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ABSTRACT

Dexpire the prevafence of whiplosh-reloied (njnries, o comection berween cfinical svmpioms and
iy mecharism hey been eluvive.  Previows studies have attempied 1o correlate the wiiplash
kinematic résponse 10 infury mechanisms; however, none hay speeificatly examined the potentiol
for nerroloete fmeodvement from framingl occlusion,  This fiomechanical studv measured cadaver
cervical spine whiplush kinematics and compared these with changes in the newral space geometry
aof the cervical spine, providing a measwre of the direet newrologic injury potential. Extension and
shear displacemoents of vach corvical level were measured and fownd fo be similar to that reported
in the literature and within the tissue 's physiologic limits. Further, changes 1o the spinal canal and
intervertebral foraminal geometry were recorded during whiplash and cross-sectional area
changex were documented (up to 15.3%).  Becowse these foraminal occlusions were smaller in
magnitude than thase resulting from normal cercal mation, our findings do not support direct
nenrofagic infury rexiliing from segmental vertebral kinematics as o whiplash injury mechanism,

INTRODUCTION

A number of recent vehicle designs have meorporated specially developed systems to prevent
whiplash injuries. Modified scat backs and/or head restraint systems designed to reduce
relative head-to-torso mation have emerged in an effort (o address this common automotive injury.
However, until the mechanism of injury associoted with whiplash can be clearly identified,
prevention strufegics will be unable to-specifically target the cause of these injuries. This study
was undertnken to examine the potential for direct neurologic tissue insult (neural tissue
compression ) as & mechanism for whiplash injury.

Although neck injuries socount for o significant number of the reported Injuries in rear-end
nutomohile crashes, the mechonism of cervical spine whiplash injury is not well understood
{Deans, 1987 Van Den Kroonenberg, 1998). During rear-end impacts/accelerations, the human
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spine has been shown 1o undergo non-physiological S-shaped kinematics that could be the source
of whiplash injury (Grauer, 1997; Siegmund, 1997). Unfortunately, individuals experiencing these
collisions present with a myriagd of symptoms: headaches, soreness in the neck, transient numbness
or tingling of the upper extremities, and pain of undefined origin, making it impossible to identify a
specific clinical injury (Bamsley, 1994). Some investigators have attempted to link whiplash
kinematics with specific and approprinte injury mechanisms including: muscular domage (Szabo,
| 9%4), osteoligamentous injury, capsular ligament elongation (Panjabi, 1998), facet jomt injury
(Ono, 1997), and facet jomt piching (Cusick, 2001). These mechanisms begel neurologic
symptoms indirectly. However, the patential for direct compression of the neurologic tissues in the
spinal canal and intervertebral foramen has not been investigated as a whiplash injury mechanism,

