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Abstract—Predicting neck kinematics and tissue level
response is essential to evaluate the potential for occupant
injury in rear impact. A detailed 50th percentile male finite
element model, previously validated for frontal impact, was
validated for rear impact scenarios with material properties
based on actual tissue properties from the literature. The
model was validated for kinematic response using 4g
volunteer and 7g cadaver rear impacts, and at the tissue
level with 8g isolated full spine rear impact data. The model
was then used to predict capsular ligament (CL) strain for
increasing rear impact severity, since CL strain has been
implicated as a source of prolonged pain resulting from
whiplash injury. The model predicted the onset of CL injury
for a 14g rear impact, in agreement with motor vehicle crash
epidemiology. More extensive and severe injuries were
predicted with increasing impact severity. The importance
of muscle activation was demonstrated for a 7g rear impact
where the CL strain was reduced from 28 to 13% with active
muscles. These aspects have not previously been demon-
strated experimentally, since injurious load levels cannot be
applied to live human subjects. This study bridges the gap
between low intensity volunteer impacts and high intensity
cadaver impacts, and predicts tissue level response to assess
the potential for occupant injury.

Keywords—Cervical spine injury, Rear impact, Whiplash,
Finite element model.

INTRODUCTION

Whiplash or soft tissue cervical spine sprains/strains
are the most common injury in motor vehicle collisions,
with 28-53% of collision victims sustaining this type of
injury.'>** The annual societal costs of whiplash in the
United States are estimated to be between 4.5 and 8
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billion dollars,**°® and whiplash can be a chronic injury

with long-term symptoms, which can adversely affect
the victim’s quality of life. Radanov er al.*® reported
that 24% of whiplash victims had symptoms 1 year
after an accident and 18% after 2 years, where it has
been found that between 38 and 52% of whiplash cases
occurred in rear impact scenarios.>!?

Although the specific mechanisms of whiplash
injury are still under investigation, several theories link
the facet joints, spinal ligaments, intervertebral discs,
vertebral arteries, dorsal root ganglia, and neck mus-
cles to possible sites of injury.”> One of the most
thoroughly investigated sites of injury in terms of
clinical and biomechanical studies is the capsular lig-
ament (CL) of the cervical spine facet joints. Clinical
studies using double-blind anesthetic blocks reported
54-60% of whiplash patients had facet joint pain.'=!
Similarly, in vivo animal models of the goat and rat
have demonstrated that tensile force applied across the
facet joint led to measurable changes in behavioral
sensitivity or nerve discharge that has been linked to
pain.>*>? In vitro sub-catastrophic failure of the CL in
a rat model was measured at a distraction magnitude
of 0.57 mm, and the same distraction led to pain for up
to 14 days in vivo.?*3**% The sub-catastrophic failure
strain of isolated PMHS facet joints was reported to
range from 35 £ 21%* to 65 & 74%.> Low-speed
rear impact studies using whole PMHS and cadaveric
cervical spines reported peak CL strains from 29 to
40%, which is within the range of reported sub-cata-
strophic failure.”¥*3->% Post-impact tensile testing of
the CLs exposed to rear impact showed a decrease in
ligament stiffness compared to the untested control
group, indicating the possibility that some damage had
occurred in the ligaments during the impact tests.”°

The finite element cervical spine model used in this
study was previously validated at the segment level,
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whole spine level in tension, and in frontal impact for
head kinematics and local tissue response*' (Appendix
C—Electronic Supplementary Material). In the current
study, the FE model was further validated for rear
impacts based on global kinematics and local tissue
deformation. Achieving this level of validation was
noteworthy given the model geometry or material
properties were not modified or calibrated to fit the
experimental responses. The model was then exposed
to rear impacts with increasing severity to determine a
threshold for CL injury. These injuries were defined as
predicted CL strains that exceeded published limits
corresponding to a prolonged pain response. Finally,
the influence of muscle activation on CL strain was
investigated.

