/h (Jakobsson at., 2000).A study on Volvo vehicles that included 24 occupants in 16 frontal
impacts that suffered WAD found that most symptoms developed in crash severities >5 km/h, with higher
symptom intensity rdsing from>10 km/h (Jakobsson at., 2003).In the German populatiomRitcher et
al., 2000 identified that 10% of occupants developed WAD for crash velocities <10km/h, and 28% for crash
velocities 11 km/h to 20 km/I€appon et a) 2004 analyzed four Eapean databaséor WAD and found
a 20% risk to develop symptoms from a mean acceleration of 5 g (velocity chanige&A20in addition
to development of WAD Il (QTF) symptoms in the range of 18 km/h to 25 km/h.

Ritcher et al (2000 identified that 42% of all WAD from rear impacts were from crash velocities of
<10 km/h. Krafft et al, (2002) showed that rear impacts above 7g mean vehicle acceleration had almost
100% risk for sustaining both short term and long term WAD, while thewés significantly lower for
mean vehicle accelerations below Bgr short term symptoms (<1 month), the injury risk was 20% for 29
mean acceleration (velocity change &b/h) and 35% for 2g to 3g mean acceleration (velocity change of
5 km/h to 10km/h), and a injury risk 060% for 3g to 4g mean acceleration (10 km/h %d&kth/h). A
separate study based on 79 real life rear end crashes where the vehicle was installed with a crash recorder
demonstrated that for all vehicles, the average change of tyeleas 10km/h with an average mean
acceleration of 3.5g (Kullgren at.,2003). Additionally, the injury risk for initial symptoms was estimated
to be approximately 2% for a mean acceleration of 2.5ge{(ocity change of 5 kmjland 40% fodg mean
acceleration\elocity change of 10 kmjhSymptoms that persist for greater than one month had a risk of
20% for mean acceleration of 5gdlocity change of 15 kmjland60% for mean acceleration of 5.5g
(velocity change of 17.5 km/h).

Due toalack of dda in theepidemiologicaliterature for side impacts, estimated tolerance for WAD
are currentijnotavailable Other studies have however indicated that WAD from side impacts can develop
from velocity changes of less than 10 km/h (Ritched.¢2000).In addition,the risk for developing WAD
was approximately 20%er all side impact conditionsf varying severitieand doubled when the vehicle
compartmenintrusionexceeded 15 cm, and increased by 2.8 times when théadiatpacted the interior
of thevehicle (Jakobsson at., 2000).
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2.2.1Pain Sources

There are two types of pain experienadter sustaining WADradicular pain andgomatic pain
Radicular pain refarto pain andheurologicalsymptoms that typically persist in the upper extremities,
which arise from injury to the cervical nerve roots dodsal rooiganglia.Radicular pain is described as
sharp shooting pain that travels towards the affected upper limb and is commonty teektmptoms of
paresthesia (Bogduk, 2003omatic pain is perceiveat the source of injurywhen a tissue is loaded
mechanicallypasta critical thresholdwhich causéhigh threshold (nociceptorjerve endings to transmit
pain signalalong afferenfibresto the spinal cordnd brain Mechanoreceptomre low threshold afferent
fibres that activate when the tissues ateformedby norrnoxious stimuli for the purpose of providing
proprioception.The mechanism of pais an important physiologiesponsdo noxious stimulin living
organismdo alett and prevent damage to tissues optevent further damage to already injured tissue
(Costigan et al., 2009Peripheral sensitization refers to a temporary state of lowered threshold and
increasediring frequency of pain signals, which leads to a state of heightened sensitivity and decreased
activation thresholdéNinkelstein 2004 atremoliere and Wool2009. This is a normal reaction due to
the inflammatory response of the batiat followstissue injury to promote healin@Vinkelstein 2004)
Chronic pain develops through changes to nociceptive proceadingcentral nervousystemthrough a
process called central sensitizatiirat can result irpermanentpain hypersensitivity or sensitization
(Winkelstein 2004;Latremoliere and Woalf2009 Winkelstein 2011 This can lead ta continued pain
response long after thmitial injury sitehascompletely healed. For this reason, chronic pain is considered
to be pathologic, as it no longmctions as @hysiologicresponseo protectorganisns against potential
tissue damag@Basbaum eal., 2009;Ita etal., 2017)

Several anatomical sités the neck havéeen identifiedas potentialpain sourcesluring whiplash
injury: facet joint, spinal ligaments, intervertebral discs, nerve root, muscles, and vertebral artery
(Siegmund eal., 2009) Each anatomical site have been investigated in vatgirgis of details, with the
facet joint being the mogtvestigatedo date Table2-5).
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TABLE 2-5: SUMMARY OF WHIPLASH INJURY LOCATIONS AND STATE OF DEVELOPMENT (Adapted from
Curatolo etal., 2011)

Facet . . Nerve Vertebral
Development :

p Joint Ligaments Disc Root Muscle Artery
Theoretical model Yes Yes Yes Yes Yes Yes
Cadaver or volunteer
Injury demonstrated Yes Yes Yes - Yes Yes
Animal model
Injury produced Yes - - Yes Yes -
Nociception produced Yes - - - Yes -
Patient
Valid diagnosis Yes - - - - -
Effective treatment Yes - - - - -

Facet Joint

The cervical facet joinis a highly innervated structure thas been identified as theost common
anatomicallocation for neck pain (Barnsley etal., 1995; Siegmund e#tl., 2009) Clinical studies have
demonstratedhat 60% of patients with chronic neck pain experiengait relief after doubleblinded
anesthetic block® the cervical medial brangivhichindicatedthat thepainoriginatedfrom the facet joint.
Further studies also providéistologic evidencehat both mechanoreceptors and nociceptors exist in the
facet joirt capsule (Inami edl.,2001;Ohtori etal., 2004;Kallakuri etal.,2003) Two mechaism of injury
has been proposed: synovial foldniscu$ pinchingduring rear impact and excessive stretching of the
capsular ligament. The first mechanism was firstppsed by(Ono etal., 1997; Kaneoka etal., 1997,
wherein a rearimpact;thoracic ramping caused kgatback interacti@resulted incompressiomf lower
cervical spine It was identified through radiographimaging that the compressive foramausedthe
instantaneous center of rotation of the lower censegimento shift upwards This resulted ina non
physiologic motion of théower cervical spineegment, which causéke inferior facet of superior vertebra
to impact the superior facet of the inferior vertelarad thereforéypothesized tpinch and impingenthe
synovial fold.Evidence of nerve endings the synovial folthavebeen discoveredutthe mechanism and
tolerance taactivatethe nociceptorfrom canpressiorremains unknownThis mechanisnof facetjoint
synovial fold impingemerttas not beefurther exploredy biomechanical or animaiodelsand therefore
remains to be a speculatigSiegmund efal., 2009) The £cond mechanismf excessivefacet joint
stretchingwas first proposed byy@ngetal., 1997 as theshearhypothesigheory,which indicated that
shear forces in the cervical spiceuldcause soft tissue injury. THisd toaseries ofull body PMHSrear

impacttests toexamine the local facet kinematics and engineering strains of the face{2@¥ido 60%
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strain) (Deng etal., 2000).Otherrear impactPHMS experiments have identified excessive strains in the
facet joint (28% to 40%) when compared to physiologic strg@¥%to 2199, with maximum strains
occurring in the lower cervical spine segments (Panjahl.gt998; Pearson &tl., 2004). Furthermore,
isolated testing of PHMS cervical spine segments has identifiethsule strain thresholds of the capsular
ligament to be between 35% to 65% (Winkelsteiale®000; Siegmund &tl., 2001), which indicatthat
rear impacts may cause sf#ilure of the capsular ligament/hen the facet joint is distracted within the
subfailure region, micro lesions form in the&.@ndexhibitsincreased ligameitdxity thatcan lead t@cute

or chroniccervical spine instabilityTominaga efl., 2006; Ilvancic efl., 2008) Ligament laxity in the
lower cervical spineanexhibit cervical instabilitieghat can cause chronic pain dmas been associated
with clinical symptomsof painful muscle spasms and paresthéBianjabj 2006; Steilen etal., 2014).In-
vivo animal models of pain has provided confirmation of nociceptive responses from excessiimgtret
of the facet join{~48% strainfor nociceptoractivatior), through nociceptor signalling and behavioural
sensitivity studiegLu etal., 2005; Lee etl.,2004; Lee etl., 2008) Interestingly, it was discovered that
rodentsexposed to itvivo subfailure loadingof the CLproduced behaviourakensitivity with increased
duration when compared tlwading that caused catastrophic failu(eee etal., 2008). This was
hypothesized to occur due to nociceptor termination from the CL rupture and suggi@est ihcrease in
pain response arghinduration mayesultfrom subfailure injury to the CL.

To date cervical facet joint pain is the masivestigated source &/AD (Curatolo etal.,2011) The
facet joint has been identifieasa highly innervated structure, with histologic evidenceftérent fibres
that contairmechanoreceptors and nociceptors. The facet joint shear hypothesis and excessive stretching
has been successfully demonstrate@HMS experimentdut also reproduced in animal modefspain
through evidence of nociceptor signalling, and behavioural sensiivities Furthermore, theyra the
only anatomicakource oheckpain that can belinically diagnosedhrough anesthiet nerve blocks with
an available treatment option that involvadiofrequencyeurotomy of the nerve endim@Bogduk 2011
Curatolo etl., 2017).

Ligaments

The ligaments in theervical spingnay sustain acute injury in automotive impact evdmtsugheither
nonphysiological motion of the cervical segments, or motion that exceeds physiologidWimits sprains
andstrainsare difficult to detect through current medical imaging techniques that result in challenges in
clinical diagnosisinjured ligaments may cause a pain response, lead to a potamiahse in ligament

laxity and can lead to chronic cervical spine instib{Siegmund eé&l.,2009) In addition, instability may
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cause modified muscle activation response that may further lead to decreased range of motion and
proprioception (Panjapb2006; Siegmund edl., 2009).The cervical spinégamentshave not been stdied

for nociceptors, however, studies in the lumbar spine fdentified nociceptors, which may imply that

they exist for the cervical spine ligamengsmd may exhibit a pain response when injubejiry of the

cervical vertebrae ligaments well docunented in the experimental literature, amas been shown to
exceeded physiological ranges of motion and physiological strains in rear, side and frontal (tiapeicts
al.,2004; Maak eal.,2007; lvancic eal.,2005; lvancic eal.,2004; Panjabi &dl., 2004) In frontal impacts,

isolated PHMS neck specimeiglicateda significant increase in ligament strains when compared to
physiologic strains for the interspinous and supraspinous ligament (C23, C34, C67), and ligamentum
flavum (C67) at an impact senity of 4g (Panjabi edl., 2004).In addition, a significant increase in range

of motion and neutral zone was observed in isolated neck specimens when subjected to 8g frontal impacts
(lvancic etal., 2005). Inthe rear impact condition, isolated PHMS kespecimens also indicated a
significant increase in ligament strain in the anterior longitudinal ligament at the C45 segment at 3.5¢
impact severity(lvancic etal., 2004) Furthermore, isolated neck specimens subjected to 5g rear impacts
demonstrated aignificant increase in range of motion and neutral zone for the lower cervical spine
segmentskor side impacts, a 6.5g impact severity demonstrated a significant increase in neutral zone and
range of motion in flexion, axial rotation, and lateral bendanghe lower cervical spine segments. These
PHMS experimerstprovide evidence that the ligaments and soft tissues in the cervical spine can be injured
and cause a significant increase in range of motion and |aXigyupper cervical spine contain a coexpl
arrangement of ligaments due to the lack of an intervertebral disc between the atlas and axis. Attempts ha
been made to identify possible lesidnsthe upper cervical spine complesing MRI signal intensity
changegKaale et al 2005; Krakenes and Kaa2006), but the validity of these results remain controversial
(Dullerud etal.,2010; Li etal., 2013; Vetti efal., 2010; Vetti etal., 2011).In addition,PHMS experiments

in head turné rear impacts and side impacts (up tas8gerity) demonstrated injury to the lower cervical
spine ligaments but not in the upper cervical spine ligaments. These studies suggest that the upper cervical
spine ligamentous complex remain challenging to diagnose, and that symptoms of pain fromhwhipla
patients may not occim the upper cervical spirfer low severity impacts, and may be the result of injury

in other anatomical sites (Siegmundak;2009).