Cervical spine vertebral displacements in excess of those related to normal daily activity muht
compromise the neural tissues of the spine, thus producing direct neurologie injury, A number of
studies have investigated cervical spine kinematics of whiplash incidents (Cusick, 2001; Deng,
2000 Graner, 1997; Kaneoka, 1997, Matsushita, 1994; Ono, 1997, Panjabi, 1998, Siegmund,
1997), Muny of these studies rase the possibility that the initial S-phase, and nol the subsequent
peried of hyperextension (C-phase), is the source of most injury (Grauer, 1997, Kaneoka, 1997,
Matsushita, 1994; Panjabi, 1998). The angular displacements associated with this S-phase have
been shown to include extension at the lower levels, little nngular change in the middle cervical
spine and relative flexion in the upper eervical spine (Cusick, 2001; Deng, 2000, Grauer, 1997,
Omnp, 1997), Graver et al(Graver, 1997) evaluated different whiplash aceeleration impulses (2.5g,
4.5g, 6.5g and 8.5g) and recognized a trend towards mereasing maximom angular displacement
with increasing neceleration. Others have shown that the shear (translational) displacernents of the
cervical vertebra incrensed as you move down the cervical spine with C7-T1 having the greatest
shear displacement { Cusick, 2001; Deng, 2000). Individually, the shear and angular displacements
of the cervical spine in response o head inertial loading were within the tissues” physiologic range:
however, the combined (shear and angular displacement) whiplash response motions have been
reported 1o be non-physiologic (Graver, 1997; Ono, 1997; Siegmund. 1997). Since these cervical
spine motions can exceed normal kinematics, it is concervable that direct compromise of the neural
tissues may occur 85 & result of these displacements (Figure 1),
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Fipiire 1. Schematic demonstrating whiplash changes in eervical spine kinematics which might
affiect the interveriebral neural spaces. It is this relationship between cervical spine
whiplash kinematics and the spines ability to protect the neural fissues that is under
mvestigninon,
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We have defined the ability of the venebral column to preserve the space available to the spinal
cord and nerve rools as 1ts neural space integrity (Nuckley, 2002). Neural space integrity of both
the spinal canal and interveriebral foramen has been mvestigated in o number of experimental
studies (Carter, 2000 Chen, 1995; Ching. 1998; Holmes, 1996: Nuckley, 2002: Panjabi, 2001
Reid. 1960; Yoo, 1992). These studies have gquantified the space available o the nerve roots and
spinal cord in intact, injury, and post-injury experiments. Nuckley et al(Nuckley, 2002) measured
the spinal canal mid-sagittal diameter and intervertebral foramen area for quasi-static tests of
normal cervical spine range of motion. At maximal extension of the intact spine, they found the
spinal canal way unoceluded ot C4-5 and occluded 6.3% (C5-6) and 9.2% (C6-7) in the lower
cervical spine. Likewise, the interveriehral foramen were occluded 16.7% (C4-3), 20,0% {C5-8),
and 13.8% (C6-7) in maximal physiologic extension. These values of intact neural space
geometries agreed with the work of Yoo, et alf Yoo, 1992) in the interveriebral foramen and
Holmes, et ul (Holmes, 1996) in the spinal canal, Since these values were measured for the intact
cervical spine, they likely represent occlusions, less than which, no neurologic injury would occur.
However, it i conceivable that excessive spinal  motions  produced  during  whiplash
impactaceeleration events may exceed the normal Kinematics of the cervical spine whereby
generating deleterious levels of neural space occlusion.

Theretore, the goal of this research study was 1 examine the relanonship between rear-impact
whiplash Kinematics and neural space imtegrity using a human cadaver model. The results for two
distinet whiplash acceleration magnitudes were compared to investigate n dose-dependent
response. These data will elucidate whether direct neurologic injury (i.e., nerve root or spinal cord
compression caused by spinal canal or intervertebral foramen ocelusion) may serve as a whiplash
injury mechanism, The hipotheses for this experimental work were (i) segmental spinal kinematics
fangulor amd shear displacementy) are wnlygue for each cervical level for a given aceeleration
inpat, (i) segmentel spingd motions are different for low and high whiplash aceeleration
magnitudes, (i) spinal canal and intervertebral foramen integrity is significanitly diminished
during whiplash evests, and (iv) the severity of spinal canal and intervertebral foramen ocelusion
ix deprendant upon the whiplash acceleration magnitude

METHODS

Specimen Preparation,

Six fresh-frozen cadaveric head and cervical spine specimens (Occiput-T5) were obtained through
the Department of Biological Structure’s Willed Body Program at the University of Washington
and the International Institute for the Advancement of Medicine (Jessup, PA), and were selected
based on a lack of significant degenerative changes, surgery, or prior neck mjury. The mean age of
the two females and four males was 45-years (range: 16-68-vears). The spinal musculuture, nerve
roots and gssociated tissue, and spinal cord and dura were removed from each specimen taking care
not 1o damage the discs und ligaments. The supenor portion of the head was removed using o
modified Beier procedure cutting posterior-to-anterior through the Frankfurt plane retaining the
functional anatomy of the upper cervical spine and occipur (Beter, 1980), In an effort to provide
consistent and repeatable inertial loading to each specimen, a Hybrid 111 anthropomorphic test
dummy hiead was mounted 1o the remaining occiput. This procedure facilitated the measurement of
the angular and lincar accelerations (via the Hybrid-111 head instrumentation package) at the center
of gravity of the head while minimizing loading vanubility. The inferior vertebrae (T3-T5) were
potted in dental plaster (Labstone Buff, Bayer Corp., South Bend, IN) with the C6 posterior
vertehral end plate in 20-degrees flexion 1w mimie the normal lordodic position of the cervical
spine (Cusick, 20001).  Immedintely after dissection, each specimen was hydrated, wmpped in
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towels, sealed in a plastic bag, and frozen ar —20°C 1o preserve their mechanical properties
(Panjabi, 1985).

Instrumentation.

