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™ Stabilizing Effect of Precontracted Neck Musculature

in Whiplash

Brian D. Stemper, PhD, Narayan Yoganandan, PhD, Joseph F. Cusick, MD,

and Frank A. Pintar, PhD

Study Design. This study investigated the effect of
neck muscle precontraction in aware occupants in whip-
lash. Head angulation relative to T1 and facet joint cap-
sular ligament distractions were compared between
aware and unaware occupants.

Objective. To quantify changes in facet joint capsular
ligament distractions between aware occupants with pre-
contracted neck muscles and unaware occupants with
reflex muscle contraction.

Summary of Background Data. Clinical studies have
reported that patients aware of the impending impact had
decreased symptom intensity and faster recovery after
whiplash. To date, no study has investigated the effects of
precontracted neck musculature on localized spinal soft
tissue distortions in whiplash.

Methods. Aware occupants with precontracted neck
muscles and unaware occupants with reflex muscle con-
traction in whiplash were simulated using a validated
computational model. Muscle contraction attained maxi-
mum levels before impact in the aware occupant and
implemented reflex delay, electromechanical delay, and
finite muscle rise time in the unaware occupant.

Results. Precontraction of neck muscles in aware oc-
cupants resulted in 63% decreased maximum head an-
gles, elimination of cervical S-curvature, and up to 75%
decrease in maximum facet joint capsular ligament dis-
tractions.

Conclusions. Occupants aware of an impending whip-
lash impact with precontracted neck muscles can mark-
edly reduce overall head-neck and spinal motions. It is
our theory that this would reduce whiplash injury likeli-
hood.

Key words: whiplash, biomechanics, neck muscles,
facet joints, cervical spine. Spine 2006;31:E733-E738

Whiplash injuries continue to have a considerable effect
on society.'™ These injuries commonly result from au-
tomotive rear impact, wherein the struck vehicle is accel-
erated forward. This, in turn, accelerates the occupant’s
thorax anteriorly due to interaction with the seatback,
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resulting in abnormal differential motions between the
head and thorax. These differential motions are distrib-
uted among the segments of the cervical spine and ini-
tially result in an abnormal S-shaped spinal curvature
with flexion at upper and extension at lower levels (Fig-
ure 1). This abnormal spinal curvature was previously
shown to result in nonphysiologic facet joint motions.*
In response to the event, neck muscles are contracted and
result in stiffening of the head-neck complex to reduce
relative head-neck motions, which also reduces spinal
motions. Muscle contraction may occur reflexively after
initiation of thoracic acceleration in the completely un-
aware occupant or before thoracic acceleration in the
occupant aware of the impending impact.

Clinical studies have identified a possible role of
awareness in whiplash outcome. In a study of 137 re-
ferred whiplash patients, awareness of the impending
impact resulted in significantly lower frequency of mul-
tiple symptoms and intensity of headache pain.’ Results
of a randomized clinical study enrolling 125 whiplash
patients supported the previous findings in that unpre-
paredness was associated with poor recovery 12 weeks
after injury.® These studies highlighted the ability of the
aware occupant to reduce the likelihood of injury by
taking some preventative action before impact (e.g., con-
tracting neck muscles). Another study indicated that re-
flexive tension of the neck or shoulder muscles may be a
protective mechanism in whiplash.” Biomechanical in-
vestigations of neck muscle ability to alter spinal me-
chanics during whiplash have not been conclusive.

The effect of reflex neck muscle contraction in un-
aware occupants has been investigated using human vol-
unteers and computational modeling. Correlating EMG
with head-neck kinematics, volunteer studies demon-
strated that reflex contraction occurs before the time of
maximum head-neck motion, which typically occurs
later in the event (88-171 ms).® 7% Based on the relative
timing of these events, it was theorized that reflex con-
traction can reduce the likelihood of injury by stiffening
the head-neck complex and limiting maximum motions.
However, a recent computational modeling study dem-
onstrated that reflex neck muscle contraction in the un-
aware occupant has a minimal effect on spinal kinemat-
ics during initial whiplash stages due to inherent delays
in the contraction mechanism.'" In particular, reflex con-
traction decreased cervical spinal segmental kinematics
by a maximum of only 19% during the retraction phase.
It has been theorized that injury occurs during this initial
stage, before the time of maximum head-neck motions,
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Figure 1. Computational model il-
lustration of normal lordotic cur-
vature and S-shaped cervical

2

curvature resulting from retrac-
tion of the head relative to T1.