METHODS

Model Description

The finite element cervical spine model used in this
study represents a 50th percentile male (Fig. 1); a full
description of the model is presented in Appendix
B—Electronic Supplementary Material. The model
was developed with a focus on accurate geometric and
material representation at the tissue level. The verte-
brae geometries were in good agreement with pub-
lished anthropometry and were modeled as rigid
bodies for computational efficiency. The intervertebral
discs were constructed with solid elements for the
annulus fibrosus ground substance and nucleus pul-
posus, and layers of shell elements representing the
fiber lamina (Fig. 1b). The facet joints were modeled
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with a superior and inferior layer of solid elements for
the articular cartilage and a squeeze-film model to
simulate the synovial fluid (Fig. 1¢). Ligaments were
represented using multiple 1D nonlinear rate-depen-
dent tension-only spring elements. The model included
both active and passive muscles that were modeled
with 87 pairs of Hill-type 1D elements to represent 25
muscle pairs in the cervical spine. The material models
for the components were based on studies in the lit-
erature (Table 1), and the properties were not modified
to improve the fit to any data set. The model included
108,354 elements and was evaluated using the
LS-Dyna explicit finite element software (LSTC,
Livermore CA, version R3.2.1). As an example, the
model took 46 h to solve a 280-ms duration impact,
with a minimum time step of 1.1 x 10~* ms, using
four 2.1 GHz processors in a SMP configuration.
Muscle activation is critical for a cervical spine
model to evaluate the response of a human subject.**°
Flexor and extensor muscles were found to activate at
approximately the same time during an impact, and
that EMG signals start at 60-79 ms after impact ini-
tiation.*>**3%->* The peak normalized EMG signal for
the paraspinal muscles is 66-72% of the signal for the
sternocleidomastoid, indicating that the flexor muscles
in the neck activate with higher intensity than the
extensor muscles during a rear impact.*>°! In the
current study, simulation of the living human response
included the effect of the activated muscle response.
Both the flexors and extensors were excited 74 ms after
impact and remained active for 100 ms, while the
activation level for the extensors was 70% of the flexor
muscles (Appendix B—Electronic Supplementary
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FIGURE 1. (a) Whole cervical spine model, (b) sectioned isometric view of the C4-C5 segment model, and (c) lateral close up of

the C4-C5 facet joint.
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TABLE 1. Material properties of the cervical spine model, including vertebral inertial properties.

Cervical tissue

Constitutive model References

Skull Rigid body

58

Skull: m = 4.376 kg, ky = 23,300 kg mm?

Vertebrae

Rigid body

Cl:m=226g, ly =3,759 g mm
C2:m=254g, Iy =5372gmm
C3:m=16.2g, , =2,166 g mm

C5: m=18.8g, ky = 2,559 g mm
C6: m=19.1g, ky, = 3,260 g mm

2
2
2
C4:m=17.0g, Iy = 2,183 g mm?
2
2
2

C7: m=185gq, I, = 3,461 g mm

Ground substance
Annulus fibers
Nucleus pulposus

Intervertebral disc

3D hyperelastic solid 41
2D nonlinear elastic membrane
3D linear viscoelastic solid 18,63

K = 1.720 GPa

Gy = 0.5930 kPa, fi; = 0.001477 1/s
G, = 0.6763 kPa, fi, = 0.061524 1/s
G; = 0.9516 kPa, iz = 1.017893 1/s
G, = 2.0384 kPa, f, = 13.20041 1/s

Facet joint Articular cartilage

3D linear viscoelastic solid 11

K=2.0GPa

G; = 2.228 MPa, f; = 0.0248 1/s
G, = 0.5642 MPa, 8, = 0.00545 1/s
Gins = 0.210 MPa

Ligaments

1D nonlinear, strain rate dependent beam

6,64,65

(Appendix B—Electronic Supplementary Material)

Muscles

1D hill-type beam with activation

25,57,60-62

(Appendix B—Electronic Supplementary Material)

Material). Due to the difficulty in defining a suitable
muscle activation scheme to stabilize the model in a
gravity field, the simulations were performed without
gravity. Using a multi-body human cervical spine
model, Van der Horst™® showed that including gravity
in a 15g frontal impact simulation resulted in a 5%
maximum change of model kinematics.