Intervertebral Disc

The intervertebral disc in the cervical spine is an innervated steutitat ha the potential to
generate paiand synptoms related to WALRBogduk 2002)Injury to the disc may result in herniation

that can cause irritation to the surrounding neural structuresd@hatuse radicular symptoms and pain.
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Disc herniatiorhasbeen shown toccur in thdower cervical spine but occur more commonly in the lumbar
spine Mall etal., 20129. Several studiessed MRI andbserved cervical disc herniation patients that

have sustained a whiplash trauma, with herniation occurring most frequently in the lower cervical spine
(Davis etal.,1991; Jonsson @l.,1994; Pettersson at.,1997).Minor disc lesions such as annulus fibrosus
tears, disc rim lesia and endplate avulsions have been documented frormposm examination of

motor vehicle crash victims (Taylor and Twom&993; Jonsson ai., 1994) In addition, rear impact full

body PHMS sled experiments (4.5g) revealed disc rim legaongsion)among other ligamentous injury

in all specimens using computed tomography scans and cryomicrotomy (Yoganaaid@tet). PHMS
experiments on isolated head neck specimens identifiedpmgsiological disc straingnitiating at
maximum accelerations 6f) and 3.5¢g for frontal and rear impacts respectivadyetal., 2005; Panjabi et

al., 2004). Like other soft tissues in the neck, minor lesions and acute tissue strains remains challenging to
diagnose due to difficulties in detecting these injuriesgusiadical imaging techniques. There are currently

no animal models of pain that have been used to investigate potential nociceptive signalling or behaviour
sensitivityfor intervertebral disc injuries. The literature suggests that the cervical interakdisiorcan be
potentially injured during whiplash loading conditions, butether or not excessive stretching or-sub
failure of the annular fibresancause a pain response remant®nclusive (Siegmund at., 2009).

Nerve Root

The cervical nerve roaind dorsal root ganglimay be susceptible to injury from a motor vehicle crash
event that may result in radicular pain and other neurological symftesagkness and numbneskle to
impaired local sensory processing (Siegmunal.e2009) Two mechanisnof injury have been proposed
for the cervical nerve root and dorsal root gangltbe;pressure gradient theory and direct impingement.
Rapid movement of the head was hypothesized to generate transient pressure gradestsnal canal
that may cause injury to the nerve root and ganglion (Aldd@86).Histopathological examination orrin
Vivo porcine subjects that were exposed to ragiadperturbationgprovided evidence afellular injury to
the ganglia nerve call(Svensson etl.,2000).Rapid motion of the neck may causgnisverse compression
of the cervical nerve root and ganglion from narrowinghefintervertebral foramen space and may be an
injury mechanism that produces pain. Due to challenges in mowgjtiie impingement of the nerve root
experimentally, changes in foraminal dimensiaesemeasured as an alternative method to quantify the
risk for impingemen¢Curatolo etl.,2011) PHMS experimentthat utilized isolated head neck specimens
haveidenified a reduction in forminal areand extensive narrowinfjom extension and lateral bending
that suggest potential impingement of the nerve roots and dorsal root ganglia may occaafronside
impactgNuckley efal.,2004; Panjabi &l.,2006; Toninaga etl.,2006; Ivancic eal.,2012).Additionally,
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individuals with symptoms afpinaldegeneration such as cervical stenasid spondylosisnay have an
increased risk of nerve roohpingementue to the narrowing of the intervertebral foraminacep@anjabi

et al., 2006; Tominaga etl., 2006; lvancic etl., 2012) Furthermore, irvivo rodent experiments that
applied mechanical loads on the cervical nerve roots demonstrated an increase in pain response, which
provided evidence that direct impingement may be associated t(Rminman eal., 2005; Hubbard and
Winkelstein, 2005; Hubbard eal., 2008). In contact sports, radicular symptoms known as burners or
stingerscanoccur from both nerve root impingement ardalternate mechanism thiavolvesstretching

or traction of the nerve roots and brachial plekevitz etal.,1997) This injury mechanism could possibly

occur from vehicleside impacts loading conditionghere the head is accelerated rapidly towards the

shoulder, but to date has not been studigididethe context of sport injuries.

Muscles

Myofascialpainin the necloccur frequently in WAD patients (Evari®©992). Theprimary mechanism
of injury for the neck muscles occur after eccentric contradimimganimpact eventvolunteers subjected
to low speed rear impacts demonstratedito muscle strims of the sternocleidomastoid and semispinalis
capitis muscles that exceeded the predicted threshold for muscle injury (Bed IR@00; Vasavada .,
2007; Mcpherson etl., 1996; McCully and Faulknerl985. A rise in serum creatine kinasasbeen
associateavith damaged induced muscle soreness (Evank,d1986). Aclinical study of WAD patients
has identified increased levels of serum creatine kiwitb@ 24 hours after the initiahjury, but returned
to baseline levels within 48 hounshile patients with persistent neck pain for morentitree months
demonstratedchormal levels of serum creatine kinase (Scott and Sande2868). Therefore, clinical
evidence has suggested thaiscle injury from whiplash exposure maydsssociated witlacute pairbut
the development of chronic pain from injury to the neck muscles remains inconclusive. Muscles in the
cervical spine maglsocause pain and otheymptomshrough interactions witbther anatomical sites in
the neck.Anatomical dissectiontgdies have identified that theervical multifidus muscle is directly
inserted onto the facet capsiiWinkelstein etal., 2000; Anderson e#l., 2005) It washypothesisedhat
the suddenreflex activation of these muscles may exacerbate capsular ligastretching during rear
impact eventgSiegmund etal., 2008). Further biomechanical studies are required to investigate the

involvement of neck muscles in both acute and chronic neck pain following impacts that results in WADs.
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Vertebral Arteries

The vertebral arteries aridslaterally from the subclavian arteries and trageberiorlyalong the
transverse foramen starting from the C6 to C1 vertebrae before entering the foramen rbgnartebral
arterycanbecome elongated duriragnimpact evat andcause narrowing ithevasculature diametelue
toP o i s saton(Nibsl etal., 1997;Siegmund etl., 2009).This can inducerertebral artery lesion and
causealtered blood flowpatterns that are hypothesized to be associatedWANh symptomgSeric etal.,
2000; Reddy etl., 2002) PMHS testinghave indiated that the vertebral artery strarceededhe
physiologicalelongationin side impacts, and head turned riegpacts, but not for frontal and rear impact
(Ivancic etal., 2006; Carlson etl., 2007).Although PHMS studies havdentifiedthe vertebral artery to
be a potential injury location due to excesslangation there is insufficient evidence atuteor chronic
pain developmenturthermore, there airrently novalid diagnostic teghat candetermine whether or
not the vertebral artery damaged after an impact event.

2.3 Experimental Studies for Boundary Conditions and Response Kinematics

2.3.1Frontal Impact

The Naval Biodynamics Laboratory (NBDL) performed 39%ivo sled test on eight humanale
volunteers that ranged from maximum accelerations of 2g to 15g (Thunnisseri@95). All potential
volunteers underwent a rigorous screening proceswaraselected based on physical fitness. A rigid seat
was fixed ontca HYGE acceleration sled and volunteers were secured ViitR-point restraintsystem.

The seat was accelerated backwards from rest to various closing velocities to simulate different frontal
impact conditionsYolunteers had accelerometers and motiaokers attached to a mouthpiece, head, and

T1 spinous process that were active during the perturbation eventsptgld video was also used in
conjunction with the instrumentation to collect data on the volun{&égsrre 2-24). Together, detailed
information such as velocity, acceleration and displacement of the head center of gravity and T1 were
collected for each test run for all volunteefo date, this is the mosbmplete dataset of volunteer neck

and head kinematics e frontal impact configuration, which also cosehe largest range of severity;

most of which are not allowed today due to ethical regulatibns.T1 kinematics are therefore an ideal

candidate to be used to investigate potential soft tissue injury in frontal impacts.

42



FIGURE 2-24: NBDL VOLUNTEER KINEMATICS INA FRONTAL |IMPACT (Adapted fromMuzzy and Lustickl976)

A series of low speed frontal impact experimengse performedby (Beeman eél., 2011) on five
human male volunteers with anthropometrigilar to the 5@ percentile male. In total, 20 tests were
conducted: 10 tests with maximum acceleration severity of 2.5g (change in velocity of 4.8 km/h) and 10
tests with maximum acceleration severity of 5g (change in velocity of 9.7 km/h) utilizing a custom sled
setup vith a rigid seat and mounted footrest and steering column. Subjemsecured to the seat by a
standard threeoint seatbeltand instructed to place their feet on fhetrest and hands on the steering
wheel Markerswereattachedo the head and bodyf the volunteerso capture accelerations of the head
CG and C7 vertebra during the perturbation. Although this series of experpnevitied information on
occupant kinematics, the acceleration severity was not high enough to cause potential tisgeéndiima

volunteers.

2.3.2Rear Impact

The Japan Automobile Research Institut@RI) conducted a series of volunteer sdetsimulate rear
impact loading conditiondno etal., 1997. Twelve male volunteers were subjected to speed change of 4
km/h, 6 km/h, and 8km/h using an inclined sled without a head restraihe 8 km/h sled condition
produced a maximum sled acceleration of 4g. T1 and head center of gravity accelerations were collected
using accelerometers during the perturbatidrsecond set of expenenis were conductedoy JARI to
simulate a rear impact loading condition (On@let2006). Six volunteers were subjected to a maximum
impact speed of 6 km/(dg maximum acceleration)sing a horizontal sled with a rigid seat without a
headrest. Two actErometers were used to measure the accelerations of the T1 and head center of gravity
during the impact evenh series of 28 rear impact sled testreperformed by (Davidsson at., 1998) on
thirteen human volunteers. A bullet sled was used to strike a target sled to subject the volunteers to a velocity
change of 5 km/h (3g) and 7 km/h (3.8g). A standard Volvo seat and a custom laboratory seat was mounted

on the target sledicceleraneters were mounted onto the volunteers to capturdribenatics of tb head
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center of gravity and the T1 vertebra. Although all three oAbltvementionedexperiments provided the
necessary T1 kinematics as input boundary condittonsimulate a reammpact the maximum sled

acceleration was 4g and less tharka0h, which is considered to be a nomurious input.

A series of 26 rear impact tegereperformed by (Deng edl., 2000) using six whole body PHMS. A
rigid seat that was attached onto a HY@ini-sled was used to simulate rear impacts with velocity changes
that ranged from 5 km/h to 15.5 km/h (59 to 10g maximum sled acceleration). Markers and accelerometers
that wereattached onto the cadaver subjects were used to track motion of thel sgivieand to measure
the kinematics of the T1 and head center of gravity. This set of experimasferformed above the
injurious threshold of 4g max acceleration of human voluntegnotade the necessary T1 input boundary
conditions to simulate aearimpact that is severe enough to cause soft tissue injury. In addition, this
boundary condition has the benefit of alrebdyngvalidated with the GHBMC 30percentile male and
5" percentile female neck model.