Spinal canal and intervertebral forumen integrity were measured ulilizing transducers developed in
our laboratory 4t the University of Washington (Ching, 1998). The spinal canal ocelusion
transducer (SCOT) and interventebral fornmen ocelusion transducer (IFOT) are capable of
measuring both static and dynamic occlusions to the neural spaces of the cervical spine.  These
transducers ore eonstructed of ¢losed flexible whing (SCOT: Tygon R-1000, Norton Performance
Plastics, Canton, OH; IFOT: Natuml rubber, Primeline Industries, Akron, OH) filled with a
comduetive media (0.9% saline), When a constunt-amplitude electric current (2.0-kHz, 20pAmp) is
passed through the saline, the voliage across the tube’s length provides o measure of the system's
resistance in accordance with Ohini’s Law. Since the resistance in the tubing is proportional to its
cross-sectionnl area, monitoring the differential voltage across the tube’s length gives a direct
measure of its cross-sectional area. During static calibration to a known deformation, both the
SCOT and IFOT exhibited an exponentinlly shaped calibration curve, indicating that measurement
sensitivity increased with increasing occlusion of the wbing, The SCOT did not fill the entire hony
canal laterally. but rather encompussed the entire mid-sagittal space giving a measure of the
minimum mid-sagittal diameter of the spinal canal. The [F(Ts fit snuggly into the intervenebml
foramen and measured the mimimum cross-sectional area of the foramen. The functional
characteristics these neurnl space peclusion transducers are presented in Table | and apply to quasi-
static as well as dynamic events (Raynak, 1998). These transducers measure neural space
geametries with a high degree of sccuriey (<6.5% full scale error) to elucidate changes in the
infegrity of the cervical spine neural spaces.

Table 1, NEURAL SPACE OCCLUSION TRANSDUCER

IFOTY SCOT
[Marmeter . 35mm T85mim 9, 54mm 15.88mm
Range 17363056 mm ° 22724820 mm 3116~ 65,83 mm 5,40 - 1430 mm
Aceurney + |71 mm’ 4+ 2:00 mm® + 290 mm £ (.53 mm
Senstfivity 005 - 163 Vimm © 0,02 <087 Vimem © 0,02 - 034 Vine © 004 - 5 44 Yimm
Resolution 00T mim (1014 e 0,021 mm 00005

Transducer charncieristics were determined through an analysis-of the ransducers® output (volis)
tnd physical irpot (area) as measured using CT technigues.

The sagital plane kinematics of the cervical spine was measured using | 5-mm diameter threaded
pins, which were inserted into the anterior bodies of C3, C4, C5, U6, and C7. These pins held
reflective targets which were tracked via high speed video (Kodak Ektapro Imager, Eastman Kodak
Co., Rochester, NY), The video files were digitized and analyzed vsing WiNanalyze motion
analysis software (Mikromak GmbH, Erlangen, Germany). This software offers sub-pixel
resolution via its digitizing algorithm (Frischholz, 2001); however, its absolute accurucy is dictated
by the 512 x 384 pixel resolution of the video and for this study was L48-mmipixel. Sinee our
measurements were all normalived 1o initinl conditions, the resolution of the system dictates the
error in our differential measurements of shear and angular displacement. Therefore, the resolution
pnd mensurement error of the WINanolyze motion analyviis was (.0¥-mm and 0.02-degrees,
providing us with excellent kinematic measurement capabilities.

H
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Loading Apparatis.

A custom designed closed-loop acceleration sled was used for bench-top testing of the cadavenic
cervical spine with Hybrid 111 head preparations (Raynak, 2000). This acceleration sled utilizes
lincar motors (Trilogy Systems, Austin, TX) and a motion control system (Delta Tau Data Systems,
Northridge, CA) to propel the specimens 10 specific acceleration magnitudes and pulse durations.
Peak amplitudes of 2, 4, 6, 8, and 10-g of acceleration were generated on a haversine of 140-msec
pulse-duration. These sled parameters were generated based upon comparison with human
volunteer research performed at the Wright-Patterson Air Force Research Laboratories. Human
volunteer responses were compared with Hybrid 111 ATD responses and then our sled was tuned
using just the Hybrid 1l neck and head portions to replicate on our bench-top the same
environment *seen” by the human subjects,

Experimental Procvedure.

