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®  Soft Tissue Injury Threshold During

Simulated Whiplash

A Biomechanical Investigation
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Study Design. A newly developed biofidelic whole cer-
vical spine (WCS) model with muscle force replication
(MFR) was subjected to whiplash simulations of varying
intensity, and the resulting injuries were evaluated
through changes in the intervertebral flexibility.

Objectives. To identify the soft tissue injury threshold
based on the peak T1 horizontal acceleration and the asso-
ciation between acceleration magnitude and injury severity
resulting from simulated whiplash using the WCS + MFR
model.

Summary of Background Data. Whiplash has been
simulated using mathematical models, whole cadavers,
volunteers, and WCSs. The measurement of injury (dif-
ference between prewhiplash and postwhiplash flexibili-
ties) is possible only using the WCS model.

Methods. Six WCS + MFR specimens (CO-T1) were
incrementally rear-impacted at nominal T1 horizontal
maximum accelerations of 3.5, 5, 6.5, and 8 g, and the
changes in the intervertebral flexibility parameters of
neutral zone and range of motion were determined. The
injury threshold acceleration was the lowest T1 horizontal
peak acceleration that caused a significant increase in the
intervertebral flexibility.

Results. The first significant increase (P < 0.01) of 39.8%
occurred in the C5-C6 extension neutral zone following the
5 g acceleration. At higher accelerations, the injuries spread
among the surrounding levels (C4-C5 to C7-T1).

Conclusions. A rear-end collision is most likely to in-
jure the lower cervical spine by intervertebral hyperexten-
sion at a peak T1 horizontal acceleration of 5 g and above.
These results may aid in the design of injury prevention
systems and more precise diagnoses of whiplash injuries.
[Key words: whiplash, biomechanics, spinal instability,
cervical spine, injury threshold] Spine 2004;29:979-987

Acute neck pain following low speed rear-end collisions
is common; however, controversy exists regarding the
causes of chronic pain following whiplash. Several hy-
potheses exist to explain the basis of chronic neck pain
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including injury to the facet joints,'™ intervertebral
disc,®” spinal ligaments, and spinal ganglions®~'? in ad-
dition to psychosocial factors."'=!* The facet joint injury
hypothesis has been supported by numerous clinical
observations.'3~2°

There exist a wide variety of approaches to study
whiplash injuries, including mathematical models*!>*
and whiplash simulation of entire cadavers on sleds>*3
and isolated whole cervical spine (WCS) specimens on
mini-sleds.’**~3% Although human volunteers within
sleds or automobiles have been rear-impacted to obtain
kinematic data of the head and cervical spine, the i1z vivo
whiplash simulations must be performed below the in-
jury threshold.>*173 Of the previous approaches, only
the WCS model is capable of quantifying the soft tissue
injuries, via prewhiplash and postwhiplash flexibility
tests. Using the WCS model and the incremental trauma
approach, Panjabi et al*” found that the lower interver-
tebral levels were prone to injury during low-energy rear
impacts, while both the upper and lower cervical spine
regions were potential injury sites as the impact acceler-
ation increased. The observed disruptions of the anterior
longitudinal ligament and anterior disc at C5-C6 were
consistent with increases in C5-C6 flexibility parameters
and also with clinical observations. The main limitation
of the WCS model was the lack of muscle force simula-
tion.?” Recently, several iz vitro lumbar**~** and cervi-
cal spine*~*® static models have been presented, which
include muscle force simulation.

The goals of this study were to determine the soft
tissue injury threshold and the association between the
impact magnitude and the resulting injury severity, using
a newly developed WCS whiplash model, which in-
cluded muscle force simulation. The injuries were quan-
tified by the increases in the intervertebral flexibility re-
sulting from the simulated rear impacts.

B Materials and Methods

Overview. We first define the soft tissue injury and the injury
threshold acceleration and elucidate the various steps of the
protocol (Figure 1). The WCS prepared for flexibility testing
was designated as the WCS model. The WCS + MFR model
prepared for whiplash simulation consisted of the WCS with
muscle force replication, a CO—C2 flexion limiter, and a surro-
gate head. Three-dimensional flexibility testing was performed
on the WCS model when intact and after the final whiplash sim-
ulation. Following 2 g dynamic preconditioning, the WCS +
MEFR model was subjected to incremental whiplash simulation.
After each whiplash simulation, flexion—extension flexibility test-
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1. Specimen Preparation
WCS preparation for flexibility testing
WCS+MEFR preparation for whiplash simulation

2. Flexibility Testing

Axial Rotation and Lateral Bending 48—g_1

35,5and 6.5 g

Flexion-Extension «¢

3. Incremental Whiplash Simulation
(Nominal T1 horizontal maximum

acceleration of 3.5, 5, 6.5 and 8 g)

4. Data Analyses

Figure 1. Experimental protocol showing various steps.

ing was performed on the WCS model without MFR to determine
the injuries, if any.