due to abnormal S-shaped cervical curvature and non-
physiologic lower cervical facet joint motions.*'*~'¢ The
ability of reflex contraction to reduce spinal motions is
limited by inherent delays in the development of maxi-
mum contraction levels. Contraction delays include
“reflex delay” characterized as the time between the
stimulus and initiation of electrical muscle activity,
“electromechanical delay” characterized as the time be-
tween initiation of electrical muscle activity and mechan-
ical force generation, and “muscle force rise time” char-
acterized as the steady rise in muscle force magnitude to
the maximum contraction level.'” As maximum S-
curvature occurs at approximately 76 ms for 9-km/hr
rear impacts,'® neck muscles may not be capable of re-
flexively responding in time to generate sufficient forces
to alter spinal kinematics and decrease whiplash injury
likelihood.

Experimental human volunteer studies have investi-
gated the effect of precontracted neck muscles on whip-
lash biomechanics in aware occupants.'® ! While these
studies typically identified kinematic changes in volun-
teers made aware of the impeding whiplash acceleration,
kinematic results were primarily limited to overall mo-
tions of the head and thorax. However, whiplash in-
juries affect cervical spinal structures, such as facet
joints.*1%2272¢ To our knowledge, no study has investi-
gated the effect of precontracted neck muscles on cervical
soft tissue distortions (e.g., facet joint capsular liga-
ments) during whiplash. The purpose of this investiga-
tion was to quantify changes in facet joint capsular
ligament distractions between aware occupants with
precontracted neck muscles and unaware occupants with
reflex muscle contraction initiating postimpact. Based on
previous clinical and experimental findings, it was ex-
pected that precontraction of neck muscles would reduce
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Initial position: normal lordosis

S-shaped spinal curvature

the level of soft tissue distortion during initial whiplash
stages, which would correlate with a decreased likeli-
hood of injury in aware occupants.

B Materials and Methods

A computational model was used to investigate the effect of
awareness on spinal kinematics in whiplash.?”~>° The model
was exercised using MADYMO computer modeling software
(TNO Automotive, Delft, The Netherlands) and consisted of
the head, seven cervical vertebrae (C1-C7), first thoracic ver-
tebra (T1), and all relevant soft tissues of the spine. Bony ge-
ometry was obtained from CT scans. Passive soft tissue mate-
rial properties were obtained from literature and included
ligament tension,>®>! intervertebral axial, shear, and bend-
ing,3*73* facet joint compression,>* and muscle tension.>® Ex-
tensive kinematic validation against in vitro and in vivo exper-
imental data, consisting of overall head-neck motions,"*-3”
vertebral and segmental angulations,'*'®'? and localized lig-
ament distractions,>® ensured realistic response of the model to
whiplash acceleration.

Sixteen neck muscle pairs were included, consisting of flex-
ors, extensors, and sternocleidomastoids. Contraction charac-
teristics including physiologic cross-sectional area, maximum
stress (70 N/cm?), relative shortening velocity (6/s), and muscle
length were obtained from literature.?>->*~** Maximum con-
traction levels were adjusted to obtain a sagittally balanced
contraction scheme, wherein equal flexion and extension bend-
ing moments were applied to the head-neck complex. Aware
occupant simulations attained maximum contraction levels be-
fore initiation of whiplash acceleration (Figure 2). Unaware
occupant simulations implemented minimal muscle activation
to balance the head before initiation of acceleration. Reflex
contraction was initiated after acceleration of T1 and consisted
of a 50-ms reflex delay, 13-ms electromechanical delay, and an
81-ms muscle rise time.'!

Aware and unaware occupant simulations were subjected to
10.5-km/hr rear impacts. Before impact, the model was ori-
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Figure 2. Timing of neck muscle
contraction in aware and un-

aware occupants.

ented with lordotic spinal curvature according to literature,*?
Frankfort plane horizontal, and occipital condyles positioned
directly superior to the T1 vertebral body. The input pulse was
applied as an anterior acceleration of T1, which was con-
strained against rotation and lateral and vertical displacement.
Sagittal plane angle of the head relative to T1 was compared
between aware and unaware occupant simulations. Maximum
facet joint capsular ligament distractions were obtained in ven-
tral, dorsal, medial, and lateral joint regions at levels C4-C5
through C6-C7. Maximum facet joint ligament distractions
were compared between aware and unaware simulations.

