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ABSTRACT

Objectives: Increased neck strength has been hypothesized to lower sports related concussion risk, but
lacks experimental evidence. The goal is to investigate the role cervical muscle strength plays in blunt
impact head kinematics and the biofidelity of common experimental neck conditions. We hypothesize
head kinematics do not vary with neck activation due to low short term human head-to-neck coupling;
because of the lack of coupling, free-head experimental conditions have higher biofidelity than Hybrid
III necks.
Methods: Impacts were modeled using the Duke University Head and Neck Model. Four impact types
were simulated with six neck conditions at eight impact positions. Peak resultant linear acceleration,
peak resultant angular acceleration, Head Injury Criterion, and Head Impact Power compared concussion
risk. To determine significance, maximum metric difference between activation states were compared
to critical effect sizes (literature derived differences between mild and severe impact metrics).
Results: Maximum differences between activation conditions did not exceed critical effect sizes. Kinematic
differences from impact location and strength can be ten times cervical muscle activation differences.
Hybrid Il and free-head linear acceleration metrics were 6 4 1.0% lower and 12 £ 1.5% higher than relaxed
condition respectively. Hybrid IIl and free-head angular acceleration metrics were 12 4-4.0% higher and
2 42.7% lower than relaxed condition respectively.
Conclusions: Results from a validated neck model suggest increased cervical muscle force does not influ-
ence short term (<50 ms) head kinematics in four athletically relevant scenarios. Impact location and
magnitude influence head kinematics more than cervical muscle state. Biofidelic limitations of both
Hybrid III and free-head experimental conditions must be considered.

© 2019 Sports Medicine Australia. Published by Elsevier Ltd. All rights reserved.

Practical implications

coaches are seeking effective mitigation strategies with the hope of
reducing the estimated 1.6-3.8 million cases of sports related con-

e Neck strengthening programs and exercises will do little to mit-
igate concussion risk.

e Implications of choices made in experimental head and neck
methodologies need to be considered before applying results to
athletic programs.

e Time should be spent further developing programs, rules, and
methods to limit overall head exposure in sports instead of neck
strengthening programs.

1. Introduction

Professional and recreational sporting communities are increas-
ingly concerned about the risk of athletes experiencing a sports
related concussion. Trainers, physical therapists, doctors, and
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cussion in the United States.! Stronger neck musculature is widely
hypothesized as an effective means to reducing the risk of sports
related concussion, leading to neck muscle strengthening exercises
being a suggested sports related concussion prevention strategy.?~*
This hypothesis is based on the idea that neck muscle contraction
increases head-to-neck coupling. This increased coupling leads to
higher effective mass, especially for anticipated impacts with pre-
tensed musculature, thereby reducing head acceleration and sports
related concussion risk.2

A number of studies have investigated this hypothesis.*” In
2014, Collins et al. used a hand held tension scale to obtain neck
strength measurements of high school athletes who were mon-
itored for a concussion. The study found those who received a
concussion had significantly weaker necks than those who did not.*
A number of studies took a series of neck strength and anthropo-
metric measurements, then subjected participants to low impulse
loads while measuring head and neck kinematics.'?-'2 In each
study except Mansell et al. they determined increases in neck
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muscle force led to decreased head kinematics. Mathematical and
computational modeling approaches have also been undertaken
to examine the neck strength hypothesis.>> Viano et al. utilized a
mathematical model and represented the neck as a linear spring
with a stiffness determined by neck strength. Jin et al. used a finite
element approach with the head and neck from the Global Human
Body Modeling Consortium (GHBMC). Much like the human partic-
ipant studies, the two modeling studies also found that neck muscle
force influence head kinematics.

Contradicting evidence to this hypothesis has been presented
in epidemiological studies analyzing how cervical musculature and
impact anticipation affect head kinematic response in football and
ice hockey populations. Mihalik et al. in 2010 instrumented youth
ice hockey players with the Head Impact Telemetry (HIT) system,
and found no statistically significant evidence that impact antici-
pation affects linear acceleration, rotational acceleration, or Head
Impact Telemetry severity profile (HITsp).!> For a follow-up study
in 2011, Mihalik et al. looked specifically at the effect of neck
strength on head impact biomechanics in youth ice hockey players
and found athletes with stronger necks did not experience lower
head accelerations.' In 2014, Schmidt et al. investigated how cer-
vical muscle characteristics influence head kinematics in a football
population using the HIT system. After collecting data throughout
an entire season, the study found neither increased neck muscle
girth nor neck muscle strength provided a statistically significant
decrease in head kinematics.?