Definitions of Soft Tissue Injury and the Injury Thresh-
old Acceleration. Anatomic dissection was not performed
since the subfailure soft tissue injuries that occur during whip-
lash are not visually identifiable. However, their functional
effect in the form of increased intervertebral joint laxity may be
quantified. These functional injuries are important as they may
lead to accelerated joint degeneration and osteoarthritis in
whiplash patients. Based on these observations, the following
definition for the soft tissue injury was adopted.

Soft Tissue Injury. The soft tissue injury was defined as a
significant increase (P < 0.05) in the intervertebral flexibility of
the cervical spine resulting from simulated whiplash.

Injury Threshold Acceleration. The injury threshold accel-
eration was the lowest T1 horizontal peak acceleration that
caused a significant increase (P < 0.05) in the intervertebral
flexibility.

Specimen Preparation. Six fresh-frozen human cervical spine
specimens consisting of the occiput through T1 were prepared
by carefully dissecting all nonosteoligamentous soft tissues.

There were four male and two female donors, with an average
age of 70.8 years (range, 52—-84 years). Apart from typical
age-related changes, the donors had not had head or neck
trauma and did not have any disease that could have affected
the osteoligamentous structures. To prepare a specimen, the
occiput and T1 were set in two parallel horizontal resin mounts
(Fiber Glass-Evercoat, Cincinnati, OH). The specimen was ori-
ented such that a line from the top of the dens to the lowest
point on the posterior occiput was horizontal and the T1 ver-
tebra was tilted anteriorly by 24°.*° Radiography was used to
verify neutral posture alignment. For attachment of motion
measuring flags, headless wood screws, aligned sagittally, were
drilled into the anterior aspect of each vertebral body (C2-C7)
and through the left lateral mass of C1.

WCS Preparation for Flexibility Testing. To prepare a WCS
for flexibility testing, a loading jig was applied to the occipital
mount, while the T1 mount was fixed to the test table (Figure
2A). The weights of the loading jig and occipital mount were
counterbalanced during flexibility testing.

WCS + MEFR Preparation for Whiplash Simulation. The
WCS and MFR were integrated with the aim of enhancing the
dynamic biofidelic response to simulated whiplash (Figure 2B).
Stainless steel lateral guide rods (3.0 mm diameter) were in-
serted into the vertebral bodies in the frontal plane through
approximate centers of rotation of each intervertebral joint.
Since C1 does not have a vertebral body, no rod was inserted at
this level. A surrogate head with mass 3.3 kg and sagittal plane
moment of inertia of 0.016 kg/m? was attached to the occipital
mount.*® The MFR system consisted of four anterior, two pos-
terior, and eight lateral cables attached to preloaded 30 N
springs anchored to the base. The stiffness coefficient of each
spring was 4.0 N/mm. Anterior and posterior cables originated
at the occipital mount, ran along pulleys within the T1 mount,
and connected to the springs. Bilateral MFR cables originated
from C0, C2, C4, and C6, passed along the lateral guide rods,
ran along pulleys at the T1 mount and were attached to the
springs. With this MFR arrangement, the compressive preloads
at each intervertebral level were as follows: 120 N (C0-C1,
C1-C2); 180 N (C2-C3, C3-C4); 240 N (C4-CS5, C5-Cé);
and 300 N (C6-C7, C7-T1). In order to allow only physiologic
motions of CO—C1 and C1-C2, the specimens were instru-
mented with a CO—C2 flexion limiter, which consisted of a wire
loop connecting the occipital mount to the C2 posterior pro-
cess. Throughout whiplash, the surrogate head and WCS were
stabilized with compressive MFR without requiring a tensile

WCS Model WCS+MFR Model
Counterbalance
force Surrogate Head
€0 mount | — g |
C1
c1 /
Anterior MFR/
C2 cables O

C0-C2 flexion limiter
Posterior MFR cables
Lateral MFR cables

Figure 2. There were two model &4 o 1 & T =
configurations: (A) whole cervi-
cal spine (WCS) for flexibility
testing to determine injury and
(B) the WCS with muscle force
replication (WCS + MFR) sub-

jected to whiplash simulation. A ¢ B

o——0=—\H
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<¢— 2-D motion
measuring
flags

g [| €——— 3-D motion
measuring
flags

Figure 3. Flexibility testing: flexion (A), extension (B), axial rotation
(C), and lateral bending (D). Two-dimensional flexion—extension
testing was performed on all intact specimens, following the 2 g
dynamic preconditioning and following each whiplash simulation.
Three-dimensional flexibility testing was performed on intact
specimens and following the final whiplash simulation.

force to counterbalance the head weight or a head stop to
restrict the head extension.