Fach dissected specimen was thawed for experimentation and maintained hydrated with lactated
Ringers solution throughout testing.  Pins were inserted into the C3, C4, C5, €6, and C7 vertehral
hodies for video marker attachment and kinematic analysis,  Intervertebral foramen occlusion
trunsducers were inserted into the bilateral foramen of C3-4, C4-5, C5-6, and C6-T such that each
transducer was pre-occluded in its foramen 1o increase initial sensitivity, The spnal canal
ocelusion transducer was then inserted into the canal aligning the sensing regions within our spinal
region of interest (Figure 2),

The fully insrrumented specimen (with the Hybrid 111 head) was then mounted into the bench-top
sled for acceleration testing (Figure 2), Each specimen received each of the acceleration profiles in
a semi-random order o preserve the specimen. The 2, 4, and 6-g trials were randomized and
performed first, followed by & random choice of the 8 or 10-g trial. This project specifically
examined the results of the whiplash acceleration profiles for only the 4 and 8-g runs. In this
regard, each specimen wis always exposed (o the lower (4-g) acceleration run before the higher (8-
o) mugnitude rum,

The specimen was placed on the sled in neutral position prior to acceleration and their posture was
maintained with masking tape on the head form. Then the specimen was perturbed from
equilibrium by the acceleration profiles listed above. During this whiplash event, 23-channels of
dats were collected at 4000-Hz. These dats included the IFOT and SCOT data as well as the head
linear X. Y, Z, ond rotational Y accelerations and the sled linear X acceleration, The data were
recorded using o LabVIEW data acquisition board (PCI-6071E, MNational Instruments™, Austin,
TX) on & personal computer (E-5200, Gateway™, Sioux Falls, ND) and were synchronized with &
high-speed video camera recording the event at 1000-frames/sec.

=]
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Figure 2. Instrumented human cervical spine prepared for testing on the whiplash scceleration
sled. (A) Neural space integrity was measured by custom occlusion transducers shown
here emanating from the bilateral interventshral foramen of C3-4, C4-5, C5-6, and C6-7
inot shown: spinal canal occlusion transducer). Steel rods inserted into the C3, C4, €5,
Ch and C7 vertebral bodies contiin white markers 1o ficilitate the video measurement of
spinal kinematies. (B) The specimen was next fit with the Hybrid 11T head on its océiput
mounting plate and ngidly attached to the accelersion sled. (C) The inertial loading
apparatus includes fixed magnets (back left) which repel the sled once current is passed
through the electromagnets attached to the sides of the sted. This sled aceeleration pulse
prrovides the whiplash input to the specimen,

|!'|
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Dam Anulysis,

All of the SCOT and IFOT data were run through a zero-phase shift four-pole Butterworth low-
pass digital filter. The eut-olf frequency was set at 120-Hz.  These filiered data were then
calibrated to SCOT mid-sagittal diameter and IFOT cross-sectional areas. The high-speed videos
were colorized and converted into AV file format (Kodak PC Color, Eastman Kodak Co,
Rochester, NY and VideoMach, Gromada, www.gromadi.com). This video was then imported
into WiNanalyze to digitize and track cach wvertebra.  The WiNanalyze SSD algorithm for
automutic tracking was used and the points were digitally filtered using a 7-kernal Savitzky-Golay
smoothing technique. Each vertebra contnined two markers, which were used to identify thm
vertebra"s angular displacement directly. The points were also converted into shear (translational )
displacements of cach vertebra with respect 1o its inferior (lower) vertebra.  These dats were
obtained via a coordinate transformation (Eq. 2) which converted the inferior verlebra’s markers
mto the x-axis of the cortesian coordinate system, thus eliminagting angular displacement
contamination of the shear displacements. The (X,)Y)) coordinates are for the anterior-inlerior
aspect of the inferior vertebra, and (X.,Y:) are the coordinates of the superior vertehra's anterior-
inferior point.  Using these data and the angular displacement between the adjacent vertehrae,
{Eq. |) the shear translation, X is calculated for its new coordinate system,

& =Tan"' u (1)
X, =X,
X, =X, Cos0+ Y, 85in8 = X ,Cos@—Y,Sinf (2)

Onee each vertebra’s angulisr and shear displacements were determined with respect o the adjacent
inferior vertebra, the data were grouped for analysis. This study investigated differences between
spinal levels (C3-4, C4-5, C5-6, C6-7) and acecleration treatments (4-2 and 8-g) with regard to
kimematics and neural space integrity, A two-way ANOVA was performed on the data at discrete
time poinis [00-msec (arbitrary) and 130-msec (this was the greatest common time-point before the
head contacted restraint dcross all sled runs) and using the peak displacements for each level und
scceleration.  Further, the neural space inteprity data was examined and the peak values were
compared using a two-tailed Student’s t-test to examine if dynamic changes to the neural spaces
occurred which were significantly different from baseline neural space dimensions. Significance
for each of these analyses was established at an alpha level of 008,