Model Validation

The cervical spine model was previously validated at
the segment level in flexion, extension, lateral bending,
axial rotation, tension, compression, and anterior,
posterior, and lateral shear.*' The responses of model
segments were generally within one standard deviation
of the experimental responses. The full cervical spine
model was previously validated in tension and was
within one standard deviation of the experimental
average (Appendix C, Fig. Cl—Electronic Supple-
mentary Material). The local tissue response of model
in an 8g frontal impact was validated, and the strains
were within one standard deviation of the experiments
for 38 of 45 measures (Appendix C, Fig. C2—
Electronic Supplementary Material). Finally, the glo-
bal kinematics of the model head were compared to
volunteer studies in 8g and 15g frontal impacts, and

the response of the model was a good to excellent fit to
the corridors (Appendix C, Fig. C3—Electronic Sup-
plementary Material). The model validation was con-
tinued in this study for rear impacts in local tissue
response and global kinematics. The data sets used for
global kinematic validation were chosen based on
the availability of data to describe the T1 X- and
Z-acceleration and Y-rotation, so that the boundary
conditions of the experimental tests could be fully
implemented in the model.

The published results from a bench-top whole spine
cadaver model with passive muscle force replication
were used to validate the local tissue response.”' The
cadaver model consisted of a whole cervical spine from
T1 to CO, with the T1 mounted to a pneumatic cylinder
and a surrogate head mounted to the CO. The initial
posture of the neck was maintained with a series of
cables attached to springs, which were meant to model
passive muscle resistance. The local tissue response in
the cadaver model was measured by inferring tissue
distractions based on the rigid body motion of the
vertebra, which was tracked using opaque markers and
high-speed cameras. These experiments were simulated
by applying the experimental T1 acceleration trace in
the anterior direction from an 8g rear impact onto the
T1 of the model (Appendix A, Fig. Al—Electronic
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Supplementary Material). The T1 in the model was
constrained in all other directions, and the head was
free. The mass and moment of inertia of the head were
modified to 3.3 kg and 0.016 kg m?, respectively, to
agree with the experiments.”’ Muscle activation was
not utilized to mimic the passive resistance modeled in
the experiments. The ligament strains were calculated
as tissue distraction divided by an anatomical neutral
ligament lengths,”**? and the disc shear strains were
calculated at the anterior, middle, and posterior
aspects of the intervertebral discs as per the experiments.

The global kinematic response of the model was
compared to 4g rear impact volunteer tests.” This
group performed 28 rear impacts on 13 human vol-
unteers at speeds between 5 and 7 kph with an average
peak acceleration of 3.6g. The test involved the colli-
sion of a bullet sled with a stationary target sled and
volunteer seated on a laboratory seat with a headrest.
To model these rear impacts, the average T1 X-accel-
eration, Z-displacement, and Y-rotation were input
into the cervical spine model T1 as prescribed motion
constraints (Appendix A, Fig. A2—Electronic Sup-
plementary Material). The model T1 was constrained
in all other directions, and the head was unconstrained.
Muscle activation was included for these validation
cases to mimic the behavior of volunteers. The head-
rest used in the test was described as a stiff backing
plate covered with 4 cm of foam, attached to a rigid
frame with four coil springs of a specified preload and
stiffness.” The mass of the headrest and dimensions
were also specified. To model the headrest, the average
sled X-acceleration was applied to the frame attach-
ment points of the springs (Appendix A, Figs. A2,
A3—Electronic Supplementary Material). The head-
rest material properties were nonlinear viscoelastic
based on automotive seat cushion material, and the
stiff wood backing was assumed to be pine with
orthotropic elastic material properties.>'”