Flexibility Testing. Pure moments were applied to the occip-
ital mount in four equal steps up to peak loads of 1.5 Nm, 3
Nm, and 1.5 Nm in flexion—extension, axial rotation, and lat-
eral bending, respectively (Figure 3). To allow for viscoelastic
creep, 30-second wait periods were given following each load
application. Two preconditioning cycles were performed and
data were recorded on the third loading cycle (Figure 4). Pre-
liminary experimentation demonstrated that two load/unload
cycles were adequate for preconditioning and that the kine-
matic data among subsequent cycles showed little change.
From the resulting load displacement curves, the flexibility pa-
rameters of the neutral zone (NZ) and the range of motion
(ROM) were determined for all intervertebral levels. The NZ is
the region of high intervertebral laxity around the neutral pos-
ture, while the ROM is a measure of the entire range of inter-
vertebral motion.>’

Axial Rotation and Lateral Bending. Kinematic data during
axial rotation and lateral bending flexibility tests were mea-
sured using the Optotrak three-dimensional motion measuring
system (Northern Digital, Waterloo, Ontario, Canada) and a
previous methodology.?” The mean error for rotations within a
24° measurement range was —0.014° (SD 0.14°).°2

Flexion—Extension. A custom-built loading apparatus, mo-
tion monitoring system, and customized software were inte-
grated for automated flexion—extension flexibility testing. Sag-
ittal kinematic motion data were recorded using a digital
motion analysis camera (Fast Cam, Super 10k, model PS-110,
Eastman Kodak Co., Rochester, NY) and analyzed using cus-
tom software. Single digital images were recorded at each mo-

cle 3
cyet

A

ROM

Y,

load2 Load3 Load4
Moment (Nm)

L

T
Load 1
Neutral Position

Figure 4. Flexibility testing protocol in which two preconditioning
cycles were performed and data were collected on the third
loading cycle. Pure moments were applied in four equal steps up
to peak loads of 1.5 Nm, 3 Nm, and 1.5 Nm in flexion—extension,
axial rotation, and lateral bending, respectively. Thirty-second wait
periods were given following each load application. The flexibility
parameters of neutral zone (NZ) and range of motion (ROM) were
computed.

tion step, and the centroids of the white flag markers were
digitized, enabling computation of intervertebral angles. An
experiment was performed to determine the total error of the
system, which included errors of the measurement system and
computation of the spinal flexibility parameters in response to
applied loads. Six repeatability tests were performed with a
2-hour rest period between tests. The standard deviation of all
the intervertebral motion measurements was 0.8°.

Following each flexibility test and before subsequent whip-
lash simulation, a 15-minute rest period was provided for spec-
imen rehydration. During this period, the loading jig was re-
moved and a tensile force was applied to CO to counterbalance
the weight of the occipital mount; the specimen was sprayed
with 1% saline solution and wrapped with moistened gauze
and plastic wrap.

Incremental Whiplash Simulation (3.5, 5, 6.5, and 8 g).
Using a specially developed bench-top apparatus (Figure 5),%®
whiplash simulations were performed using the incremental
trauma approach at nominal T1 horizontal maximum acceler-
ations of 3.5, 5, 6.5, and 8 g. Before the whiplash simulations,
a nominal 2 g simulation was performed to dynamically pre-

WCS+MFR Model

Braking

Impacting Power
Mass Springs

48444
+8444
222024

Figure 5. The whiplash apparatus and the WCS + MFR model. The
main components of the whiplash apparatus included the sled
mounted on linear bearings and an impacting system that con-
sisted of power springs, a pneumatic piston, and an electromagnet
release.
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Table 1. Average (SD) Sagittal Neutral Zones (NZs) (°) as Measured by Flexibility Testing: Total (Flexion + Extension),
Flexion and, Extension