RESULTS
Whiplash Segmental Kinematics,

In general, the kinematic response (S-shape) of the cadaveric specimens in our experiment wis
very similar to those in the literature (Figure 3), The lincar and angular displacements measured
for each intervertebral joint (C3-4, C4-5, C5-6, (6-7) are illustruted in the time histories of Figures
4 and 5. Figure 4 illustrates the mean angular displacement time histories for both the 4-g and 8-g
tests, These data demonstrate angular displacements fncreasing in extension for the lower cervical
spine while the middle cervical spime shows very littke angular displacement. Extension of the
lower cervical spine appeared to increase al o greater rate for the B-g trials compared with the 4-g
tests. However, comparison of the 4-g and E-g trials revealed no statistical difference in angular
displacement at 100-msec, 130-msee, or peak angulation.  There were statisticnl differences
between the spinal levels for both the 4-g and 8-g tests: At both the 100-msec, and 130-msee time



Injriry Biomechanios. Reseomrgel

points, the angular displacement of the T34 level was different from each of the other levels
(p<0.013), Significant differences were not observed between the other levels of the lower cervicul
spine although the C4-5 and C6-7 levels showed a trend (p<0.051) ol greater angulation than the

lower u.n-n.;d ‘1r'l||'|l. (C6-T).

T0-msec 85-msec

S-msec \J \Il msec
‘ e [ Wt ‘
. \ ,a-
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Figure 3. High speed video stills of un 8-g whiplash acceleration test. These images
demonstrate pictonally the time history of the whiplush event. Time t = 05

the initiation of sled acceleration and the peak sled accelerntion pecurred at 80-

msec, Mote the marker movement showing increasing extension angular
displacemient of the lower cervical spine with little change in the head position
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C34 = C45 s C56 m C6H7
8.0
4.0 8-g
0.0
4.0
8.0
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4.0 4-g
0.0

4.0

-8.0

Angular Displacement [deg]
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Time | msec]

Figure 4. Cervical spine angular displacernent kinematic response to o rear-end accelerations.
These plots show the mean angular displacement of the specimens for 8-g [W=4]
and 4-g [M=6] whiplash accelerntion inputs, The relative angular change for cach
functional spinal unit shows a unique pattern for the lower cervical spine (C4-3, U5
6, and C6-T) compared with the C3-4 level for both acceleration freatments. Mo
statistical differences were uncovered hetween the d-¢ and B-g angular displacement
data although their time histories appeir guite different.
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The transtational (shear) displacements (superior-posterior) are shown in Figure 5. These data also
illustrate an increasing mte of shear displacement with increased magnitude of the acceleration
pulse. The shear displacements measured herein are not statistically different between the 4-g and
R-g trials. Unfortunately, we could not demonstrate spinal level shear differences although a wend
townrds increased shear displacement at lower cervical levels existed

C34 = C45 s C56 s C67

-1.0

Shear Displacement [mm]

i

-
—_
—

4-g

0 20 40 60 80 100 120

Time [msec]|

Figure 5. Cervical spine shear displacement kinematic response to whiplash. These plots
show the mean shear displacement of the specimens for 8-g [N=4] and 4-g
|N=6] whiplash acceleration mputs. The relative superior-posterior shear
displacements for each functional spinal unit demonstrate mo  statistical
differences between the levels,  Further, comparison of the acceleration
treatment (4-g vs. 8-} produced no statistical relationship in spite of their
different rates ol shear displacement

20
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Spinal Canal Integrity.

Measurable changes in the spinal canal revealed thar the spinal canal mid-sagital diameter was
minimally affected throughout the whiplash events, None of these occlusions were statistically
significant nor was there a significant correlation between occlusion, cervical level, or accelerution
treatment. There were, however, trends demonstrating that the upper cervical spinal canal (C1-C2)
increased in mid-sagittal diameter for both the 4-g and 8-g expériments,