2.3.3Lateral Impact

The Naval Biodynamicséaboratory (NBDL) performed series of-iivo sled test omine human
volunteers that ranged from maximum accelerations of 4g to 7g (Wismahs £386). All potential
volunteers underwent a rigorous screening process and was selected based oniptessca#{ figid seat
was fixed onto a HYGE acceleration sled and volunteers were secured witkpaifiveestraint system.

The sled setup was similar to the series of frontal impact tests except the seat was rotated 90 degrees to
allow lateral accelerain from rest, to a closing velocity of 25 km/h with different durations to simulate
different lateral impact conditiondrigure 2-25). Volunteers had accelerometers andtion trackers

attached to a mouthpiece, head, and T1 spinous process that were active during the perturbation event.
High-speed video was also used in conjunction with the instrumentations to collect data on the volunteers
(Figure2-25). Together, detailed information such as velocity, acceleration and displacement of the head
center of gravity and T1 were collected for each test run for all volunteers. To datetllei®nly dataset

of volunteer sled experiment in the lateral impact configuration that provide kinematics of both the T1 and
head center of gravity in acceleration severities of 4g and hiherefore, the T1 inputs from this set of

experimens are idel boundary condition inputs to simulate soft tissue injury in a lateral impact scenario.
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FIGURE 2-25: NBDL VOLUNTEER KINEMATICS INA LATERAL |MPACT (Adapted fronEwing etal., 1977)

A series ofsimulatedlateral impactsvere conducted by the Japan Automobile Research Institute
(JARI) on eight human volunteers to understand the neck response and cervical vertebralimibttons
lateral direction (Onetal.,2005) An inertiaimpactowas used to stri keg40Nhne vol u
to 600N) to apply loading on to the body to simulate an automobile lateral collisicrelerometers
attached to a mouthpiece andWéreused to monitor the kinematics of the T1 and head center ofygravi
The600N impactor resulted ia maximuntorso acceleration @pproximately6g. Although this series of
experiments provided experimental corridors of T1 and head center of gravity from the shoulder impactor,
the impact severity was not high enougliaase injury in the volunteers. In addition, it was unknown what

the equivalent resultant acceleration of the vehicle when using the shoulder impactor.

Another series of low speed lateral impagperimers were conducted by JARI on three human
voluntees using a sled with a mounted rigid seat (Ejimalg2012).The sled was accelerated laterally
from a standstill towo severities of 0.4g and@y. Volunteers were secured to the rigid seat with a lap belt
during the perturbation. Several instrumemtasi on the torso and mouthpiece was used to measure the
acceleration response of the T1 and head center of gravity. The purpose of this experiment was to recreate
an aggressive lane change maneuver to miswerving forobstacleavoidance Therefore, theeverity

applied to the volunteers is very low anduld not cause injury to the volunteer.

2.4Human Body Models

Human body model@HBMs) are useful tools that allow researchandengineerdo investigate and
understandnechanisms of injuryn complex loading event§.he ultimate goal for the development of
HBMs isto design countermeasuredietter protecand reducéhe frequency ohjury in vehicleoccupants

and pedestrians durirgcollision (Yang et al.,2018) Anthropometric test deses (ATDs) arephysical
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humansurrogates that are designed to have similar geometric and mass prapattirefiect a range of
stature (Schneider eal., 1983)to representhe general adult populatioad. 95" percentile male or large
male, 50 percentile male or average male aritifercentile female or small female). ATDs haeen
employed since the 1970s by the autawsoindustry to assess protection aadetyfor both occupants and
pedestriansAlthough ATDs can be instrumented with load selhd accelerometers, the assessment of
injury can only be accomplished for global body regions due to the absence of detaitedicabtructures
such as internal organs and hard tisgiYesiget al.,2018) Oneof themost valuablédenefis of utilizing

a HBM when compared tan ATD is the ability topredict localinjury for any body regiorat the tissue
level. This is crucial in discerning detailed injury locatiio understandomplexinjury mechanisms for a
given impact scenarid-urthermoe, ATDs areonly optimized foruni-directionalloading (e.gHybrid 1lI
for frontal impactBioRID Il for rear impactand WorldSID for side impagtwhile aHBM can be used to
investigate multdirectional loadings Examples of current statd-the art HBMs include the Global
Human Body Model Consortium (GHBMC) model (Ba@rtzetal.,2015 Davis efal.,2016, Total HUman
Model for Safety (THUMS)Kato etal., 2018, and theVirtual Vehicle-safety Assessme(ViVA) model
(Osth etal., 2017).

In order to utilize HBMs taassessnjury, there are thremajor inputs that are required: boundary
conditions to load the model, material properties with the correct constiaivend geometric parameters
such as accurate anatomical and anthroponmatiail (Figure 2-26). These three inputs will yield model
response parameters such as kinematic and kinematic response that can be used to compare with injury

metrics br injury prediction.

Model Scale

Potential for

Response
Kinetic/Kinematic

FIGURE 2-26: HBM INPUTS AND OUTPUT FOR INJURY PREDICTION (Adapted fronCronin, 2014)
46



2.4.1Computational Human Neck Models

Numerous computational models of the cervical spine haen creted by researchers since the 097
(Yanget al.,2018. Simple springmass systems were used to create rbokly models of the cervical
spine to allow for kinematic analysis of spinal motions. However, these-Inadyi models are limited in
their ability to evaluate stressand strains of neck tissues, which is critical in predgcinjury at the tissue
level. To address this issue, finite element models of varying levels of details have been created by various
researchers globally. Early fieitelement models of the nebkd simplified geometric detailand often
represented the vertebrae as simple rigid bodiedsl lacked active and passive musculatue to
limitations of computational resourcékleinberger, 1993) As computational resoursebecame more
accessible, neck models included detailed geometries obtainedcnmputed tomographyC{T) and
magnetic resonance imaginyIRl) scans of human subjects, along with deformahledels of the
vertebrae. In addition, the neck musculature wdsidedl, along with thé&unction of muscle activation for
increased biofidelity.

One of the first fiite element neck modsathat wasdeveloped usingnatomical data from MRI scans
of a young 58 percentile male voluntegrasthe Wayne State University Neck model (Yanglgt1998).
The model consisted of the C1 to T1 vertebrae and included soft tissues such as the ligaments, intervertebral
disc, and muscles. The vertebraere moddled using solid elements with a lineafastc-plasic
formulation and the IVDwas moddled using a linear viscoelastic material model. The ligamerte
represented using tension onlyD1spring elements as well ast2membrane elements. The mbdd

contained only passive musculature and was hextlasing 60 tension only spring elements.

Deng etal., 1999 developed a finite element model of the ligamentous cervical spine uding 3
anatomical data. Vertebrae, IVDs had solid elements, with the hard tresaééed as nordeformable
rigid bodies. Te cervicalspineligaments wes moddéled using 2D membrane elements with a linear
viscoelastic formulation. The model also contained 15 pairs of active musculature, represented using

contractile beam elements using the Hill muscle model.

TheKTH model wa developed by KTH Royal Institute of Technology, and was developed based on
computed tomography scans of a 27 year old male that was scaled to repreégetrecsilile mal¢Brolin
etal., 2006) The model was composed of a rigid skull, with deformable and rigid cervical vertebrae that
were separated into cortical and trabecular bone usimagié shell and-8ode solid elements respectively.
The spinalligamentswere modelled with -©ode tension dg spring elementsand 4node membrane

elements and the facet cartilage were modeled usimayl8 solid elementd.he intervertebral disowere
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composed of theannulus fibrosus hode membrane elements), annulus matrird8@e solid elements),

and the naleus pulposus (Bode solid elements).he model contained 24 pairs of cervical musculature
that was represented usingd3nhonlinear viscoelastic elements for the passive behaviour, and embedded
1-D Hill-Type beam elements to model the active behavibtlieomuscleThe model has been used to
optimize muscle activatioto fit experimental corridors, study muscle load distribution,iaradso one of

the first models thdahcorporate3-D passive elements in a neck mogolin etal., 2006; Hedenstiernet
al.,2008)

The Total Uman Model for SafetyTTHUMS) was created byoyota Motor Corporation @ahToyota
Central R&D Labs., Inc. to investigate injuries to the human body irweddl traffic accidentandis
commercially available for us&he THUMS nodel is representative of a'5@ercentile malenda 5"
percentile female model was later creafBue cervical spine contained deformable vertebra with cortical
bone modBed as 2D shell elements, and trabecular bone nledeas 3D solid elements. Téligaments
were modHed using 2D shell elements and the intervertebral discs were heabeising 3D solid
elements with distinct annulus fillsusand nucleus pulpous. In additighe spinal cord was also included,
with the white matter, gray mattegnd cerebraspinal fluid modéled as 3D hexahedrabolid elements,
andthe pia mater, dura mater and denticulate ligament Headesing 2D shell elementéKimpara etal.,
2006) The neck muscles were represented using a hybrid muscle model that corfisetid3elements
for the passive muscle antill -Type 1-D beam elements for the active mugtleamoto efal.,2009) The
THUMS model has received multiple enhancements overahesywith the latest version being THUMS
version 6 (Kato eal.,2018. The THUMS model has been utilized to study the effects of full body bracing
during an impact event, effect of gender and spinal alignments (lwanat®6t5;Kitagawa etal., 2015
Sato etal., 2016).

The University of Waterloo (UW) neck model (Panzexle011) was created based on the geometry
of the neck model by (Deng at., 1999). The model contained the skull in addition to the cervical spine
and Tlvertebrae, which wemnoddled as deformable bodieBhe cortical bone was represented using 2
D quadrilateral shell elements with elagtiastic formulation, and the trabecular bone was rhedesing
3-D hexahedral elements with alasticplastic formulation. The interveitteal discs composan included
the nucleus pulposuand groungubstance, whictvere represented usingCBsolid elements, while the
annulus fibrosus was mdékd using 2D membrane elements. Ligaments were nledeusing nodinear
tension only beam elesnts with rate effects. Both the passive and active musculature werkbedadéng
1-D Hill-Type beam elements with 87 symmetrical pairs to represent the neck musculauw&V model

has been utilized to studginematics ancheck tissue response in frontal impacts of varying severities
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(Panzer etl., 2011), rear impacts examining tissue response of potential pain sources @fic20dt1,

Cronin 2014), in addition to rear impact in rotated head postures (Shateri and, Qi

The VIVA mid-size female human body modehscreatedusing CTscansof a 26 year old female
(height: 167cm, weight: 59kg)Osth etal., 2016) The vertebrae were mdtedl using triangular shell
elements for the cortical bone and tetrahedral edtsni@r the trabecular bonboth with elastiglastic
formulations All ligaments were represented witi2orthotropic quadrilaterahembrane elements. The
intervertebral disc was moldied using 3D hexahedral elements for the nucleus pulposus, whikrtielus
fibrosus was modided using 2D quadrilateral membrane elements with ortbpic nonlinear elastic
materialproperty Additionally, the facet joints were mdékxl using contacts with no friction between the
articularcartilagesBoth active and sive muscles were represented ushiy Hill-type beam elements.
The Viva model has beefalidated for physiological loading conditions &atl body rear impacts utilizing
volunteer datgOsth etal., 2016; Osth eal., 2017).