Co-C1 C1-C2 C2-C3 C3-C4 C4-C5 C5-C6 C6-C7 C7-T
Total (flexion + extension) NZ
2g 22.9(7.3) 10.9 (4.1) 6.3 (4.5) 7.8 (4.0 125(5.2) 11.8(7.5) 12.8(2.8) 5.8(3.1)
3549 22.9(7.9) 11.1(4.5) 6.1(4.7) 8.4 (4.5) 13.4(5.3) 126(7.7) 13.1(3.6) 6.4 (2.6)
5¢g 23.6(7.8) 11.9(6.1) 7.9(2.6) 8.9(4.8) 13.4(5.8) 13.6 (7.6)* 13.4(4.2) 6.3(3.0)
6549 23.5(7.4) 12.5 (4.6) 6.0 (3.9) 11.5(5.8) 14.3 (4.9)* 13.9(7.9)* 14.1 (4.3) 7.0 (2.0)t
84 23.8(8.1) 11.1(4.9) 6.8(3.8) 12.5(7.7) 14.7 (5.9)1 14.3 (8.4)* 14.8 (4.3)1 7.7 (3.0*
Flexion NZ
24 11.5(3.6) 5.4 (2.0 3.2(22) 3.9(2.0) 6.3 (2.6) 5.9(3.8) 6.4 (1.4) 2.9(1.6)
3549 11.3(3.1) 5.5(3.2) 3.4(2.4) 4.1(2.4) 6.8 (2.5) 5.9 (4.4) 7.1(1.7) 3.3(1.4)
5¢g 12.7(3.7) 6.1(3.9) 46(1.8) 3.9(2.5) 7.0(2.9) 6.2 (4.3) 7.1(1.6) 3.5(1.8)
6549 11.1(3.7) 5.9(3.6) 2.8(1.5) 5.2(2.2) 7.3(3.2)t 6.5 (4.3) 7.3(1.4) 4.0(1.0)
8¢ 11.3 (4.0 4.8(3.7) 39(1.7) 3.7(3.6) 7.2(3.2) 6.6 (4.5) 74(1.7) 3.9(1.0)
Extension NZ
24 11.5(3.6) 5.4 (2.0 3.2(2.2) 3.9(2.0) 6.3 (2.6) 5.9(3.8) 6.4 (1.4) 2.9(1.6)
3549 11.6 (5.3) 5.6(1.4) 2.8(2.4) 4.3(2.4) 6.6 (2.8) 6.7 (3.3) 6.0(2.1) 3.1(1.4)
5¢g 10.8 (4.9) 5.8(2.3) 3.2(1.2) 5.0 (2.6) 6.4 (2.9) 7.4 (3.4)* 6.3(2.7) 2.8(1.5)
6549 12. (5.8) 6.7(1.7) 3.1(3.2) 6.3 (5.5) 7.0(3.7) 1.4 (3.7)* 6.8 (3.0) 3.0(1.2)
8¢ 12.5(6.1) 6.3(2.1) 2.9(3.0) 8.8(8.0) 7.5(2.9) 7.7 (3.9)* 74(3.2) 3.8 (2.1)t

Statistically significant increases with respect to the corresponding 2 g values: * P < 0.01; T P < 0.05.

condition the specimen. The major components of the whip-
lash apparatus included the sled, containing the rigidly at-
tached T1 mount, and impacting and braking systems. The sled
was mounted on horizontal linear bearings. The impacting sys-
tem consisted of an impactor, rear of the sled, and power
springs that were compressed by a pneumatic piston and acti-
vated by a computer controlled electromagnet release.

By configuring the power springs (stiffness and length) and
the impactor, the T1 horizontal acceleration pulse was de-
signed to represent the automobile acceleration profile of a
real-life rear-end collision (Figure 5). The average T1 horizon-
tal acceleration peaks actually measured during the whiplash
simulations were 3.6, 4.7, 6.6, and 7.9 g, corresponding to the
nominal maximum accelerations of 3.5, 5, 6.5, and 8 g, respec-
tively. The average T1 horizontal acceleration pulse duration
of 103.6 ms compared favorably with values measured during
actual rear-end automobile collisions.

Data Analyses

Flexion—-Extension Flexibility and Injury Potential. The
flexibility data following the 2 g simulation was used as the
baseline. A neutral position was defined in which each inter-
vertebral joint was located midway between its total NZ from
the 2 g flexibility test. To normalize the data, the injury poten-
tial was computed. It was defined as the relative percentage
increase in a flexibility parameter following the 3.5, 5, 6.5, and
8 g whiplash simulations (Flexyyip1asn) compared with the cor-
responding value after the 2 g simulation (Flex,,). Expressed
mathematically, it was:

Injury Potential (%) = (Flexwpipiash — Flexa,) X 100/Flex,

Statistics. Single-factor, repeated-measures ANOVA and
Bonferroni post hoc tests were used to determine significant
changes (P < 0.05) in the multidirectional flexibility parame-
ters. The injury threshold was the lowest T1 horizontal peak
acceleration that caused a significant increase in either the NZ
or ROM as compared with the corresponding 2 g value. The
data were analyzed using Excel (Microsoft, Redmond, WA)
and Minitab (Minitab Inc., State College, PA).