For higher severity rear impacts, it was necessary to
validate against PMHS experiments. Deng® performed a
series of 26 rear impacts on six whole body PMHS at

delta velocities ranging from 5 to 15.5 kph, and accel-
erations from 5g to 9.9g. These experiments involved a
PMHS seated in a custom seat, without a headrest, and
being accelerated from rest using a pneumatic cylinder.
Similar to the volunteer validation case, the experi-
mental T1 X-acceleration, Z-acceleration, and Y-rota-
tion from a 7g peak acceleration run were input
into the model as prescribed motion (Appendix A,
Fig. A4—Electronic Supplementary Material). How-
ever, muscle activation was not included in the valida-
tion of these tests to mimic the behavior of cadavers.

Following rear impact validation, the CL strains
were computed for the 4g and 7g validation cases, but
muscle activation was used for the 7g rear impact to
model in vivo strains. The CL distractions were mea-
sured at the anterior and posterior aspects of the joint
and then divided by anatomical ligament lengths
reported in literature.®* To define an impact threshold
for CL injury, the model with active musculature was
then exposed to a 10g rear impact, with T1 inputs from
the PMHS test performed by Deng® (Appendix A,
Fig. A5—Electronic Supplementary Material). This
10g rear impact was not suitable for validation because
only three tests were performed at similar impact
severities. The T1 X-acceleration from the 10g rear
impact was then scaled to mimic impacts of 12g, 14g,
and 16g severity. CL injury was defined as strain that
entered the range of sub-catastrophic failure reported
for human CL ligaments, 35-65% strain.*>* This
injury criterion was chosen because sub-catastrophic
ligament failure has been shown to relate to prolonged
pain response in animal models.?”*%* The CL strains
predicted by the model during rear impact were com-
pared for passive and active musculature to determine
the influence of no muscle activation in the cadaver
studies. Finally, to determine the sensitivity of the CL
strains predicted by the model to muscle activation
timing, the model was run with muscle activation
+15ms of the 74 ms currently implemented. The
simulations performed are summarized with the rele-
vant values and references in Table 2.

TABLE 2. Summary of model simulations.

Simulation Impact severity Muscle activation Description Reference
Model validation 49 Yes Volunteer global kinematic validation 7
79 No Cadaver global kinematic validation 8
8g No Cadaver bench-top local tissue validation 22,37,43
Injury threshold 109 Yes Increasing impact severities to determine CL strain threshold*®
determination 12¢g Yes threshold for CL injury
14g Yes
16g Yes
Muscle activation 49 No Model with and without muscle activation -
influence 79 Yes to determine its influence

109 No
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RESULTS

The predicted ligament strains in the model with
passive muscles during an 8g rear impact (Fig. 2) were
compared to the bench-top cadaver results by Ivancic
et al?* and Pearson er al.®® for the ALL and CL,
respectively. Four out the five ALL strains predicted
by the model were within one standard deviation of the
average experimental results (Fig. 3). The CL strains
predicted by the model were within one standard
deviation of the average results at all the spinal levels
measured (Fig. 3). The peak shear strains measured in
the model during an 8g rear impact were representative
of the experimental results by Panjabi er al.’’ at every
spinal level except for C5-C6 (Fig. 3).

When compared to volunteer data, the global
kinematics of the model with muscle activation were a
good fit to the volunteer displacement corridors
(Fig. 4) presented by Hynd er al.'” based on 4g rear
impacts performed by Davidsson ef al.” The head CG
displacement relative to the sled in the posterior
direction remained within the mean £+ 1 SD response
corridor for the duration of the impact. The head CG
posterior translation relative to the T1 and the occip-
ital condyle superior displacement both slightly devi-
ated from the corridors beginning at ~140 ms. This

50ms

Oms 100ms

FicE et al.

timing coincides with the time that the head begins to
over extend.