The GHBMC neck moded (50" percentile male andSpercentile femaleyvere developed by the
University of Waterloo, which incorporatéshprovedmodeling techniques and material properties that
were usedn the development of thdW neck modelDetailed comparisons of both hkeesponse and
tissue level injury in frontal, rear, and lateral impafas,both the50" percentile male and™Spercentile
femalecomparisorhavenot beenstudiedto date A detailed description of the GHBMC neck models will

be provided in section 2.6.

2.5 Active Muscles

2.5.1Numerical Implementation

Fundamentally, finite element neck models currently use the active muscle implementation based on
the phenomenological HilType muscle model, with differences in the implementation of the active
elements in conjuwtion with the passive musculature and the activation stralteglyis section, the Hil
Typemuscle model as implementedthre LS-DYNA finite element softwareiill be described along with

a brief description of the integration of active musculaturaiireat neck models.

The Hill-Type muscle model is composed of a contractile eleif@&a) and a passive elemefRE)
that workcollectively to represent a human skeletal muséligre 2-27) (Zajag 1989; Winters1995).
The CE is representative of the active contractile behaviour of the muscle, whiREhepresers the
passive tensileengtheningesponse, with the summation of the forces in these two elethanhtsroduce
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the total force of the muscle. In modern HBMs, the passive behaviour of the sanealsually represented
with 3-D elements because they provide a better anatomical represemtits muscle by occupying
volume in the human body. Hence, the focus of this section will be oGEhmrtion of the HiltType

muscle model.

a(t), LM, [M
|
CE

PE

A
Y

LM

FIGURE 2-27: HILL -TYPE MUSCLE M ODEL SCHEMATIC

There are twa@eneral parameters (maximum isometric stress and PCSA) and thriieeaonnput
functions for the contractile element (activation state dynamics,-fencgh, forcevelocity) that describe

the instantaneous force generated by a muscle during contraictiog given time step.
o , J0 0 YGOOOQ(‘X— JQ-T

The maximum isometric stress represdhe maximum force per unit area that a human skeletal
muscle can generate. The PCSA is a physical quantity that is used to normalipsgkedtional area of
any skeletal muscle to that of an idealized muscle, such that all muscle fibres are oriented along the principal
line of action. The PCSA is therefore a function of the muscle pennation angle, muscle volume, and muscle

fibre length.

The normalized forcéength relationshigFigure2-28) corresponds to a foregcaling factor based on
the current length of the muscle (<1= concentric contraction, 1= default resting length, >1= eccentric
lengthening)Figure 2-28). The maximum force occurs at an optimized length:£.1.05), which is the

length that allowfor the maximum number of cressidge formation in a muscle (Winters, 1995).
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The nornalized forcevelocity relationshigFigure2-28) describes a forescaling factor bagkon the
velocity of the muscle during contraction (negative velocity represectotric contraction, zero velocity
represent isometric contraction, and positive velocity represent eccentric contraction) (Hill, 1938). The
physiologic basis for this phenomenon is related to the kinetics ofloriolge formation (Seow, 2013). As
contraction velocity increasg during concentric contractiofnegative velocity) the amount of time for
crossbridge formation decrease, until a maximum velocity is reached where nebcidgss can be
formed. Conversely, as contraction velocity decrease approach isometric contractigrero velocity)
and transition into eccentric contraction (positive velogitiiere will be more crodsridge formation,

hence higher force.
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FIGURE 2-28: A) NORMALIZED FORCE-LENGTH, B) NORMALIZED FORCE-VELOCITY

The muscle activation state dynamics a(t) describe the muscle activation with respect to time and
ranges from zero to one (0= not activated, 1= fully activaidwreare twodifferent methods to implement
activation dynamics into a Hillype muscle modelpre-determined activation dynamics or clodedp
feedbackcontrol One exampl®f a pre-determined activation dynamiagsclude direct input of volunteer
EMG datato represent a(tio mimic thein-vivo activationof volunteerglwamoto etal., 2012).A(t) can
also be determined mathematically by equatioinactive and dective state dynamicthat describethe
bio-molecular mechanism of muscle activation from neimplts to crosbridge kinetics and force
generation (Happee ei., 1994; Winters 1995 Panzer etl., 2011) (Figure 2-29). An initial delay is
introduced before thactivationto represent the activation delay onset (reflex time from external stimuli to
muscle activation)and the muscleemainedactivated for 00 ms toachieve a maximum activation of 87%
(Panzer etl.,2011) The positive slope of the activation represents the active dynamics (muscle activation),

and the negative slope represents thadwe dynamics (muscle deactivation). As mentioned pusiyo
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calcium iors bond onto regulatory proteins on the thick filament (myosin) that allow for -bridge
formation to occur. When activation begins, the process occurs quickly, but as activation continues, the
dynamic process decelerates due to deldiféasion and slower calcium ion release from the sarcoplasmic
reticulum into the muscle fibr@Vinters 1995)Conversely, when a muscle starts to deactivate, the rate of
deactivationis decelerate@s calcium ions argansferredoback into the sarcoplasmreticulum, which

causes less efficient ion transf®vinters 1995) These two phenomertescribethe gradual decrease in

the musclectivation and deactivation ratethe activation curveHigure2-29).
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FIGURE 2-29: EXEMPLAR ACTIVATION CURVE

A(t) can be replaced with a closed loop feedback muscle controller trsprogp®rtionalintegrat
derivative (PID) control to modulate ttaetivationof the muscle based on external targets such as joint
angle and reaction force (Osthagt 2012 Kato etal.,2017).

Different muscle implementation strategies have been develogdBMs. Although the HilType
muscle model can account for passive resistance, many modern tdpidsenthe passive portion of the
musculature as-B solid elements to improve the biofidelity of the model. Hybrid approaches that integrate
1-D Hill-Type muscle elements into theDBpassive are present in the KTH model, THUMS model and
GHBMC model. The KTHHedenstierna &ll., 2008)and THUMS(lwamoto etal., 2009) modefollow a
similar approach where thel Hill-Type beam elements are integraitei the mesh of the-B passive
musclesin the muscle fibre directior{fFigure 2-30). The GHBMC modetontairs 1-D Hill-Type beam
elements that are segregated into multiple segments and divided into parallel pairs. These elements are

integrated into the-® passive muscles,here the nodes of thell Hill -Type muscles are coincident with
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the mesh of the-B passive musclePetails of the GHBMC hybrid muscle model are covered in section
2.6.4

KTH Model THUMS Model

Muscle lmpactorﬂ

BEAM (Solid element)
ELEMENT

SOLID
ELEMENT

|

Muscle Tendon Rigid wall
(Truss element)

FIGURE 2-30: HYBRID MUSCLE M ODEL S (Adapted fronHedenstierna el., 2008; Yang el., 2018)

2.5.2 Activation Onset Time

During a motor vehicle collision, occupants experience rapid acceletdamieration events with
typical durationsof less than @0 ms In that time framethe effect of muscle contractionay bean
important contributor to the response of the haahrtcularly in low severity impact scenarioBhere are
two typical scenarios, one where the occupant or diver is unaware of the impending impact and one where
the occupant is aware of the oncoming impHadhe occupant is aware of the oncoming impact, ttey
pre-brace by tensing all of the nentusclesbefore the onset of the impact, thereby stifferthneck and
reducehead kinematicdVhen an occupant is unaware of the oncoming impact, the motor vehicle collision
will evoke a multitude of stimulus anthe individual that willtrigger theonset of musclactivity by a
startle responseavhich is regarded as a protective responiggered by the autonomic nervous system.
This delay between the external stimuli and the onset of muscle aidicalledthe activation onsdime
and is an importamheasurehat can determine whether or not the neck muscles play a role in short duration

impact events (Siegmund at, 2002).

The muscle activation onset time is comprised of two components: the reflex(ti@layfor the
nervous system to process the external stimuli (acoustic, tatti)ep activate the motor neurons, and the
electromechanical delay (time from motor neuron stimulation to the initiation of the muscle confmaction
forceproduction). These two components are measured as a combined quantity at the onset of the sled/seat

perturbation during human volunteer experiments

The muscle activation onset tima® measuredsingelectromyographyEMG) testing whichallows

direct nonitoring and collection of dataegardingmuscle activation time, and activation magnitude by
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tracking the electrical impulse sigrfabm the activation of the muscl&wo variations of this technique

are used: surface EMG, or electrode (indwelling wiglG. Surface EMG involves attaching the
electrodes directly onto the surface of the skin to track the EMG signals of the muscles subcutaneous to the
skin. This method is widely used but is limited to tracking superficial muscles. Indwelling electrode EMG
allows tracking of both superficial and deep muscles by inserting the electrodes directly into the belly of
the muscleBefore the testing can begin, the volunteers are asked to fully activate their muserisratm

effort, and th&EMG signals are recorde This quantity is called the maximal voluntary contraction (MVC)

and is used to normalize all subsequent electrical signals that are collected during testing.

Muscle activation onseimesare well documented in the experimental literature (Fouesit,et973
Snyder etl., 1975 Szabo and Welcher, 1996no0 etal., 1997 Magnusson &tl., 1999 Brault etal.,200Q
Wittek etal., 2001 Siegmund eal., 2001 Siegmund eal., 2003; Kumar etal., 2002 Blouin etal., 2003
Kumar etal., 2003 Kumar etal., 2004a Kumar etal., 2004k Hernandez eél., 2005). These studies
reported the activation onset time from one or multiple cervical muscles as the summation of the reflex time
and the electromechanical delay. Perturbation was appliedvoltheeers either to the head by an applied
jerk, to the torso by the means of a sled or a test vehicle, or by a loud auditory stimulus, while muscle
activity was monitored using EMG.

Foust etal., (1973 performed dynamic anterior and posterior head jerk480 volunteers by using
an electromagnet to drop a 455 g weight. Surface EMG was used to measure muscle activity on the
sternocleidomastoid (flexors) in addition to the splenius capitis and semispinalis capitis (extensors). The
onset time was defined ¢ghe onset of muscle activity atitebeginning of head acceleratidorhe average
onset time for the cervical extensors and flexors were 65Smgder etal., 1975 followed the same
methodology as Foust at, 1973 and measured the EMG signals of theesamascles. The average onset

time for the cervical extensors and flexors were 66 ms and 77 ms respectively.

Szabo and Welché1996 conducted fulscale vehicle testing (change in speed of 10 km/h) with five
volunteers. To make sure all occupants weiavane of the time oimpact, auditory angisual cues were
removed. Bilateral surface EMG was used to measure the muscle activity of the sternocleidomastoid,
cervical extensors, and trapezius. The onset time was defitieel start of muscle activity witfespect to
bumper contact. The average activation onset time ranged from 110 ms to 125 ms, with minimal difference

between left and right muscles.
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Ono etal., (1997 subjectedhreemale volunteers to simulated rear impawté km/hwith a custom
sled apparatusubjects were asked to be relaxed, whildaxe EMG was used to measure the activity of
the sternocleidomastoid. Onset time ranged from 76 ms to 93 ms with an averagesof 79

Magnusson dl., (1999 performed rear impact tests on eight male volunteers using a car seat mounted
on a sled. Electrode EMG was used to measure the activity tdvhmr scapulae, splenius capitis and
semispinalis capitisand surface EMG forhe sternocleidomastoid and trapezidsiditory and visual
signals were removeftom the volunteers to simulate an unaware impact. Activation onset time was
measured from the sled movement onset to muscle activity. The average activation onset time for the
sternocleidomastoid, levator scapulae, trapezius, splenius capitis and semispinalis capitis was 72.2 ms, 80.8
ms, 75.4 ms 148.5 ms and 160.6 ms respectively.