H Results

The average 2 g dynamic baseline values for total sagittal
(flexion plus extension) NZ and ROM varied among
spinal levels (Tables 1 and 2). At the atlanto-occipital
joint they were 22.9° and 26.9°, respectively, while the
same at C7-T1 were 5.8° and 8.8°, respectively. The first
significant increase (P < 0.01) over the 2 g baseline value
was observed in the C5-C6 extension NZ following the
peak T1 horizontal acceleration of § g. Thus, the injury
threshold peak acceleration was 5 g and the mode of
injury was extension. Following the 6.5 g whiplash sim-
ulation, significant increases were observed at C5-Cé6
and intervertebral levels above (1.8° in NZ and 1.3° in
ROM at C4-C5) and below (1.2° in NZ and 1.4° in
ROM at C7-T1). The 8 g simulation initiated significant
increases at C0-C1 (1.8° in ROM), C3-C4 (6.0° in
ROM), and C6-C7 (2.0° in NZ and 2.2° in ROM).
The injury potential parameters better illustrate the
increased relative sensitivity of the NZ (Figure 6) as com-
pared with the ROM (Figure 7) for determining the in-
jury threshold acceleration and injury progression. The
total NZ injury potentials (Figure 6A) showed earlier
and greater significant increases (P < 0.01 or P < 0.05)
than the total ROMs (Figure 7A). The total NZ and
ROM injury potentials were divided into flexion and
extension components to better understand the injury
mechanism. In flexion, the only significant NZ increase
was at C4-C35 following the 6.5 g simulation (Figure
6B), while no ROM increases were observed (Figure 7B).
In extension, the NZ (Figure 6C) again showed more
significant increases than the ROM (Figure 7C). At the
injury threshold acceleration of 5 g, the C5-C6 extension
NZ increased (P < 0.01) by 39.8% (Figure 6C), while no
corresponding ROM increase was observed (Figure 7C).
Following the 6.5 g whiplash simulation, the total NZ
injury potential increases were greater than the corre-
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Table 2. Average (SD) Sagittal Ranges of Motion (ROMs) (°) as Measured by Flexibility Testing: Total (Flexion +
Extension), Flexion, and Extension

Co-C1 C1-C2 C2-C3 C3-C4 C4-C5 C5-C6 C6-C7 C7-T1
Total (flexion + extension) ROM
24 26.9(7.2) 16.3 (3.6) 9.7 (5.5) 11.5 (4.5) 15.5(5.9) 145 (7.7) 16.5(3.2) 8.8(3.2)
35¢g 27.3(7.8) 16.2 (4.1) 9.9(5.3) 11.9(4.2) 16.0 (5.5) 15.6 (7.9) 16.6 (3.9) 9.2(2.5)
5¢g 27.5(7.9) 16.6 (4.5) 11.2(3.8) 12,9 (4.4) 16.1(6.0) 16.1(8.1) 17.0 (4.6) 9.2(3.0)
65¢g 27.6(7.8) 17.0(3.9) 10.0 (4.6) 13.8(6.7) 16.8 (5.5)1 16.4 (8.3)t 17.5 (4.6) 10.2 (2.4)t
8¢ 28.7 (8.5)* 16.2 (4.0) 10.2 (4.5) 17,5 (8.7)t 17.7 (6.0)* 16.8 (9.0)* 18.7 (4.7)* 10.6 (2.5)*
Flexion ROM
24 13.3(3.6) 9.2(1.9) 5.5(2.9) 6.5 (2.6) 8.0(3.2) 7.1(4.2) 8.6(1.4) 4.7(1.8)
35¢g 13.4(3.0) 9.3(2.7) 5.7(3.2) 6.5(2.2) 8.3(2.9) 7.5 (4.5) 9.0(1.2) 49(1.4)
5¢g 14.4 (3.6) 9.5(2.8) 6.7 (2.8) 6.5(2.1) 8.4(3.3) 1.7(4.7) 8.9(1.4) 5.0(2.0)
65¢g 13.1(3.3) 9.0(3.0) 5.7(1.8) 6.7(1.7) 8.9(3.5) 7.6(4.3) 9.1(1.1) 5.8(1.6)
8¢ 13.8(3.7) 8.5(3.2) 6.0(1.7) 6.8(3.2) 9.3(3.2) 7.9(4.7) 9.4(1.8) 5.7(0.7)
Extension ROM
24 13.6 (3.7) 7.0(1.9) 4.2 (2.6) 5.0(2.1) 7.5(2.7) 1.3(3.7) 7.8(2.3) 4.0(1.6)
35¢g 13.8(5.2) 6.8 (1.5) 4.3(2.1) 5.3(2.5) 7.6(2.8) 8.0(3.7) 7.6(3.1) 4.2(1.3)
5¢g 13.1(4.8) 7.1(1.9) 45(1.2) 6.3 (2.6) 7.6(2.9) 8.4 (3.5) 8.0(3.4) 4.1(1.5)
65¢g 14.4 (6.1) 7.9(1.4) 4.3(3.3) 7.1(7.1) 7.9(2.6) 8.7 (4.1) 8.4(3.8) 44(1.4)
8¢ 14.9 (6.6) 7.6 (1.6) 4.1(3.3) 10.7 (8.3) 8.3(3.1) 8.8 (4.5) 9.3 (3.8)t 4.8(2.0)

Statistically significant increases with respect to the corresponding 2 g values: * P < 0.01; T P < 0.05.

sponding ROM increases: 19.3% in NZ and 11.2% in
ROM at C4-C5, 20.8% in NZ and 16.4% in ROM at
C5-C6,and 40.8% in NZ and 20.2% in ROM at C7-T1
(Figures 6A and 7A). Following the 8 g simulation, injury
potential increases initiated at CO-C1 (5.8% in ROM),
C3-C4 (35.5% in ROM), and C6-C7 (14.7% in NZ
and 12.7% in ROM).