Intervertebral Foramen Integrity,

Significant changes to the intervertebral fornmen area were observed at différent foraminal levels
for each of the acceleration treatments, The 4-g experiments revealed significant ocelusion a1 C5-6
intervertebral foramen (Biluterafly), reducing its cross-sectional area by 11.4% on avemge (p =
0.029) from the intact haseline condition, Whiplash insults of 8-gs produced significant changes in
hoth the €56 (12.2%, p = 0.031) and the C6-7 (15.3%, p = 0,006) Interverichral foramen. These
oeclusions were the only significant measures on average, although trends were seen in the lower
cervicnl spine suggesting a possible relationship between foraminal occlusion and acceleration
impulse. Further, progression up the cervical spine from C6-7-to-C3-4 demonstrated decreasing
foraminal occlusion to the point of foraminal opening at the C3-4 level  Finally, the 4-g
experiments had a caloulated average occlusion velocity of 0.06-m/sec compared with the S-g trinls
aversge occlusion velocity of (0 18-mv'sec:

DISCUSSION

The objective of this rescarch was to determine whether the cervical spine kinematics associated
with whiplash hus the potential for causing direct neurologic injury (neural tissue compression via
negral space occlusion).  Several hvpotheses examining the relationship between whiplash
kinematics and neural space integrity were tested using an eéxperimental human cadayver model,
The results herein demonstrate that the kinematic response of the cervical spine is level specific
{varies by spinal level) and produces significant geometric changes in the neural space boundanies
which house the neural tissues, This discussion will Took clogely at each of the tested hypotheses
and critically evaluate their signilicance rowards estblishing o relationship between whiplash
kinematics and direct neurologic injury.

Whiplash Kinematics.

The scgmental spinal kinematics meusured for each specimen during the 4-g and 8-g tests
demonstruted 8 large degree ol inter-specimen varlability, Although nol uncommon  [or
experimental biological testing, this variability, made establishing statistically significant cervical
level or accelermtion effects difficult and perhups improbable withowt a larger number of tesl
specimens, Nevertheless, some of the findings are noteworthy, The angular displacements were
distinctly different for the middle cervical spine compared with the upper cervical spine.  While
trends were observed, no stafistically sipnificant chonges by cervical level were nble 1o be
determined for segmental shear,  Since hypothesis (i) was concerned with measuring any
significant level kinematics distinetion, we reject the null hypothesis and purport that sepmental
spinad kinematics vary by cervical level (i.e., the upper vs. mid-cervical spine differ in angular
displacement).  Hypothesis (1) examined the effect of whiplash acceleration magnitude and while
the data appear to show different displacement paltérns over the time history, differeénces between
the 4-¢ and 8-g kinematics could not be supported. Thus, we accept the null hypothesis that for the
4-g and 8-z whiplash inputs, there was no statistical difference in whiplash kinematics,
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The kinematic response of the cervical spine 1o whiplash has been reporied by others to fall within
the physiologic range of the tissues (Cusick, 2001 Grauer, 1997; Ono, 1997; Sicgmund, 1997). In
agreement with these previous studies, the gross anpular displocements measured herein wete |ess
than those reported as the end runge of physiologic motion for euch spinal level (Dvorak, 1988;
Lysell, 1969, Nuckley, 2002; Panjabi, 1994; Voo, [998), Although non-physiologic shear strains
have been documented in the facet capsules during whiplash,(Cusick, 2001; Cirauer, 1997; Panjabi,
1498) the gross shear displacements of the entite functional spinal unil have nol been shown i
exceed shear failure displacements (Moroney, 1988; Panjabi, 1986). These non-phvsiologic (sub-
failure) displacements of the facet joint have been implicated as o possible source of whiplash pain
through pinching of the capsule which is rich in nociceptors (Barnsley, 1995; Cusick, 2001; Inami,
2000, Both the angular and shear displacements measured herein and for previous studies are
within their specific physiologic ranges., however, this study was concerned with the summed
{ungulur and shear) gross segmental motions induced by whiplash and whether they were sufficient
to reduce the space available to the neural lissues.

Spinal Canal Integrity.

During the experimental whiplash event, the spinal cinal integrity measurements demonstrated
lietle change in canal mid-sagittal dismeter from neutral position. Thus, we accept the null
hypothesis (i) indicating that the intact spine maintains its canal space in the face of whiplash
sceelertions/impacts.  Sinee few individuals experience spinal cord injury in the absence ol o
structurally ahering injury, this result was not unexpected, The final hypothesis (iv) exomined the
elfect of whiplash acceleration magnitude on the severity of the neural space encrodchment. The
null hypothesis (iv) was accepled since we did not measure any significant changes in the spinal
canal for gither the 4-g or 8-g inputs,