Brault etal., (2000 conducted lowspeed rear impacts on 42 volunteers usingsitdlle vehicleéesting
for striking velocities of 4 km/h and 8km/8urface EMG was used to monitor the sternocleidomastoid and
the cervical paraspinal muscles. Auditory and visual cues were eliminated to conduct an unexpected impact.
Activation onset time was lower fohe 8 km/h impact, with average times of 81 ms and 83.5 ms for the

sternocleidomastoid and cervical paraspinal muscles respectively.

Wittek etal., (200]) utilized the same sled apparatus as Orab. €997 to subject four male volunteers
to rear impactests of 6 km/hBoth surface and electrode EMGsused to measutbemuscle activity of
the sternocleidomastoid. The average onset time was 79 ms and 81 ms for the electrode and surface EMG

respectively.

Siegmund etl., (2001) used a loud auditory stimulyé24 dB)to evoke a startle response on 20
volunteers. Surface EMG was used to measure the bilateral activity of the sternocleidomastoid and cervical
paraspinal musclegverage onset times were 52 ms and 59.5 ms for theosteidomastoid and cervical

paraspinal muscles respectively.

Siegmund edl., (2003) performed rear impact tests (max acceleration of 1.5 g) on 44 volunteers using
a car seat mounted on a custom linear sled setup. Half of the subjects were aware of the oncoming impact,
and the other half were unawar8urface EMG was used to measure thlatéral activity of the
sternocleidomastoid and paraspinal muschedivation onset time differences for aware and unaware
subjects were not statistibalsignificant. The activation onset time of the sternocleidomastoid and

paraspinal muscles were 71 argd 79.5 ms respectively.
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Blouin etal., (2003 subjected nine volunteers to simulatethwaraear impact (max acceleration of
1.1g) using a car seat mounted on a custom linear sled setup. Surface EMG was used to monitor the activity
of the scalenus, etnocleidomastoid, paraspinal, and trapezius musbhesaverage activation onset time
was 59 ms, 55 ms, 65 ms, and 72 ms for the scalenus, sternocleidomastoid, paraspinal, and trapezius

muscles respectively.

Kumar etal., (2002 used a test sled to subjed seven volunteers to simulated rear impacts of varying
severities (0.5g, 0.9¢g, 1.1g, 1.48)lateral surface EMG asused to measure the muscle activity of the
sternocleidomastoid, trapezius, and the splenius capitis muscles. Auditory and visual cues were removed
from the volunteers to simulate an unexpected impact. Muscle onset time was defined at the onset of the
sled The activation onset time for the sternocleidomastoid ranged from 83 ms to JBilmshe splenius
capitis ranged from 78 ms to 104.5 ms, and the trapezius had activation onset time in the range of 237 ms
to 879 ms.

Kumar etal., (2003 used the samkest setup as Kumar ak., (2002, and subjected 10 volunteers to
simulated frontal impacts of varying severities (0.5g, 0.9g, 1.1g, 1Tt procedure and muscles
monitored were the same as Kumaakt(2002. The activation onset time for the stecieidomastoid
ranged from 303.5 ms to 1535.5 ms, while the splenius capitis ranged from 188 ms to 321 ms, and the

trapezius ranged from 83 ms to 98 ms.

Kumar etal., (2004a) and Kumar et., (2004b) subjected unaware volunteers to right lateral and left
lateral perturbations with a test slEdlowing the same procedure and severity as (Kumait.e2002)
while bilateral EMG activity was monitored. For both test cases, the splenius capitis muscle displayed
activation asymmetry. The splenius tpmusde contralateral to head movement reached >80% of its
MVC, while the ipsilateral side reached <40% MVC. The authors suggested that cervical muscle response
may be triggered by muscle stretdkctivation onset times for muscles contralateral to the sideeofiead
movement were less than the ipsilateral side. For the right lateral impact, the contralateral
sternocleidomastoid had activation onset time in the range of 110.7 ms to 251.3 ms, while the contralateral
spleniuscapitis was in the range @6.7 mgo 207.3 ms, and the contralateral trapezius was iratige of
109.7 ms to 315.3 mBor the left lateral impact, the contralateral sternocleidomastoid had activation onset
time in the range of 65.3 ms to 217 ms, while the contralateral splenius weggitis the range of 43.3 ms

to 160 ms, and the contralateral trapezius was in the range of 67.3 ms to 588 ms.

Hernandez edl., (2005 conducted simulated rear impacts (average acceleration of 0.46 g and 1.039g)

on 29 volunteers using a car seat mounted pmeumatic sled. Surface EMG was used to medkare
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muscle activity of the sternocleidomastoid muscle. Onset time was defined as the start of sled acceleration.
The averagactivation onset time was 137s forthe slower sled pulse, and 99k for the faster sled
pulse.

2.5.3Physiological Cross 8ctional Area

There are limitedomplete sets alata on cervical muscle PCSA available in the existing literature.
PSCA valuesn HBMs are often calculated with a combination of different sets of data in the literature (e.g.

muscle volumes from the visible human eajused with published dissection data on muscle fibre length).

Threenotable literature sources preseatvical spine PCSA data on multiple musckamibayashi
and Richmond (1998) reported PCSA values for 18 pairs of cervical muscles through a disdacéon
method. Muscle mass, pennation angle and fascicle lengths were measured from 10 human cadavers (3F,
7M, age 66-92) from which muscle PCSAasgcalculated. A normalization technique on fascicle lengths
was used to correct the nphysiological Bortening that occurs during rigour mortis to that efivo
humans.In general, the PCSA was smaller for the female PMHS than the male countekptave.
limitations existed for the study: anthropometries of the subjects were not reported and possidfi@m
utilizing elderly donors due to muscle atrophgy not be representative of the young populaianmst et
al., 2011reported PCSA valuder 34 neck muscles throughilateral (left side) dissection of a PHMS
subject with similar anthropometag a 5 percentile mal¢age: 86, height 1.71m, weight: 75ki)uscle
mass pennation angle arfibre lengthdata werecollected and used to calculate PCSA valliéss is the
most complete set of neck PCSA data that is available liteéheture. However, the same limitation exist
where muscle atrophy due to old age may not be representative of the young podriatibretal., 1998
presented cervical PCSA muscle volume geometry for 24 pairs of cervical muscle utilizing a hybrid
appoachwhereMRI was usedo obtainmuscle volumes from human volunteers and pennation angle and
fascicle lengthsvere obtainedrom cadaveric dissections fdales, ZXemales, age: 783, weight:50-
68kg, hei gbh1195910 Vol unt esedonanthreporaetric requirements and inchuded
six 50" percentile males, one 9Hercentile male, and twd"percentile femaleghis hybrid approach was
utilized because large differences in muscle volumes were found between the young voluntdess and t
elderly PHBMS subjectsThis is the only studyhat reported the neck muscle PCSA based on tle 50
percentile male, 95percentile male, and™Spercentile female statures, which providditferences on

anthropometrienuscle volumes

57



2.6 GHBMC Human Body Models

The GHBMC M50HBM was developed from the geometry of a male subject (age: 26 years, height:
174.9 cm, mass: 78.6 kg, body mass index (BMI): 25.7) from computed tomography and magnetic
resonance imaging technigu&savis et al., 2016), and the GHBMD5 human body model was developed
from geometries of a'Spercentile female volunteer (age: 24 years, height: 149.9 cm, mass: 48.1 kg, BMI:
21.4) using computed tomography and magnetic resonance imaging techniques (Schwartz et al., 2015)
(Figure2-31). The development of the HBMasdivided into body region models (BRM) including (head,
neck, upper extremities, thorax, abdomen, lower extremities) dlbarative effort between institutions
around the worldEach body regiomvasseparately developed and validated before consolidated into the
full body model.The neck BRM was developed by the Neck Center of Expertise (Neck COE) at the
University of Wateloo.

The neck model contained detailed structur@ssistedof key anatomial components such as the
ligaments, cartilage, tendon, intervertebral disc, passive and active muscles, cortical and trabecular bone
(Figure2-32). The model was assessed for biofidelity by performing extensive verification and validation
cases, ranging frora single element to full neck validation against experimental human volunteer and
cadawer test data. Appropriate material constitutive models were selected for each tissue in the model and
validated against maial data from the literatur&ach tissue was integrated into a motion segment to form
the LCS (six total, C23 to C7T1) which indied all connective tissues (ligaments, intervertebral disc, and
cartilage) andvas individuallyvalidated against experimental data for flexion, extension, lateral bending,
shear (anterior, posterior, lateral), axial rotation, tension and compressidoagipey for quasstatic and
dynamic loading conditions until failu@arker etal.,2017) The upper cervical spine (skull, €CR) was
validaed separately against flexioextension, axial rotation and tension data from the experimental
literature(Laswell etal.,2017) The following step included assembling the head with the validated lower
and upper cervical spine segment (ligament, intervertebral disc, and cartilage) into the ligamentous spine
and validating against axial tension, axial rotation.tffemmore, the ligamentous spine was validated
against experimental frontal and rear impacts with T1 motion boundary condition, and tissue strains were
compared with the experiments. The final step required the integration of all tissues into the full neck
(ligamentous spine, skin, flesh, passive muscles, active muscles) affidllyaslidated against human
volunteer experiments in frontal and lateral impacts, in addition to rear impacts (full body cadaver). The
boundary condition was applied to the T1, &edd kinematics was used as the metric for evaluation. A
crosscorrelation method was used to generate a raliagrangedrom zero to one (zero beirglow
correlation, and one being high correlation) to assess the biofidelity of the model. The ikimegpainse

of the model was compared to theeragekinematic responsef the volunteersvith an objective rating
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program called CORA. Aree assessmenshape, size, and phase shift), in additioa worridor rating,
was used to determine a final weighted average score to rate the performance of tH{&abtezb and
Table2-7).

TABLE 2-6: M50 CORA SCORES

CORA  8gFRT 15gFRT 7gLAT 7gREAR
Corridor  0.478  0.498 0.656  0.822
Shape  0.918 0.954 0.885  0.730
Size 0632 0704 0611 0672
Phase  0.462  0.886 0.412  0.667
Average 0575  0.673 0.646  0.756

TABLE 2-7: FO5S CORA SCORES

CORA  8gFRT 15gFRT 7gLAT 7gREAR
Corridor  0.507  0.405 0.649  0.803
Shape  0.859  0.904 0.788  0.832
Size 0.767  0.773 0.631  0.699
Average 0.660  0.621 0.679  0.785
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FIGURE 2-31: 50™ PERCENTILE MALE AND 5™ PERCENTILE FEMALE HBM AND EXTRACTED NECK
MODEL (RELATIVE SIZE NOT-TO-SCALE)
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2.6.1Hard Tissues

Hard tissues were moldied using an isotropic elastplastic formulation with a separate elastic and
plastic bilinear response, where the end ofthstic region is defined as the yield stress of the fbaigle
2-8). Bone failureis represented by element erosion based on an ultimate plastic strain failurercriteri
Cortical bone was modtled using 2D quadrilateral shell elements, while the trabecular bone uéed 3

solid hexahedral elemenBigure2-33).

FIGURE 2-33: HARD TISSUE COMPOSITION : WHITE (CORTICAL BONE ), YELLOW (TRABECULAR
BONE)

The cortical boneis moddled using (*MAT_PLASTIC_KINEMATIC) isotropic elastieplastic
material model with a failure strain of 1.78%iitiate element erosion based on a plastic strain failure
criterion. The trabecular bone was midel@ using *MAT_ISOTROPIC_ELASTIC_PLASTIQ solid
elements with a failure strain of 9.5%.