The response of the model without muscle activa-
tion for a 7g rear impact was compared to the exper-
imental results from Deng® for rear impacts between 6g
and 8g. The rotation of the head in the model initiated
in the same manner and at the same time as the
experiments, and the slope was representative, but the
peak extension exceeded the experimental scatter by 6°
(Fig. 5). The experimental head CG anterior acceler-
ation displayed wide variation, but the response of the
model remained within the experimental scatter
(Fig. 5). In the inferior—superior direction, the
response of the model displayed a similar shape and a
moderate fit compared to the PMHS response, but the
model was generally below the experimental curves
and exhibited some higher frequency oscillations
(Fig. 5).

Following model validation, the CL strains were
predicted for increasing impact severities incorporating
muscle activation and were compared to published
sub-catastrophic failure values (Fig. 6). The CL strains
measured increased with increasing impact severity.
No injury was predicted by the model for impacts
under 10g, and at 14g the C0-C1 CL strain exceeded
the 35% threshold. At a 16g rear impact, the CL strain

150ms

FIGURE 2. Time-lapse images of the model during an 8g rear impact.
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FIGURE 5. Global kinematic response of the model during a 7g rear impact. Muscle activation not utilized for direct comparison

with cadavers.

entered the sub-traumatic failure region at the C0-Cl1,
C1-C2, and C7-T1 joints.

Including muscle activation for the 7g rear impact
validation case (Fig. 7) reduced the peak head exten-
sion by 17° and resulted in a broader lower peak
response for the head anterior acceleration. The CL
strains predicted by the model with passive muscles

were generally higher than the same loading with active
muscles, excluding the C4-C5 CL (Fig. 8). The peak
CL strain increases were 4.4, 15.3, and 12.5% for
the 4g, 7g, and 10g rear impacts, respectively. They
occurred at the C1-C2, C0-C1, and C7-T1 joints, and
the corresponding percent differences were 69, 55, and
37%, respectively. The activation scheme implemented
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FIGURE 8. Comparing CL strains for active and passive
muscles during 49, 79, and 10g rear impacts.

in the model activated the muscles 74 ms after the
initiation of impact, and it was found that altering this
value by £15 ms during a 7g rear impact led to a

maximum CL strain change of 3.3% between the
59 ms activation and the 89 ms activation at the C0-C1
spinal level. This indicates an activation time within
415 ms does not greatly influence the CL strain pre-
dicted by the model.

DISCUSSION AND CONCLUSIONS

A detailed cervical spine model of a 50th percentile
male was validated in rear impact, using both local
tissue response and head kinematics. The model was
previously validated at the segment level and for a
variety of frontal impact crash scenarios. The focus of
the model construction was accurate geometry and the
best available tissue level material properties, and no
aspect of the model was modified to improve the fit to
a specific data set. The model was then used to inves-
tigate CL strain during increasing severity rear
impacts. Finally, the influence of muscle activation on
CL strain during rear impact was investigated.

The rear impact kinematic response of the model
was generally a good fit to the volunteer data at 4g and
the cadaver tests performed at 7g. For both impact
severities, the head was predicted to over-rotate in
extension. Two aspects of the model that could con-
tribute to increased extension of the head are the dis-
tance between adjacent articular surfaces and the
uncovertebral joints. When the articular surfaces of the
facet joint come into contact, they provide resistance
for further extension. Unfortunately, there was no data
available for the distance between articular surfaces or
detailed posture for these impact cases. The model
geometry does not include uncovertebral joints, despite
biomechanical evidence that has shown transecting
these joints decreases motion segment stiffness in
extension by up to 36%.%° These joints have not been
explicitly incorporated into detailed models likely due
to the small size of the protuberance compared to the
vertebral body, making it difficult to measure in detail
with the imaging modalities used to create geometry
for numerical models.