While significant changes in the geometry of the cervical spinal canal duc to whiplash extension
were not observed, others have found spinal cord bending and necking to result from flexion and
extension of the cervical spine (Breig, 1970; Chen, 1995; Panjabi, 1988; Reid, 1960). Our
measurement of the boundary conditions of the spinal cord can predict compression to the neural
tissues; however, the tensile mechanical environment surrounding the spinal cord cannot be
measured.  Other studies have investigated the spinal canal geometry to be significantly altered in
compression loading (Carter, 2000; Panjabi, 2001) and subsequent post-injury positioning of the
injured cervical spine (Ching, 1997), Thus, our results and those presented above suggest that for
spinal cord inpury to result from whiplash insults, it must be associated with either a frank
(ostaolipamentous) injury or excessive elongation of the spinal canal,

Intervertebral Foramen Infegrity,

Our sled-induced whiplash inputs created significant intervertebral foramen occlusions to the lower
cervical spine. Therefore, the null hypothesis (iii) for intervertebral foramen integrity s rejected,
While we observed a wend toward increasing occlusion with an increased nceelération rammitude,
null hypothesis-(iv) is accepted because none of the foraminal ocelusions were significantly
different from one another between the 4-g and B-g occeleration inpuls.  Despite signilicant
changes in the mtervertebral foramen integrity, none were greater than those experienced in normal
quasi-static cervical motion. Therefore; it 15 not expected that the ocelusions 1o the mtervertebral
formmen will bring about nerve root injury as a result of whiplash events.

The lower cervical spine (C5-6, C6-7) exhibited the largest ocelusions to the intervertebral foramen
in agreement with epidemiologieal neurologic injury data (Sances, 1984). Further, these levels
exhibited the greatest angular (extension) and shear displacements, which typically result in
reduced intervertebral foramen. dimensions (Nuckley, 2002), Moving up the cervical spine
revealed opening of the intervertebral foramen at C3-4, This is consistent with the relative flexion
that is occurring during the initial S-phase of the whiplash event. These trends demonstrate the
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association between intervertebral foramen imtegrity and cervical spine Kinematics for whiplash
{inertial) loading.

The Potential for Direct Neurologic Injury from Whiplash.

Although we have measured the geometric integrity of cervieal spine neurnl spaces (i.e., boundary
conditions) resulting fom whiplash kinematics, we have not directly examined the effects of these
neural spave chunges on the neural tissues themselves. The spinal cord fills approximately 48% of
the canal by mid-sagital diameter and nerve rools comprise 55-70% of the intervertebral foramen
area (Humphreys, 1998, Lang, 1993).  Neural space changes greater than these would surely
wffiect the function of the neurons; however the measured occlusions due 10 whiplash were of lesser
magnitude. Hence, o briel review of the newrologic tissue injury Hierature may help to clorify —
and perhaps challenge— direct nearologic injury us a polential mechanism for whiplash injury.

Anderson, et al, apphed high velocity insults. using a plunger-type device, directly to ferret spinal
cords and were able 10 quantify both the degree of damage and the amount of cord deformation
{Anderson, 1982). Their study found a correlation between evoked potentials and ranges of spinal
cord occlusion. A 10-30% spinal cord occlusion (hy mid-sagittal diameter) did not induce a
significant evoked potential latency (from baseline). A 40-60% occlusion generated “impaired
neuronal conduction... which probably represents eventual partial recover”, and above 75%
occlusion, no functional recovery wos observed.

In the most comprehensive neurotraumi experiment to date, Keamev, et al. specifically
investigated the rate and deformation dependency of the spinal cord on functional neurologic
deficit (Keamey, 1988), They reported that animals subjected to a spinal cord occlusion greater
than 50% were unlikely 10 recover independent of contact velocity. However, as impact velogity
mereased (shove 2-3-m/sec), the amount of deformation necessary 10 produce non-recoverable
injury decrensed significantlyv. Hence, a quasi-static neurologic injury threshold of around 50%
spinal cord deformation seems reasonnble based on the above two studies. In addition, the rate of
cord compression clearly playvs a role m determining neurologic injury severity. The spinal canal
and intervertiebral foramen oeclusion thresholds would likely be less than 50%, given that these
spaces contain connective tssues, fat, and cerebrospinal fluid which respond viscoelastically and
contain a finite mass in the foramen.