TABLE 2-8: HARD TISSUEMATERIAL PROPERTIES

Property Cortical Trabecular
Density (kg/mmd) 2.00 E6 1.10 E6
Elastic modulus (GPa 18.439 0.442
Poi ssonods 0.28 0.30
Yield stress (GPa) 0.1898 0.00283
Plastic modulus (GPa 1.2489 0.0301
Failure strain 0.0178 0.095
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2.6.2Intervertebral Disc

The intervertebral disc is comprised of three components, the annulus lamellae, ground substance, and
the nucleus pulposu@-igure 2-34). The assembly of the disc parts are attached to the cartilaginous

endplates on the vertebral bodies througjelareakcontact interface.

The annulus fibrosus was modelled as a compositeriaktwith the fibre portion containing the
annular lamellae and the matrix portion containing the ground substance. The lamellae were modelled using
a nonlinear anisotropic elastic material model (*MAT_FABRIC) with ten layers of concentric four node
quarilateral shell elements, with material properties from tensile testing of annulus fibres (Holzabfel et
2005, Ebara edl., 1996, Skaggs &tl., 1994). The ten layers were divided into five pairs of lamellae and
were used to represent the collagen fibre orientation from the outer la§)eio(#% inner layer (#$in 5°
incrementgFigure2-34) (Cassidy etl., 1989) with each pair having opposite fibre anglEg(re2-34).

The ground substance was reprged with a compressible foam model (*MAT_HILL FOAM) with 8

node solid hexahedral elements and shared nodes with the annulus lamellae. The tensile and compressive
material behaviour was modelled from experimental data of radial properties of annulusfipesimens

(Fujita etal., 1997, latridis etl., 1998). The material response from the experiment was fitted onto an
isotropic strairenergy function (Hill 1979, Storakers1986) (Table2-9), using the equation below.

TABLE 2-9: GROUND SUBSTANCE MATERIAL CONSTANTS

j C b
1 -0895 -2
2 2101 -1
3 0115 4

The nucleus pulposus was modelled using an elastic fluid material migdel (ELASTIC_FLUID)
with 8-node solid hexahedral elements and situated within the ground substance and annulus lamellae. The
bulk modulus wad720 MPa (Yang and Kisli988).

A normal stresfailure criterion of 10 MPa was integrated into thettieak interface between the disc
ground substance and vertebral endplate to model the injury mechanism afdson (DeWit and
Cronin 2012; Kasrateal., 2004).
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FIGURE 2-34: INTERVERTEBRAL Disc COMPOSITION

2.6.3Ligaments

Ligaments were modied using 1D, two-node tension onlydiscrete beam elementaising
(*MAT_ELASTIC_SPRING_DISCRETE_BEAN! The response of the ligamemiasdictated by a non
linear force vs. displacememésponsen addition to strainrate effect scaling factors obtained from
experimental testing of young cervical spine ligament specirfddatucci etal., 2012; Mattucci et al.,
2013; Mattucci and Cronin, 201.5The ligaments are directly attached to the hard tissue and are spaced
approximately 1 mm apaitn addition, progressive ligament failure was implemented to model bundles of
collagerfibres in the postraumatic regiorfFigure2-35). The dement would erode in a progressive manner
when they reaada critical distraction valuéDeWit and Cronin2012). Thetensiononly force response
of the ligament wasepresentedsing the governing equation below

00 0 YD 2 YD

"O defined the ligament pretensionforce (not used),0 "0 represent the quastatic force vs
displacement response curve, 80 and'QY0 functionwas responsible for ligamestrainrate effects
of up to300s™.
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FIGURE 2-35: LIGAMENT PROGRESSIVE FAILURE , A) ALL TENSILE FAILU RE, B) ISL FLEXION
FAILURE

2.6.4Musculature

The neckmusclesutilized a hybridmodéling approach that involved-d active muscleshat share
nodes and arembedded in the-B passive muscle@-igure2-38). The active portion of the musculature
was represented with the phenomenologicalHithe muscle model (*MAT_MUSCLEhat use®-node
contractile beam elements with no tension responsepdgsve portion of the musculature was represented
with a viscoelastic Ogden mod€tMAT_OGDEN_RUBBER) using 3D solid hexahedral elements
(Hedenstierna edl., 2008) that utilized the governing equation below. To account for steaneffects,

additioral material constants were requird@le2-10).

W — p LL p A&
O ph  p®& QO pB®

TABLE 2-10: PASSIVE MUSCLE STRAIN RATE MATERIAL CONSTANTS

G b
522 kPa 1.02 ¢
211 kPa 0.40¢
375kPa  0.65 E01 st
290 kPa  0.30 EO01 st
80 kPa 1.00 E04 st
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The contraction response of tHél -Type muscle modes dependent on the parallel elastic (PE), the
contractile element (CE) and the series elastic elements (SE). The model in the GHBMC has the CE and
SE elements disabled because the passive response of the andstdadongare repesented by the-B
hexahedral soliélements.

Each muscle was segregated into multiple segments to represent the correct loading path of the muscle,
and in some cases, the muscles were further divided into multiple parallel {famue2-36). The force
that is generated in a muscle is dependent on several factorebhdethe max isometric streg9.5 MPa)
muscle PCSA, noralized forcelength response, normalized foreelocity response, and the activation

state of the muscl@igure2-37).

FIGURE 2-36: 1-D HILL TYPE MUSCLE ELEMENT SEGMENTATION (BLACK ) IN 3-D MUSCLES (RED)
FOR THE STERNOCLEIDOMASTOID
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FIGURE 2-37: A) MUSCLE ACTIVATION CURVE, B) MUSCLE FORCE-LENGTH FUNCTION, C) MUSCLE
FORCE-VELOCITY FUNCTION (Panzer etl., 2011 Fice etal., 2011)

FIGURE 2-38: MUSCULATURE |MPLEMENTATION : A) 3-D PASSIVE MUSCLES, B) 2-D ACTIVE
MuscLES, C) 2-D ACTIVE MUSCLES EMBEDDED IN 3-D PASSIVE MUSCLES
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In total, e neck region of the HBM contained 27 pairs of musdies. muscles in the HBM are
divided into two groups: flexors, containing all anterierwical muscles, and extensors, containing all
posterior cervical muscleS#éble 2-11). Muscle activation in the baseline model is operated under the
assumption that e& pair of muscles in each flexor and extensor group activate synergistically with bilateral

symmetry.
TABLE 2-11: MUSCLE GROUPS INNECK REGION
Muscle Group M50 PCSA (mm?) FO5 PCSA(mm?)
ObliqueCapitus Inferior ~ Extensor 195.0 127.9
Oblique Capitus Superior Extensor 88.0 57.7
lliocostalis Cervicis Extensor 104.1 68.3
Longissimus Capitis Extensor 98.0 64.3
Longissimus Cervicis Extensor 148.8 97.6
Multifidus Extensor 280.0 183.7
Semisplenius Capitus Extensor 551.7 362.0
Semisplenius Cervicis Extensor 306.0 200.8
Splenius Capitis Extensor 309.2 202.9
Splenius Cervicis Extensor 143.1 93.9
Levator Scapula Extensor 312.0 204.7
Minor Rhomboid Extensor 102.0 66.9
Trapezius Extensor 1373.4 577.6
Rectus Capitus Major Flexor 168.0 110.2
Rectus Capitus Minor Flexor 92.0 60.4
Longus Capitis Flexor 137.2 90.0
Longus Colli Superior Flexor 69.0 45.3
Longus Colli Inferior Flexor 69.0 45.3
Longus Colli Vertical Flexor 137.1 90.0
Rectus Capitis Anterior Flexor 80.0 52.5
Rectus Capitis Lateral Flexor 90.0 59.0
Scalenus Anterior Flexor 188.0 123.3
Scalenus Medius Flexor 160.2 105.1
ScalenugPosterior Flexor 105.0 68.9
Sternocleidomastoid Flexor 492.0 322.8
Omohyoid Flexor 75.0 49.2
Sternohyoid Flexor 123.0 80.7

In addition, discrete beam elememtereused to support and constrain each node of the aatigie
passivanuscleslementgo the closestertebra and wasiecessaryo allowthe muscles to activate along

the correct line of action during different modes of cervical spine movement. Without these support
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elements, the musclegould form a straightoading pathduring contractiorand intersect into the hard
tissueswhich is nonphysiologial.

FIGURE 2-39: SUPPORT ELEMENT (ORANGE) CONNECTION TO 1-D ACTIVE MUSCLES(RED) (3-D
PASSIVE MUSCLES REMOVED FOR CLARITY )

2.6.5Scaling Factors between Male and Female

The FO5 was developedter the development of the M50 HBM utilizing the same methodology. Apart
from the subjeespecific geometric difference from stature and gender, much of the same material
properties from the M50 was used to represent the FO5 HBM. Scaling was neceskHiyet@ertain
material response and material parameters due to limited dati@foale that exist in the current literature.

Neck regional level anthropometric scaling factors were used to scale the ligament response and PCSA of
the M50 HBM to represernhe FO5 HBM (Singh and Cronin 2017).

TABLE 2-12: NECK REGIONAL LEVEL SCALING FACTORS (Shams eal., 2003)

Neck Regional Level  Scale Factors

x 0.81
3y 0.81
3 0.87
& (force) 0.6561
2y (displacement) 0.87
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TABLE 2-13: EXTERIOR NECK DIMENSIONS FOR THE GHBMC 50™ PERCENTILE MALE AND 5™
PERCENTILE FEMALE HBM (Singh and Cronin2017)

h : th .
Dimensions (cm) 50" Percentile 5" Percentile

Male Female
Neck Length 8.98 8.75
Neck Depth mid 13.93 10.48
Neck Breadth mid 11.68 11.68
Neck Circumference mid 41.85 35.94

The ligament forcalisplacement response curves and failure response were scaled with respect to the
factors. The muscle PCSA for the FO5 model was also scaled down from the M50 model usirggthe

scalingfactor to take into account area.
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CHAPTER 3: METHODS

The objective of this study was tassess the kinematic and tis$exel response to impacts using
detailed HBMs bysubjecing the GHBMC 50 percentile male and GHBMC"percentile femaléiBMs
to whiplash perturbationg\n analysis of each loading case wistfperformed, utilizing the HBMs with
the default parametgrthatwereusedto establish a baseline to which other casregdbe benchmarked.
Next, different muscle activation strategiesreinvestigatedo observe the changes in both kinematics and
tissue level responselastly, an investigation on gender effects on the kinematics, tissue level response

and effect of active musculature was compared between the male and female HBMs.

Two previously developed and validated finite element models fren@HBMC were used to
simulateresponse to impact and assess the potential for injury aiskkage stature malé160 v4-5,
GHBMC, ElemancelJSA) andsmall stature femald-05 v31, GHBMC, Elemance, USArepresenting a
50" percentile male and™percentile female respectively. Analysis of both modelsperformed using a
commercial explicit finite element solvtSTC,LS-DYNA, version R7.1.p

Whiplash associated disorddravebeen primarily associated with rear imgadiut epidemiological
data h&e suggested that acute soft tissue injury can also occur during frontal and side impacts. Therefore,
three boundary conditions (frontal, rear, lateral) weeatifiedfor analysis to represent the three common
modalities ofneck loading during a whiplash event: flexion, extension, and lateral berndimgoupled
axial rotation Analysis of the male occupant HBM was completed first to establish the methodology before

analysis was performed on the female occupant HBM.