Oscillatory response was noted in the Z-acceleration
and to a lesser extent the X-acceleration of the head
during the 7g impact, compared to the experimental
data. This difference was attributed to a lack of
damping in the model, and the exclusion of some soft
tissues in the neck such as the skin, fat, digestive tract,
and airways. However, this is considered to be sec-
ondary to the overall response of the model. The
kinematic validation of the model relied on a qualita-
tive assessment of the response compared to the
cadaver and volunteer data. Previously, a more quan-
titative measure was used that compared the size,
phase shift, and shape cross-correlation of the model
response to the average experimental results (CORA
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software, Partnership for Dummy Technology and
Biomechanics, Ingolstadt, Germany).'>*> However,
this method could not be used in the current study
since a meaningful average experimental response and
corridors could not be defined for the cadaver data.
This was due to the large variation in response between
the different tests, and some of the cadaver acceler-
ometer traces were not provided for the entire impact
duration. It should be noted that with a quantitative
approach, there are still several qualitative decisions to
be made to define the limits that constitute a good
result for the different measures and the weighting of
the measures into a final score.

For the local tissue validation in rear impact, the
ALL and CL strains predicted by the model were
typically within one standard deviation of the experi-
mental data average response. The disc shear strains in
the model during rear impact were accurate at all
cervical levels except C5-C6, which was on average of
0.48 radians below the mean experimental results.
There was no apparent reason that the shear strain at
the C5-C6 level in the model should be lower, given
that these strains were similar to the vertebral levels
above and below this location. Also, there was no clear
explanation why the cadaver model consistently pre-
dicted high shear strains at the C5-C6 level for each of
the three positions measured. One possible explanation
is that the initial posture of the cadaver model and the
numerical model was different, causing the spinous
process contact to occur at different times. Spinous
process contact limits intervertebral extension and
transfers load into adjacent vertebrae.

Injury to the facet joints is the most strongly sup-
ported mechanism or contributor to pain from whip-
lash injury, based on the wealth of biomechanical and
clinical evidence in this area. Injury prediction in the
model was based on a CL strain injury threshold of
35% for all spinal levels corresponding to sub-cata-
strophic failure. However, the actual 35% threshold
value was determined from middle and lower cervical
spine testing and does not include upper cervical spine
CL results. It is known that the CL at C0-C1 and
C1-C2 has different geometric and mechanical proper-
ties from the CL of the middle and lower cervical spine.
For example, literature has reported the deformation at
failure of the CL from C2 to T1 ranging from 6.8 to
10.2 mm and 9.3 to 11.4 mm for the C0-C1 and C1-C2
CL.**%* Unfortunately, data for the sub-catastrophic
failure of the C0-C1 and C1-C2 CL were not available.
Considering the higher failure deflection for these liga-
ments, it is likely the sub-catastrophic strain would be
higher, and the 35% strain injury threshold is a con-
servative injury criterion at these joints.

A limitation of this study is the method of strain
calculation for the ligaments, where strains were

calculated as the joint distraction divided by the neu-
tral ligament length as defined by in the related liter-
ature. The researchers that defined a CL injury
threshold of 35% used a high-speed camera to measure
the distortion of a grid of markers and calculated
principal strain.** These localized strains could be
predicted by replacing the 1D elements currently used
to model the ligaments with shell elements, but most of
the available ligament characterization studies report
their results in force vs. displacement which is only
compatible with strain based on distraction and ori-
ginal length, as predicted by the 1D elements. It is
expected that using distraction over neutral length will
result in lower strain values compared to local princi-
pal strain which could be higher.