H Results

Secondary to whiplash acceleration, the unaware occu-
pant computational model demonstrated retraction, ex-
tension, and rebound kinematic phases. These kinematic
phases were characterized by cervical spinal S-shaped

Impact Initiation

curvature, overall extension of the head and neck, and
rebound of the head due to neck muscle contraction,
respectively. Although retraction of the head relative to
T1 was evident in the aware occupant, S-shaped spinal
curvature did not occur as upper cervical segments ex-
tended immediately following whiplash acceleration.
Following retraction, the aware occupant transitioned
into head-neck extension followed by rebound of the
head toward the initial orientation. Maximum extension
angulation of the head relative to T1 was considerably
reduced in the aware occupant (Figure 3). Maximum
head extension decreased from 82.7° in the unaware oc-
cupant with reflex contraction to 30.5° in the aware oc-
cupant with precontracted neck muscles.

Lower cervical (C4-C7) facet joint capsular ligament
distractions were greatest in the lateral joint region for

Figure 3. Temporal sagittal plane
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Figure 4. Maximum lower cervical facet joint capsular ligament
distractions in aware and unaware occupants.

both simulations. Precontraction of neck muscles consid-
erably and consistently decreased maximum capsular lig-
ament distraction magnitudes at C4-C5 through C6-C7
spinal levels by an average of 63% (Figure 4). The great-
est decrease in ligament distraction occurred at C6-C7,
wherein maximum distraction magnitudes were de-
creased by 75%. Maximum ligament distractions oc-
curred between 22 and 41 ms earlier in the aware occu-
pant.

B Discussion

A head-neck computational model was used to investi-
gate the effect of occupant awareness on localized spinal
kinematics in whiplash. The model was comprehensively
validated against human volunteer, human cadaver,
head-neck complex, and isolated cervical column whip-
lash experimentation. Computational modeling was
ideal for this application. Experimentation using human
volunteers suffers from limitations such as the inability to
measure localized spinal kinematics, subinjury input ac-
celeration levels, and an inherent level of habituation
that may bias unaware simulations.** Human cadavers,
while sufficient to study injury mechanisms in whiplash,
cannot replicate the neck muscle tone necessary for this
application. The present model permitted detailed anal-
ysis of localized spinal kinematics and soft tissue distor-
tions with strict control of neck muscle contraction levels
and timing.

The present model was subjected to 10.5-km/hr rear
impacts. These rear impacts exceeded the level previ-
ously cited as “unlikely to result in significant injury.”*
It is generally thought that increasing impact severity
leads to a greater likelihood of injury. However, this does
not explain passengers in very high-velocity rear impacts
who remain uninjured.*® A possible explanation for this
finding is that a number of occupant- and crash-related
factors influence whiplash injury likelihood and out-
come. It was previously demonstrated in clinical studies
that gender,*’ " age,***® cervical posture,’*>> head re-
straint backset,”>* head position,® and awareness of the
impending impact, among others, affected whiplash in-
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jury. Biomechanical studies have, to some degree, sup-
ported these clinical findings. For example, experimental
human volunteer'® and cadaver'®?® investigations re-
ported increased head and cervical spine motions during
the retraction phase in females. The model implemented
in this study was also used to demonstrate effects of head
restraint positioning’> and abnormal spinal posture’® on
cervical spine biomechanics. Therefore, from a biome-
chanical standpoint, impact severity is an important fac-
tor in determining patient outcomes after automotive
rear impacts. However, it cannot be applied as an exclu-
sive factor in determining whether an occupant will be
injured or the extent of injury in a specific rear impact
collision.

Present results demonstrated the ability of precon-
tracted neck musculature to stabilize the head-neck com-
plex during whiplash and reduce spinal motions and soft
tissue distortions. Our hypothesis is that decreased tissue
distortion, particularly for facet joint capsular ligaments,
correlates with a decreased likelihood of injury, nocicep-
tion, and allodynia. Because of the presence of nocicep-
tors and pain-facilitating neuropeptides in facet joints,
increased distortion leading to partial or complete tear
of the joint capsule may result in the perception of
pain.’”~¢% Although the present model was incapable of
identifying joint capsule failure or reproducing the per-
ception of pain, recent findings demonstrated increased
rates of allodynia in rats subjected to facet joint distrac-
tion.®" The ability of an aware occupant to decrease facet
joint distractions by up to 75% will markedly reduce the
possibility of injury under identical levels of whiplash
loading.