In summay, the study plamvould consist of applyinglifferent muscle activation strategies to Q¥
percentile male and"Spercentile femaleHBMs for frontal, rear, and lateral impact loadindead
kinematics and the assessment for the potential of soft tissue injene compared between impact

directions and gendeFigure3-1). A detailed test matrix will bpresented latr in the chapterT@able3-7).

71



Muscle Activation Strategies

50t Male 5t Female
| ]
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Head Kinematics

FIGURE 3-1: OVERVIEW OF MODEL BOUNDARY CONDITIONS AND LOAD CASES
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3.1 FE Model Boundary Conditions for Impact Scenarios

To reproduce vehicle impact scenarios on the neck model, motion boundary conditions were
prescribed to the T1 vertebra to simulate inertial loading to the head and neck cdfigulex3-2). The
sled/crash pulseould notbe used directly for the T1 input due to the sequence of the events during a crash,
where the seat begins to move first, followed by the T1 and finally the (fégurre 3-3). Instead,
experimental data that reported T1 kinematics in addition to sled pulse and head kinematics wEne used.
boundary condition was applied to the vertebrawhichacceleratethe modefrom a standstill to simulate
a frontal, rear and lateral impaétrevious studies utilized the same methodology of applying boundary
conditions to the T1 to investigate the response of the neck (PartgP8il Fice etal., 2011 Cronin
2014 Osth etal., 2017).

FIGURE 3-2: COORDINATE SYSTEM OF MODEL, T1 HIGHLIGHTED IN RED
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FIGURE 3-3: EXEMPLAR SEQUENCE OF EVENTS FOR AN 8G FRONTAL IMPACT (X-VELOCITY ): SLED,
T1 VERTEBRA AND HEAD

3.1.18g Frontal Impact Boundary Condition

Thereported T1 kinematics frorimontal impact(8g maxmum accelerationNBLD) volunteer tests
(Thunnissen edl., 1995) were used as boundary conditions for the frontal impact analysis. The boundary
condition inputs were selected based on multiple tests of similar maximum sled acceleration pulse of
approximately 8gTable3-1) and had an average maximum stetbcity of 44.7 km/h. The T1 kinematics
from each test was used to create an average response curve that was used as the prescribed boundary

condition.

TABLE 3-1: NBDL FRONTAL IMPACT TESTS

Test No. Max Sled G's

1587 8.1
1588 8.2
1590 8.2
1592 8.2
1593 8.2
1594 8.3
1595 8.2
1596 8.3
1597 7.9
1649 8.1
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The T1 was constrained from movement in thax{s and Zaxis, androtation about the >axis and
Z-axis. The T1 boundary condition included a horizontal and a sagittal rotation component. A velocity pulse
was applied to the T1 in the posterioX(direction) along with a rotational velocity about hé-axis to
simulate he frontal impactKigure3-4). The total simulation time was 250 ms.

0 0.2

- w

< -10 A E 0.15 -

E K

:';-20 . S 0.1 1

S 30 - S 0.05 -

3 3

>'< -40 A >l_ 0 \Y
o

-50 T T T T -0.05 T T T T
0 50 100 150 200 250 0 50 100 150 200 250
Time (ms) Time (ms)

FIGURE 3-4: T1 INPUT BOUNDARY CONDITION FOR THE 8G FRONTAL IMPACT CONDITION

3.1.27g Rear Impact Boundary Gondition

The rear impact (7g max acceleration) boundary conditions from a set of PMHS test dajd 9Pehg
wereused to perform the rear impact analysis, following the methodology of Fate(2011). In addition,
the kinematics of the T1 and headtegmf gravity were reported. Medium severity impacts (~7gimam
acceleration) were considered, to apply sufficient loading in the neck to observe acute soft tissue injury.
This set of PHMS dataereused because lower acceleration pulses such asubedénhuman volunteer
testing wouldnot be severe enougb generate soft tissue injur€onversely PHMS tests with a higher
severity acceleration pulse may cause catastrophic failure dfatldeand soft tissues in tmeck and
thereforewerenot consi@gred. The boundary condition inputs had a maximum sled acceleration pulse of

approximately 7g and a peak velocity of 13 km/h.

The T1 was constrained from movement in thaxis, and rotation about theakis and Zaxis. The
T1 boundary condition included teorizontal and vertical component in addition to the sagittal rotation
component. An acceleration was applied in both the anterior (X direction) and sujpedoettion), along
with a rotational acceleration about theaXis to simulate the rear impd€igure3-5). The total simulation

time was 235 ms.

75



3 %104

__0.086 . __ 003

0 R O

E _g 5 | £ 002 -

E 0.04 T b=} E

£ g 4. g 0.01 1

€ 0.02 - < £ 0 A

S 2 o A S

5 /] E 0TV % -0.01 - V

3 0 o oy

3 v e -1 T -0.02 -

] 1 8

< -0.02 r . <2 . . < -0.03 . .

x 0 100 200 % O 100 200 N 0 100 200
Time (ms) Time (ms) Time (ms)

FIGURE 3-5: T1 INPUT BOUNDARY CONDITION FOR THE 7G REAR IMPACT CONDITION

3.1.37g Lateral Impact Boundary Condition

The lateral (7g mamum acceleration) pulses from the NBDL volunteer tests (Wismaih ,t986)
were used as boundary conditions for the lateral impact analysis. The kinematics of the sled, T1, and the
head center of gravity was recorded in nplétiaxes for each test run to capture the complex motion during
a lateral impact. The boundary condition inputs were also selected based on multiple tests of similar
maximum sled acceleration pulse of approximately Taple 3-2) and had an average maximum sled
velocity of 23.2 km/h. The T1 kinematics from each test was used to create an average response curve and
was used as the prescribed boundary condition.

TABLE 3-2: NBDL LATERAL IMPACT TESTS

Test No. Max Sled G's

1451 7.0
1452 7.0
1453 7.0
1454 7.0
1474 7.2
1475 7.0
1478 7.2
1699 7.2
1700 7.2
1701 7.2
1702 7.1
1703 7.1
1705 7.1
1706 7.2
1707 7.2
1708 7.0
1709 7.1
1722 7.1
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The T1 was constrained from movement in thax{s and Zaxis, and rotation about the-akis and
Z-axis. The T1 boundary condition included a lateral and a frontal plane rotational component. A velocity
pulse was applied to tHEl in the laterali(Y direction) along with a rotational velocity about theaXis to
simulate the lateral impadtigure3-6). The total simulation time was 250 ms.
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FIGURE 3-6: T1 INPUT BOUNDARY CONDITION FOR THE 7G LATERAL |IMPACT CONDITION

3.2 Active Muscle Parameters

3.2.1Default Parameters

The neck model for both the B@ercentile male and"Spercentile female contained dairs of
muscles. The active behaviour of the musculature was modelled witfiyj#l onedimensional beam
elements, while the passive behaviour of the musculature was modelled usinglirtfeesional
viscoelastic elements. The force generated by theguhenological HilType muscle model is dependent
on the peak isometric stress of the muscle, muscle PCSA;Vfelaeity response, forelength response,
and the activation dynamics. For the purpose of this thesis, the effects of activation dynareicsusiclie
and the muscle PCSA on head kinematics and potential for iwgnginvestigated.

The activation dynamics of the Hillype muscle elements in the model are described by an activation
curve based on active state dynamics and neural excitatippéeatl., 1994, Panzer &l., 2011). The
activation curve is a normalized mathematical representation of the muscle activation state (0= not
activated, 1= fully activated) that is described with respect to time. The default curve can be decomposed

into three timesequenced regions:ta@tion delay, activation phase, and deactivation pHageie3-7).
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FIGURE 3-7: MUSCLE ACTIVATION CURVE (STARTLE RESPONSE) | DEMONSTRATING ACTIVATION
SCALING (100%, 70%, 20%) AND THREE REGIONS (ACTIVATION DELAY , ACTIVATION PHASE, AND
DEACTIVATION PHASE)

The first region represents the activation delay, which results from the muscle activation onset time
for a startle eflex (delay in time between sensory inputs from external stimuli and muscle activation). The
second region accounts for the dynamic bio molecular mechanisms of muscle activation, where the muscle
reaches a state of peak activation. The third region rpieshe deactivation phase, where the muscle
transitions from a state of maximum activation to a state of no activation. Different levels of the muscle
activation state can be achieved by scaling the magnitude of the activation curve, where the maxienum va
(100% activation) is defined at 0.871. In addition, the phase of the activation curve can be shifted forward
or backward in time to reflect different reflex delays.

The PCSA is an effective area that is directly proportional to the maximum foragl@msimscle can
generatgTable 2-11). Individual neck muscles in HBMs have defined PCSA values from the literature
(Knaub efal., 1998).

The muscles in the HBM are diiled into two groups: flexors, containing all anterior cervical muscles,
and extensors, containing all posterior cervical mus€les.flexor and extensor grosiwereidentified as
a limitation of the model when investigating lateral impact conditions because independent activation of
left and rightmuscle groupsvasnot possible andwas addressed in section 3.2.2 beldlihe baseline
muscle activation is operated under the assumnphat all muscles are activated synergistically, but the
flexors and extensors groups can be activated at different levels by scaling the activation curve (Panzer et

al., 2011 Fice etal.,2012). In the baseline model, the activation onset time and RIG8At change, while
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the activation level for flexors and extensors groups are scaled to different ratios to simulate a startle

response for different impact directions (Tabig)3

TABLE 3-3: BASELINE MUSCLE ACTIVATION SCHEMES (Panzer efl., 2011; Fice etal., 2011)

Impact Direction Activation Onset  Flexor Activation  Extensor Activation PCSA
Frontal 74 ms 100% 100% default
Lateral 74 ms 100% 100% default
Rear 74 ms 100% 70% default

To investigate the effects of active musculature on injury prediction, three areas ofwe@us
identified: muscle activation scheme, cervical muscle activation onset time, and muscle PCSA. These
parameters were recognized as major contributors to thalgad local kinematic of the head and neck in
addition to the tissutevel response. A literature review of neck muscle PCSA and activation onset time
was first conducted to understand the range of values that are viable to use in the muscle modeé Next,
to the wide spectrum of available data found in the literature, an upper and lower bound value for both
parameters were identified. A combination of these three parameters was used to create activation schemes
to investigate the influence of neck migsactivation on head kinematics and tissue level response during
dynamic neck loading.

3.2.2Quadrant Activation Implementation

The default activatiostrategyin the neck models contained two groups of muscles: extensors and
flexors and assumed each groupivated synergistically with bilateral symmetry. guadrantbased
activationstrategy(four groups of muscles) was proposed to allow independent unilateral activation of
flexors and extensors musclésgure 3-8), which was identified as a need for lateral impact and omni
directional loading. The implementation involved a separate definition for the left and right cervical muscle
in addition to flexors and extensors. Thedrantstrategycould be used for future studies such as frontal,
rear, and lateral oblique impacts or parametric studies for an optimized model response to match volunteer

kinematic corridors.
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FIGURE 3-8: VISUAL REPRESENTATION OF THE QUADRANT MUSCLE GROUPS

3.2.3Neutral Position Activation Strategy

Panzer eal., (2017 andFice etal., (2011 previously developed the baseline activation strategy for
frontal (extensor: 100%, flexot00%) andear impactgextensors: 100%, flexor: 70%¥sing normalized
EMG data from volunteers (Siegmundagt 2003. This activationstrategy was designed to represamt
unaware occupant undergoing involuntary refetivation of their neck musclélowever, this baseline
activation strategy resulted the headundergoingconsiderable extension motion during activation. To
address this issue, a new activation strategy was developed based on the human startle reflex response to

minimize head motion ding startle activation.