Results of the multidirectional flexibilities from intact
to the final whiplash simulation demonstrated no signif-
icant increases in lateral bending or axial rotation (Ta-
bles 3 and 4).

H Discussion

The chronic neck pain associated with rear-end collisions
has been hypothesized to be associated with injury to the
facet joints,'™ intervertebral disc,®” spinal ligaments,
spinal ganglions®~'* in addition to psychosocial fac-
tors.''~'* The present study identified the soft tissue in-
jury threshold, based on the peak T1 horizontal acceler-
ation, and the association between the impact magnitude
and injury severity, using flexibility testing of a WCS
model with muscle force replication (WCS + MFR) be-
fore and after simulated incremental whiplash at nomi-
nal peak accelerations of 3.5, 5, 6.5, and 8 g. Injury is the
most important outcome of any whiplash simulation.
We defined the injury as a significant increase in any of
the flexibility parameters as compared to the correspond-
ing 2 g dynamic baseline values. The injury threshold
acceleration was the lowest T1 horizontal peak acceler-
ation that caused a significant increase (P < 0.05) in the
intervertebral flexibility. Our results demonstrated that
the injury threshold peak acceleration of the current
WCS + MFR model was 5 g as evidenced by a 39.8%
increase (P < 0.01) in the C5-C6 extension NZ. There was
no corresponding ROM increase following the 5 g simula-
tion, indicating that the NZ was a more sensitive parameter
than the ROM for detecting the injury threshold accelera-

tion. At higher accelerations, injuries were observed
throughout the middle and lower cervical spine.

Injuries to the lower cervical spine primarily resulted
from intervertebral extension as significant increases in the
extension NZs were observed at C5-Cé6 (P < 0.01) and
C7-T1 (P < 0.05) following the 5 g and 8 g simulations,
respectively, and the extension ROM (P < 0.05) at C6-C7
following the 8 g simulation. The only injury resulting from
flexion was observed at C4-C5 following the 6.5 g simu-
lation as indicated by an increase (P < 0.05) in the flexion
NZ. No increases in flexion ROMs were observed.

Lateral bending and axial rotation flexibility testing
was performed when the specimens were intact and fol-
lowing the final whiplash simulation. No changes in any
of these flexibility parameters were found, which indi-
cated that the sagittal plane loading resulting from the
rear-impact whiplash simulation did not alter the elastic
properties of the soft tissues that limit lateral and axial
rotation motions. Thus, sagittal plane rear-impact whip-
lash caused only flexion—extension injuries.

The limitations of the current study must be consid-
ered before formulating conclusions regarding the injury
threshold acceleration. The present study determined the
osteoligamentous injury threshold of the cervical spine
resulting from simulated whiplash and was not designed
for determining the muscle injury. No attempt was made
to replicate the innumerable intersegmental and global
muscles or to model the active neuromuscular response
in the WCS + MFR model. The MFR system provided
stability to the WCS specimen and passive resistance to
spinal motion following the impact, and thus, simulated
the response of an unwarned subject. The T1 vertebra of
the WCS + MFR model was fixed to the sled. Since the
automobile acceleration profile during a rear-end colli-
sion is dependent on the energy absorbing characteristics
of the bumper system, the injury threshold based on the
T1 horizontal acceleration provided a universal param-
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# (p<0.01)
* (p<0.05)

Injury Potential for Total Sagittal NZ (%)

A Intervertebral Joint

Injury Potential for Flexion NZ (%)

B Intervertebral Joint

* (p<0.05)

Injury Potential for Extension NZ (%)

59

C7-T1

C Intervertebral Joint

Figure 6. Injury potentials for sagittal neutral zones (NZs) for each
intervertebral joint (C0-C1 to C7-T1) due to whiplash simulations
at nominal T1 horizontal maximum accelerations of 3.5, 5, 6.5, and
8 g. Injury potentials represent the NZ percentage increases from
corresponding 2 g values: total (flexion plus extension) (A), flexion
(B), and extension (C). Statistical significances are indicated as
follows: #P < 0.01; *P < 0.05.

eter that could be used to develop injury prevention sys-
tems. The soft tissue injuries were quantified by the in-
creases in the intervertebral joint laxity resulting from
simulated whiplash and not vig anatomic dissection since
the subfailure soft tissue injuries were not visually iden-
tifiable. Provenzano et al’® investigated the structural
and cellular subfailure damage that resulted by stretch-

# (p<0.01)
* (p<0.05)

Injury Potential for Total Sagittal ROM (%)

C3-C4

A Intervertebral Joint

# (p<0.01)
* (p<0.05)

Injury Potential for Flexion ROM (%)

Co-C1
C1-C2
C2-C3 C3-C4

Intervertebral Joint a C7-T1

o]