Using the 35% strain injury threshold criterion, the
model predicted CL injury at the C0-C1 level during a
14g rear impact, in agreement with available epidemi-
ological data. In a study of 28 instrumented real-life
accidents with 38 occupants, 20 occupants had short-
term consequences at less than 10g, and two had long-
term consequences at 13g and 15g.>” In another study
of 66 real-life accidents, 13 of the 15 people that sus-
tained neck injuries for longer than a month experi-
enced a rear impact of greater than 9g.?® The numerical
model did not predict any injuries during a 7g rear
impact (delta V of 7.5 mph), which is in agreement
with volunteer impact tests that have been performed
up to 6.8 mph delta V without mild symptoms (defined
as lasting longer than 4 days).>* The location of pre-
dicted CL injury (C0-Cl1) was in the upper cervical
spine, while clinical findings show injury in the C2-C3
or C5-C6 spinal levels. The difference may be due to
the initial posture of the model and the assumed sub-
catastrophic failure threshold as noted above.

Sundararajan ez al.>* exposed four female cadavers
to 12 rear impacts (10.7g—11.6g severity) and calcu-
lated CL distraction using cineradiography to capture
the motion of implanted spheres. The distractions
measured by this group were converted to strain by
dividing by the neutral ligament lengths used in this
work and then compared to CL strain measured in the
model during a 12g rear impact (Table 3). The strains

TABLE 3. Comparison of CL strains measured in the model
and in a full cadaver sled test.>

Model Full body
Spinal level at 12g (%) cadaver at ~11g Mean + SD
C1-C2 19.5 31.9 + 13.7
C2-C3 19 31.7 £ 279
C3-C4 12.9 26.3 + 9.7
C4-C5 27.8 314+ 11.8
C5-C6 22.7 215+ 6.1
C6-C7 13.1 279+ 72
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predicted by the model agreed well with the cadaver
study at the C4-C5 and C5-C6 spinal levels, but the
model under predicted CL strain at the other spinal
levels, with the difference attributed to the musculature
It should be noted that both the cadaver study and the
model showed the highest CL strain in the upper
cervical spine, C1-C2 for the experiments and C0-C1
for the model.

This is the first study to show the influence of muscle
activation on ligament strains in rear impact. Muscle
activation was shown to reduce peak strains of the CL
in rear impact, with the exception of the C4-C5 joint.
Muscle activation should be expected to reduce liga-
ment strains because the muscles stiffen the response of
the neck and reduce joint distractions. It is also pos-
sible that, due to the increased strength of the extensor
muscles in comparison to the flexor muscles, muscle
activation could cause increased CL strain, as seen at
the C4-C5 joint. Including muscle activation led to
peak CL strain reductions of 4, 15, and 12% for rear
impacts of 4g, 7g, and 10g, respectively. The signifi-
cance of these results is that the strains predicted by
bench-top cadaver sled tests may be high because they
lack a representation of active musculature. Authors of
these cadaver cervical spine models have published CL
strains exceeding the 35% threshold for sub-traumatic
failure at 5g and 10.5g.%%* These impact severities
were low considering the 9g to 15g impact severities for
injury predicted in this work and published by Krafft
et al. in real-life crashes.

The CL strain response of the model was shown to
be relatively insensitive to muscle activation timing
of 59-89 ms for a 7g rear impact. This range of
muscle activation timing covers the range of 60—79 ms
from EMG measurements of volunteers in rear
impact,35:48:30:54

Although this cervical spine model has been devel-
oped with the goal of predicted neck injury in auto-
motive impacts, there are other potential applications
including sport and military, in which the model could
be used to understand injury mechanisms and design
preventative measures. The model should be versatile
because it has been validated across a range of loadings
from quasi-static physiologic loading up to automotive
impacts in various directions. In the case of chronic or
repetitive loading, there is a great deal of development
that would be required before suitable injury toler-
ances could be used with the model.

This study demonstrated that a cervical spine model
can be developed at the tissue level and provide accu-
rate biofidelic kinematic and local tissue response,
leading to injury prediction in automotive crash sce-
narios. Importantly, this model bridges low severity
impact volunteer data including active musculature,
and the available higher severity PMHS impact data

with no muscle activity available in the literature.
Future studies will include evaluation of the model in
out of position (head turned) rear impacts, which have
been shown to increase the risk of CL injuries.>
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