Although head restraints were introduced into pas-
senger vehicles to reduce the likelihood of whiplash in-
jury, these devices have had a limited effect on patient
outcomes after automotive rear impacts.®>~** A possible
explanation for limited head restraint effectiveness is that
the head-neck complex sustains nonphysiologic kine-
matics (retraction leading to S-shaped cervical curvature)
before head restraint contact unless the head restraint is
oriented in an optimum position.”> Field studies have
demonstrated that adjustable head restraints are often
not positioned correctly to protect the head-neck com-
plex during whiplash.®>~¢” Therefore, neck muscle con-
traction is a primary means of occupant protection in
rear impact. Present results demonstrated that timing of
neck muscle contraction is critical to reducing spinal soft
tissue distortions that may lead to whiplash injuries.
Aware occupants with precontracted neck muscles dem-
onstrated markedly reduced head-neck motions and
facet joint capsular ligament distractions along with
elimination of cervical S-curvature under identical levels
of rear impact loading. In contrast, unaware occupants
did not initiate muscle contraction until after the start of
thoracic acceleration. Because of inherent delays in the
mechanism of contraction, head-neck motions attained
14% of maximum levels before the initiation of neck
muscle contraction and 93% of maximum levels by the
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time neck muscles attained maximum contraction. This
delay resulted in considerably increased soft tissue dis-
tortions in the facet joints and a corresponding increase
in whiplash injury likelihood for the unaware occupant.

Present results of decreased head-neck motions in
aware occupants are supported by previous human vol-
unteer whiplash experimentation. Volunteers exposed to
6-km/hr rear impacts without head restraints and with
pretensed neck musculature demonstrated 30% to 40%
decreased maximum head extension compared with re-
laxed volunteers subjected to identical impacts.®® An-
other study reported increased head-neck motions in sur-
prised (unaware) human volunteers compared with
gender-matched unalerted but aware and alerted volun-
teers.”” Similarly, Mertz and Patrick?' hypothesized that
precontracted neck musculature will reduce the likeli-
hood of whiplash injury due to decreased neck torques in
volunteers with pretensed muscles compared with cadav-
ers subjected to identical impacts. Results of the present
study demonstrated a 60% decrease in maximum head
extension in the aware occupant. This decrease in head-
neck motion resulted in a decrease in total angulation of
the cervical spine, distributed nonuniformly among cer-
vical segments. Cervical segmental motions directly re-
sulted in distortion of soft tissues such as facet joint cap-
sular ligaments and intervertebral discs.

Facet joint capsular ligament distractions were mea-
sured in ventral, lateral, dorsal, and medial joint regions
at levels C4-CS5 through C6-C7 for aware and unaware
occupant simulations. Ligament distractions were great-
est in the lateral joint region at each level for both simu-
lations. Because of anterior-to-posteriorly directed shear
motion experienced by lower cervical facet joints during
the whiplash retraction phase,® it may be expected that
fibers located ventrally and dorsally would sustain max-
imum distraction magnitudes. However, because of fiber
directions and relative orientations of caudal and cranial
lateral masses, the lateral region sustained greatest dis-
tortion magnitudes during initial whiplash stages. Lat-
eral fibers, oriented perpendicular to the direction of
joint motion, were distracted immediately on initiation
of anterior-to-posterior shear motion. Ventrally and dor-
sally located fibers sustained initial laxity, due to the
vertical orientation of fibers and cervical facet joint an-
gles of approximately 45° in the sagittal plane. There-
fore, anterior-posterior facet joint shear resulted in pos-
teriorly and inferiorly directed motion of the superior
process. Initial motion during the retraction phase, there-
fore, brought ligament insertion points closer together
and resulted in initial joint capsule laxity. From a phys-
iologic standpoint, the present findings of increased
stretch in the lateral joint region underscore the impor-
tance of quantifying distributions of capsular ligament
distraction magnitudes across the plane of the joint cap-
sule*>?3 as it pertains to nerve fiber innervation of the
joint.

H Conclusion

The present study demonstrated that occupants aware of
the impending impact with precontracted neck muscles
can markedly reduce overall head-neck and spinal mo-
tions. In particular, facet joint capsular ligament distrac-
tions were decreased by up to 75% in the aware occu-
pant. Because of the role of facet joints in the perception
and persistence of whiplash pain, it is our theory that
decreased ligament distractions in lower cervical joints
will lead to markedly reduced whiplash injury likeli-
hood.

H Key Points

e Aware occupants attained maximum muscle
contraction levels before impact while reflex neck
muscle contraction in unaware occupants did not
initiate until after impact and implemented reflex
delay, electromechanical delay, and finite muscle
rise time.

e Precontraction of neck muscles in aware occu-
pants eliminated cervical S-curvature, decreased
maximum head-neck extension magnitude by 63 %,
and decreased maximum facet joint ligament dis-
tractions between 53% and 75%.

e Because of decreased soft tissue distortion, it is
our theory that whiplash injury likelihood is mark-
edly decreased in occupants aware of the impend-
ing impact.
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