When the neck muscles were activated in absencengfT1 motion boundary conditions, the
compressive forcegeneratedn the cervical column rotated the head posteriorly into extension, which
indicated an extensor bias. This résdlin 31 degrees of extension, and 64.9 mm posterior translation of
the head for baseline frontal and lateral activation strategy and 23 degrees of extension and 50 mm posterior
translation of the head for the rear activation strategy. Physiologicathgrisihave more posterior muscles

than anterior muscles in the neck, allowing greater force generation for extension motion. Muscle force
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generation is proportional to the PCSAs in the neck, with the current model having a distribution of 70%
extensors an@0% flexors. Several experimental studies have identified that the maximum force and
moment generation capability of cervical extensors is greater than that of flexor miisslagada et al.,

2001 Lavallee etl., 2013 Fice etal.,2014).

The human stde response is an involuntary reflex that can occur when a sudden and/or intense,
acoustic, visual or tactile stimuli @icitedonto an individal., This protective reflex evokes a rapid motor
response to the body and is primarily a flexion
positiono, in anticipati,2998 Yeanrans at alf, 2002 addoess thi | i g h't

issue, a new activation scheme was developed based on the human startle response.

A parametric study was conducted on both tHeg€rcentile male and™percentile female HBM to
find an activation scheme that reduced global head rotation with thefgoaiimized head movement to
mimic an invivo startle respons@o perform the parametric study, the flexors were also maintained at

100% activation while the extensor activation was varfégufe 3-9).

30 40
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FIGURE 3-9: A) 50™ PERCENTILE MALE, B) 5™ PERCENTILE FEMALE | RESULTS FROM PARAMETRIC
STUDY, POSITIVE ROTATION |SEXTENSION, POSITIVE TRANSLATION |SANTERIOR DISPLACEMENT

The optimization target taninimize head movement and maintain a neutral head postgrdted in
anactivation ratio for extensors and flexafsapproximately 1:§extensors: 20%, flexors: 100%er the
50" percentile male and 1:@xtensors: 25%, flexors: 100%gr the 3" percentile female. For the B0
percentile male, theeutral activation strategyeduced the head CG-étation extension angle to 5.7
degrees, and Xanslation to 2.6 mm. Thé"%ercetile female with the optimized activation ratio reduced

the head CG ¥otation angle to 3.2 degrees, aneranslation to 2 mmHKIGURE 3-10). The neutral
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activationstrategy with the default activation onset time and P@®&evaluated with both the M50 and
FO5 HBM to compare kinematics and injury response to the previously defined activation strategy.
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ACTIVATION AND NEUTRAL ACTIVATION
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3.2.4Lateral Impact Activation Sensitivity Study

The literature has reported that the muscle contralateral to the lma&tnent undergoes eccentric
contraction (i.e. lengthening) during a side impact while demonstrating increased activation (Kumar et al.,
2004a, Kumar et al., 2004b). This was a preliminary study to identify strategies for lateral muscle activation.
A paraméric test was performed using bothGtercentile male and™percentile female models on the 7g
lateral impact case to study the sensitivity of head kinematics and tissue level response due to flexor and
extensor bilateral asymmetry. Flexors and extensontralateral to the direction of head movement were
maintained at 100% activation while the flexors and extensors ipsilateral to the direction of impact was
decreased from 100% to 25% in 25% decremérablé 3-4). The initial activation strategy used for this
study was based on the neutral strategy, where the extensor to flexor activation ratio was kept constant at
1:5 for the M50 and 1:4 for the FO5 model.

TABLE 3-4: 7G LATERAL QUADRANT SENSITIVITY STUDY PLAN

Case Ipsilateral Activation (%) Contralateral Activation (%)

1 100 100
2 75 100
3 50 100
4 25 100

3.2.5Activation Onset Time

To determine an upper and lowange of activation onset times that are reported in the literature, an
average value and standard deviation were calculated from the fastest onset time that was measured in the
experiment, by either muscle group, velocity change, or acceleration. Ag@aatavation time of 78 ms
with 15.8 ms standard deviation was calculated from 15 literature soliatade 3-5). The average value
of 78 ms was in good agreement wille default activation time of 74 ms in the GHBMC model. The
standard deviation of 15.8 ms was approximately £20% of the average time with a lower bound of 62.2 ms
and upper bound of 93.8 ms. Therefore, an activation onset time of 60 ms and 90 ms wexb teelec

represent the upper and lower bound to create the muscle activation strategies.
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TABLE 3-5: SUMMARY OF NECK MUSCLE ACTIVATION ONSET TIME (STARTLE / UNAWARE ONLY)

Literature Muscle Onset Time (ms)  Perturbation Type
Foust etal., 1973 Neck Flexors 64.9 Rear head jerk
Snyder eal., 1975 Neck Extensors 66.0 Frontal head jerk
Szabo and Welchet996 Sternocleidomastoir 110.0 Rear impact
Ono etal., 1997 Sternocleidomastoit 79.0 Rear impact
Magnusson edl., 1999 Sternocleidomastoit 72.2 Rear impact
Brault etal., 2000 Sternocleidomastoit 81.0 Rear impact
Wittek etal., 2001 Sternocleidomastoit 79.0 Rear impact
Siegmund edl., 2001 Sternocleidomastoit 52.0 Acoustic startle
Siegmund eal., 2008 Sternocleidomastoit 72.0 Rear impact
Kumar etal., 2002 Sternocleidomastoit 83.3 Rear impact
Blouin etal., 2003 Sternocleidomastoit 55.0 Rear impact
Kumar etal.,2003 Trapezius 82.9 Frontal impact
Kumar etal.,2004a Splenius Capitis L 76.7 Right Lateral impact
Kumar etal.,2004b Splenius Capitis R 97.5 Left Lateral impact
Hernandez edl., 2005 Sternocleidomastoit 99.1 Rear impact
Average (sd) 78 (15.8)

3.2.6Muscle PCSA

Knaub etal., (1998 observed that the muscle volumes in the neck Bfpgdcentile male volunteers
were on average 64% greater than volumes obtained from cadaveric dissections, with differences as large
as 128%. Furthermore, it was found that the @& centile male subjebad on average 72% greater muscle
volume when compared to the'Spercentile male subject, while th& percentile female subjects had
muscle volumes that were on average 77% smaller than‘fheef@entile male subjects. The mathematical
formula to @alculate PCSA is presented below:
56 Ve 061 M 6zAD D'QE & HdONEQ

"0 Qi@ £0Q0

Since the fibre length and pennation angles used to calculate the respectivewdt&aported as
average valugfrom all cadaver subjects, with the assumption that the fibre length and pennation angle is
representative of in vivhumans, an increase or decrease to muscle volume is directly proportional to the
resultant PCSA.

The upper and lower bound values for the PCS# were used to create the muscle activation
strategies were based on the muscle volume quantitative data presented by l&ha{i®e8. The upper
and lower boundaries of £30% of the baseline PCSA in the GHBMC model was selected to be a reasonable
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representation for 30percentile male subjects that does not exceed the&gentile male or underscore
the muscle volumes of thd'perentile female subjects. Only the PCSA of the active muscles elements
were scaled, while the volume of theD3passive tissues remained unchanged. Although scaling all the
cervical musculature by the same percentage may not be physiological, this wass#irfiegtion to study

the effects of muscle forces on dynamic neck response.

3.3 Active Muscle Study Plan

3.3.1Muscle Activation Schemes

Activation schemes were formed by a combination of the activation strategy, muscle activation onset
time and muscle PCSA. Agtition strategy refers to the grouping of the muscles in the neck (e.g. baseline
scheme: 2 grougsextensors, flexors), and activation ratio (e.g. 100% flexor and 100% exéetisation)
(Table3-6). The first activation scheme was the baseline configuration of the model with the baseline active
muscle parameters and baseline muscle activation strategy. The second scheme was the upper bound
configuration and utilizedche neutral activation strategy with a combination of the lower bound onset time
and upper bound PCSA. The third scheme was the neutral configuration and utilizedtthkactivation
schemewith the baseline activation onset time and baseline muscle PUO®Afourth scheme was the
lower bound configuration and utilized theutral activation schenvéth a combination of the upper bound
onset time and lower bound muscle PCSA. The fifth scheme was the activation off scheme with the active
muscles turned offi.e. passive muscles only). The baseline and activation off scheme was important
because they establish a baseline configuration of the model, as well as a boundary where no muscle
activation was present; with the latter representing a cadaveric respbagseutral activation schenveas
important to evaluate the effect of the neutral activation strategy based on a startle response. The upper
bound andower bound activation schemdefined a state of high and low activation to represent the range

of mu<le activation effectiveness in the HBMs.

TABLE 3-6: SUMMARY OF ACTIVATION SCHEMES

Scheme Strategy Onset Time PCSA

1. Baseline Baseline 74 ms Baseline
2. Upper Bound Neutral 60 ms Upper(+30%)
3. Neutral Neutral 74 ms Baseline
4. Lower Bound Neutral 90 ms Lower (-30%)

5. Activation Off - - -
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3.3.2Simulation Matrix for Impact Studies

The proposed activation schemes will be applied to the HBM muscle model for each impact case (89
frontal, 7g rear, and 7g lateral). In addition, the quadrant sensitivity study will be applied to the HBM only
for the 7g lateral impactondition(Table3-4). The study will be conducted on both thé' B@rcentile male

and %" percentile female HBM for a total of 38 simulation rumalfle3-7).

TABLE 3-7: TESTMATRIX FOR 50™ PERCENTILE MALE AND 5™ PERCENTILE FEMALE HBM S

Scheme Onset Time (ms) PCSA Activation Strategy
60 74 90 |-30% +0% +30%| Off Baseline Neutral Quad

8g FRT 1 n n 0

2 n | n

3 n n n

4 n n n

> _ - n
79 REAR 1 n n 0

2 n | n

3 n n n

4 n n n

> ¥ - n
79 LAT 1 n n 0

2 n | n

3 n n n

4 n n n

° - - n

Quad (x4) n n n 0

3.4 Head Kinematics

Head kinematics were used as metrics to compare the effect of the different activation schemes and
were evaluated at the head center of gravity Yahg the SAE coordinate systerfigure 3-11). The
kinematic responses from the model were compared to corridors created from the volunteer and cadaver

experiments that were used as the input boundary condition to evaluasaitied activation scheme&he
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head kinematics included-Xcceleration (AX),Y-acceleration (AY), Zacceleration (AZ), Xotational
acceleration (RAX), Yrotational acceleration (RAY), -Eotational acceleration (RAZ), -¥otational
displacement (RDX), ¥otational displacement (RDY), andr@tational displacement (RDZJ §ble3-8).

For the frontal and rear impact scenarios, AX, AZ, RAY, and RDY were the primary metrics used to
compare head kinematics. For impacts where the head does not retersagittal plane such as the
lateral impact scenario, AX, AY, AZ, RAX, RAY, RAZ, RDX, and RDY were used to compare the head
kinematics. All accelerations were filtered with an SAE 180 Hz filter. To evaluate the differences in the
muscle activation schermavithin an impact direction, the timing and magnitude of the key kinematics

metrics will be evaluated and compared.

FIGURE 3-11: HEAD KINEMATICS COORDINATE SYSTEM

TABLE 3-8: HEAD KINEMATICS ABBREVIATION

Head CG Kinematics X Y Z
Linear Acceleration AX AY AZ
Rotational Acceleration RAX RAY RAZ
Rotational Displacemen RDX RDY RDZ
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