In our study, the measured canal and intervertebral foraminal ovclusion magnitudes were much less
thun what would be expected to cause neurologic injury at quasi-static loading rates. However,
anutomic variability (e, o congenitally narrow spinal canal) or degenerative changes (e.g.,
osteophytes and bone spurs) which affect the available space for the neurnl tissues may predispose
an individual o neurologic tissue insult.  Finally, measured occlusion rates on the order of only
0.18-m/sce suggest that the rate effects reported by Keamey et al. would unlikely play a role in
exucerbating a potential neurological injury due o low-g whiplash events,

Other potential newral tissue injury mechanisms such as rapid fAuid volume changes (eg.,
cerebrospinal Nuid or blood in the venous plexus) inducing pressure on the nerve rools or nerve
root penglion mjury were not investigaled as part of this stody (Svensson, [998; Svensson, 2000),
While these represent other potential mechanisms for whiplash-induced neural tissue domage, they
were beyond the scope of this study which focused solely on geometric changes to the foraminal
spaces cavsed by segmental vertebral kinematics.

CONCLUSION

Our findings demonstrute physiologic angular and shear displacements in response o whiplash
loading of the cervical spine in an experimental cadaver model.  Significant changes in neural
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space integrity of the lower cervical spine were measured during these tests; however the
magnitude of these changes were generally smoll and on the order of those observed during normal
physiologic range of motion. The relatively low rate of these neural space occlusions would he
unlikely to affect the neural tissue injury threshold significantly so as to alter our findings. 1o sum,
the data collected in this research effort do not support direct neural injury related 1o segmental
kinematics as a whiplash injury mechanism.  However, other mechanisms of direct neural tissue
injury should be further investigated. These preliminary findings may help w guide futare efforts
in improving whiplash prevention strategies.
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DISCUSSION

PAPER: Cervical Spine Whiplash Kinematics and Its Effect on Neural Space
Integrity

PRESENTER: David Nuckley, University of Washington

QUESTION:  Mike Schlick. Medical College of Wisconsin
Without getting o label for myself, | am no less than fascinated to find out a Hybrid 111 was
attached to-a human cervical spine. Can vou share with us some of the details of that connection?

ANSWER: Yes. There is medical terminology. We cut right at the Frantfort plane so we had the
base of the occiput was intact. And we potted the base of the occiput and we made 2 retrofit plate
which actunfly setup right into and screwed into the Hybeid I11, base of the Hybrid 111 head, We
could not fit a load cell there because that would move the CG of the head much, much higher
where it wouldn't be natural. So we just had the accelerometery package within the head but none
of the lvad cells. We filled the base of the occiput with PMMA and drilled screws up through that
into the Hybrd 1 head. And we didn’t have any wobbling or any problems with that fixation.

Q: One other question | had, was the transducers that went through the foramen, | imagine they
are [lexible?!

A Yes

Q: Are they » tubing of some sort?

A: They are a flexible tubing that we fill with saline which is a conductive media. We just pass a
current, a constant current through that area.  And that change in area is just like a resistor, you
change the aren of thut resistor vou increase resistance and you can measure that as o change in
viltoge,

Q: | take it then those pussed from one foramen to the other so the spinal cord was gone at this
point?

A: Yes. The spinal cord was gone. They actually only inserted into one foramen.

Q: Iowas bi-axal?

As Yes

Q: Okay,

A: Bi-axial, one foramen each. So the data that 1 presented is a means from both bilateral that we
did.

Q: Gy Nusholiz, Datmler Chrysler

It seemed that the response in the 4G versus the 8G comparison that you did that you
had more response at the 4G than you did in the 8G although vou had a lot more scatter in
the 8G. Do you have an explanation for that. why greater input would produce less
response? Negative stiffness?

A: The only thing | can think is that in some of those tests we may have had a little bit
of confounding data in that the higher the rate the more the inertia of those actual pins
that were sticking out could wobble. And we did see guite a bit of wobble in the higher
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G tests, just because those pins have mass themselves, It could cancel out, sort of
superposition from test to test.

Q: Could that also be pariially an explanation for why you had more vaniability in each case?
A: Yes, [ lunk so. Definitely.

Q: Have you thought of maybe trving to mimic muscles in some way just to see what their effect
might be? Obviously, you are not going to be able to duplicate it, but either running siraps?

A: Cables or straps, Actually that is s @ great idea. We haven’t done that m the laboratory. We
performed an initial experiment a long time ago where we did try 1o keep the musculature and ry
and keep everything intact. And we thought that just the passive musculaiure might contribute but
passive musculature doesn’t contribute in whiplash,  So, it would need to be some sort of active
system or sirap which were taut.

Q: Something that had some level of force on it?
Al Yes,
Q: Okay. Thank you,