# (p<0.01)
* (p<0.05)

Injury Potential for Extension ROM (%)

C Intervertebral Joint : C7-T1

Figure 7. Injury potentials for sagittal ranges of motion (ROMs) for
each intervertebral joint (C0—C1 to C7-T1) due to whiplash simu-
lations at nominal T1 horizontal maximum accelerations of 3.5, 5,
6.5, and 8 g. Injury potentials represent the ROM percentage
increases from corresponding 2 g values: total (flexion plus ex-
tension) (A), flexion (B), and extension (C). Statistical significances
are indicated as follows: #P < 0.01; *P < 0.05.

ing rat medial collateral ligaments (MCLs). They corre-
lated the increased MCL strains with microscopically
observable cellular damage and found that the MCL
strains above the subfailure injury threshold caused in-
creased MCL laxity. Additionally, cellular damage was
noted at MCL strains significantly below the gross injury
threshold.
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Table 3. Average (SD) Neutral Zones (NZs) Measured by Multidirectional Flexibility Testing (°)
Specimen State Co-C1 C1-C2 C2-C3 C3-C4 C4-C5 C5-C6 C6-C7 C7-T1
Flexion + extension Intact 21.7(7.8) 9.6(5.3) 45(2.9) 5.8(3.7) 10.3 (5.6) 10.9 (6.6) 9.7 (3.1) 36(1.9)
8¢ 238(8.1)*  11.1(4.9) 6.8(3.8)t 125(7.7)* 147(5.9)* 143(8.4)* 148(43)* 7.7(3.0*
Axial rotation (left + right) Intact 2.2(1.9) 47.6(12.2) 22(2.3) 1.6(1.3) 3.5(3.0) 24(1.7) 1.4(1.0) 1.2(0.8)
8¢ 35(2.3) 48.3(14.0) 1.8(1.9) 2.2(2.2) 39(2.8) 27(2.2) 2.0(1.1) 1.8(0.9)
Lateral bending (left + right) Intact 5.0(2.4) 10.2 (8.8) 7.2(3.7) 6.7 (5.5) 5.9(3.5) 3.4(2.0) 5.3(2.9) 2.0(0.5)
8¢ 5.1(5.3) 106(11.6) 8.8(4.4) 7.9(5.9) 5.8 (5.0) 4.2 (3.5) 6.0 (3.4) 1.4(0.1)

Statistically significant increases with respect to the corresponding intact values: * P < 0.01; ¥ P < 0.05.

To identify the soft tissue injury threshold accelera-
tion, the incremental trauma approach was used. There
are several advantages to this approach. The equivalency
of the single and incremental trauma approaches has
been validated for subfailure soft tissue injuries of por-
cine functional spine units,”* subfailure and failure
stretches of paired rabbit ligament preparations,’ and
the superiority of incremental trauma has also been dem-
onstrated for experimental burst fracture studies.’® In
the former study, a high-speed axial compression trauma
with a kinetic energy of 54.8 Nm was applied to the
single trauma group. The incremental trauma group un-
derwent traumas at kinetic energies of 13.7,27.4, 41.1,
and 54.8 Nm. Three-dimensional flexibility testing was
performed on each functional spine unit before and after
each trauma. Soft tissue subfailure injury was detected in
both the single and incremental trauma groups; however,
there were no statistical differences between the flexibility
parameters of the two groups in any direction of motion,
either before or after the final trauma. This well controlled
high-speed trauma experiment serves as a validation of our
incremental trauma approach, as simulated whiplash also
results in soft tissue subfailure injuries. The incremental
trauma approach in the rabbit ligament and burst fracture
experiments produced similar results.***¢

The incremental trauma protocol has several impor-
tant advantages as compared with the single trauma pro-
tocol for whiplash simulation. First, it allows for the
injury threshold acceleration to be determined. The flex-
ibility data after each incremental trauma are compared
with the baseline data to determine the first significant
increase, which identifies the injury threshold. Second, it
allows for monitoring of the soft tissue injury progres-
sion. In contrast, the single trauma protocol has clear
disadvantages. The acceleration chosen to produce the
injury is defined a priori, and it may be either an under-

estimate, thus not producing clinically relevant injuries,
or an overestimate resulting in fracture dislocations and
complete ligament lesions. Consequently, to determine
the injury threshold and injury progression using the sin-
gle trauma protocol, several trauma groups are required
and nonrepeated measures statistical analyses are per-
formed. This requires many more scarce human cadav-
eric specimens in comparison with the incremental pro-
tocol. Thus, the incremental trauma approach of the
current study is well justified.

In a previous study, Panjabi et al*” evaluated the in-
jury potential following simulated incremental whiplash
using the WCS model without MFR. The injury thresh-
old, based on the peak T1 horizontal acceleration, was
found to be 4.5 g based on increases in the C5-C6 ex-
tension NZ and ROM. Additionally, the lower cervical
spine had the greatest injury potentials, analogous to the
results of the current study. However, there are some
differences. On average, the percentage increases in sag-
ittal flexibility parameters of the current model (45%
peak NZ increase) tended to be lower than those re-
ported by Panjabi et al (200% peak NZ increase).””
There are two reasons for the differences. First, Panjabi et
al*’ normalized the flexibility parameter increases with
respect to the corresponding maximum physiologic val-
ues obtained during the intact flexibility tests. In the cur-
rent study, we chose to dynamically precondition all
specimens at the 2 g acceleration level and used the 2 g
flexibility values as the dynamic baseline to normalize
the data following each whiplash simulation. The 2 g
value was chosen as the baseline as it was high enough to
provide dynamic preconditioning to the soft tissues of
the cervical spine but was well below the injury threshold
acceleration.>31™3? Second, the MFR used in the current
study most likely protected the soft tissues of the cervical
spine during the simulated whiplash, especially at the
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Table 4. Average (SD) Ranges of Motion (ROMs) Measured by Multidirectional Flexibility Testing (°)

Specimen State Co-C1 C1-C2 C2-C3 C3-C4 C4-C5 C5-C6 C6-C7 C7-T1

Flexion + extension Intact 215(7.7) 15.3(4.2) 9.0(4.0) 10.0(4.5) 14.3(5.5) 14.5(8.0) 15.2(3.1) 6.9(2.4)
8¢ 28.7(8.5) 16.2(4.0) 10.2(45) 175(8.7)* 17.7(6.0)* 16.8(9.0)* 18.7(47)* 10.6(2.5*

Axial rotation (left + right) Intact 13.0(5.5) 63.3(13.0) 6.6 (4.8) 9.5(4.9) 11.5(3.8) 7.8(4.1) 6.5(2.3) 9.0(5.1)
8¢ 11.5(2.2) 63.6(12.1) 6.6(3.8) 125(8.2) 12.5(4.4) 8.6 (4.5) 7.0(2.8) 9.9(4.3)

Lateral bending (left + right) Intact 77(2.1) 11.6(10.4) 9.7(4.3) 8.6(5.9) 8.1(3.8) 49(2.1) 6.8(3.3) 39(2.1)
8¢ 85(47) 140(121) 11.1(5.2) 10.2(6.8) 8.4 (5.6) 5.8 (4.1) 7.5(3.4) 3.1(0.2)

Statistically significant increases with respect to the corresponding intact values: * P < 0.01); T P < 0.05.
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higher accelerations. The MFR system provided passive re-
sistance to cervical spine motion following impact. The in-
creases in the intervertebral flexibility parameters resulting
from whiplash simulation of the WCS + MFR model with
active neuromuscular response are currently unknown.

Chronic pain resulting from low-speed collisions may
be explained by partial tears of the soft tissues, including
anulus fibers, ligaments, and avascular cartilage. Because
of poor blood supply, these tissues may not completely
heal following injury, resulting in altered cervical spine
kinematics that can lead to accelerated degenerative
changes and clinical instability. WCS studies assist in
determining the injury threshold acceleration and injury
mechanisms of the passive soft tissues and have great
potential to reduce future societal costs related to whip-
lash-associated disorders.

H Conclusion

Biomechanical testing of the WCS before and after sim-
ulated whiplash demonstrated that the lower cervical
spine had the greatest injury potential and the mode of
injury was extension. The peak T1 horizontal accelera-
tion of 5 g was determined as the injury threshold accel-
eration. The first injuries occurred at the C5-C6 level, as
indicated by increases in the extension neutral zone. At
higher accelerations, the injuries spread to all interverte-
bral levels of the lower cervical spine from C4-CS5 to
C7-T1. The extension mode of injury may suggest that the
onset of subfailure injuries of the anterior longitudinal lig-
ament and anterior anulus fibers, in addition to facet joint
impingement. Clinical evidence supports these injury mech-
anism hypotheses. The findings of the present study may be
useful to the clinician for designing diagnostic and rehabil-
itation protocols and to the automotive engineer for design-
ing improved occupant protection systems.

H Key Points

e A newly developed biofidelic whole cervical
spine model with muscle force replication was sub-
jected to rear impacts of increasing severity.

e The soft tissue injury was defined as a significant
increase (P < 0.05) in the intervertebral flexibility
parameters of neutral zone or range of motion re-
sulting from simulated whiplash.

o The injury threshold, based on the peak T1 hori-
zontal acceleration, was 5 g and the mode of injury
was extension as evidenced by a 39.8% increase in
the C5-C6 extension neutral zone. At higher accelera-
tions, the injuries spread among the lower cervical spine.
e The neutral zone was a more sensitive parameter
than the range of motion for determining the injury
threshold.

e A rear-end collision is most likely to injure the
lower cervical spine by intervertebral hyperextension.
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