Two lines of biomechanical evidence from previous stud-
ies support this contradicting evidence: low short-term inertial
head-to-neck coupling, and low moment of cervical muscle resis-
tance compared to the impact moment. Literature indicates loose
head/neck coupling in compressive impact loading due to a low
neutral zone spine stiffness.!> While pure spinal compression is
not a common athletic loading scenario, Liu et al. finds that a 0.5
Nm moment results in 12° of combined flexion and extension at
the 0-C1 joint.'% In tandem with low coupling is the physiologically
likely muscle response of living humans. Vasavada et al. determined
maximum voluntary cervical muscle contraction force of near 50th
percentile adult males generates a moment of 30+5Nm.'” For
comparison, an impact involving a 40 g linear head acceleration
using a head mass of 5 kg and a neck length of 0.175 m results in a
moment of 315 Nm. Compared to 315 Nm, 30 Nm is only 10%, and
increasing cervical muscle force two standard deviations above the
mean provides only a 3% increase in resistance.

This contradiction in the available evidence and theoretical
biomechanics provides the primary motivation for this study. A
second motivation stems from human participants or cadaveric
specimens not always being available to study head and neck kine-
matics and injury risk. In lieu of these participants or surrogates,
investigators use a mechanical surrogate — either a Hybrid III (HIII)
neck attached to a dummy head or a freely dropped dummy head
form (free-head) - when conducting drop or impact tests.>!8 A
potential limitation of this approach is that the HIII neck is overly
stiffresulting in a highly coupled head-to-neck complex when com-
pared with humans, particularly in loading scenarios other than
those similar to a frontal impact vehicle crash.'®

The goal of this study was twofold: first, investigate the effect
of cervical muscle force on head kinematics following blunt impact
in the time period at and just after the impact - denoted as “short
term” (<50ms) - and second, determine the biofidelity of blunt
impact head kinematics of a HIIl neck and head surrogate, and
a free-head surrogate when compared to a validated computa-
tional model of the human head and neck. The study examines
three athletic scenarios: an impact from a high speed object such
as a baseball in flight, an 80 g helmeted head impact, and a 40 g
helmeted head impact. The latter are representative of helmeted
sports scenarios. For this study, an anatomically and inertially

Table 1
Specifications of impactors used.

Impactor Mass (kg) Diameter (mm) Young’s Modulus (MPa)
Impactor 1 0.192 73 55.4

Impactor 2 5.507 73 9.4

Impactor 3 5.507 150 1

accurate and validated 50th percentile human head-neck computa-
tional model was used to simulate the response of an adult human
head and neck to blunt impacts. The model output provides detailed
kinematic analysis of simulated on-field impacts; controlling for
impact position, timing, and cervical muscle response.2?2! Six neck
conditions were tested and four metrics were used to assess the
resulting kinematics of these impacts under varying neck condi-
tions. There were two hypotheses evaluated in this study. First,
increased mass and moment of resistance provided by increased
cervical muscle force generating capacity (whether that is through
increased strength or activation) will not be large enough to alter
short term (<50 ms) head kinematics for any impact scenario tested
based on low, short term, initial human head-to-neck coupling. Sec-
ond, the testing condition of a free-head (no neck) will be more
biofidelic compared to a relaxed neck condition than using a stiff
HIII neck.

2. Methods

Model simulation was performed with LS-DYNA (V810 double
precision, Livermore Software Technology Corporation, Livermore
CA) using two previously validated neck models. The first was the
neck from the Duke University Head Neck Model (DUHNM) devel-
oped by the Duke Injury Biomechanics Laboratory consisting of an
osteoligamentous cervical spine, and 23 active muscle pairs.20-22
The second model represents the HIII neck and was developed by
the National Crash Analysis Center (NCAC) at The George Wash-
ington University and is distributed by LSTC.>> Both necks were
positioned between finite element models of the HIIl head and torso
developed by NCAC and distributed by LSTC.23 All contacts and con-
straints present in the LSTC distributed HIIl model remained intact
for the HIII neck simulations.

Blunt impacts to the two head-neck models were simulated
using three separate linear elastic, spherical impactors depending
on the specific impact condition. Their properties are summa-
rized in Table 1. Impactor 1 is modeled on major league baseball
stiffness.2* Both Impactors 2 and 3 were designed to represent
helmeted impacts of varying severity and were developed based
on human cadaver head experimental drop data conducted in
the Duke University Injury Biomechanics Lab. The cadaveric head
was instrumented with a six degree of freedom sensor package
mounted to the skull posterior to the foramen magnum and fit-
ted with a Riddell Speed football helmet. It was dropped twice
from 60 cm impacting the front of the helmet to simulate a mod-
erate impact. Simulated impacts using LS-DYNA were completed
for Impactors 2 and 3 where the impactor struck an unconstrained
HIII head (NCAC) with the impact velocity determined for the
experimental head drops. The elasticities of the impactors were
modulated within the computational modeling environment to
achieve the desired resultant linear acceleration trace compared
to the averaged experimental head drop data. Impactors 2 and 3
have similar peak acceleration, but Impactor 2 has a 5 ms shorter
duration than a representative moderate helmeted impact, while
Impactor 3 has a 10 ms longer duration than Impactor 2.

Using the three impactors, four impact scenarios were created,
the impactors used and initial velocities are summarized in Table 2.
The first simulates a baseball impacting a bare head while the sec-
ond and third simulate 80 g helmet to helmet collisions with shorter
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Table 2

Impactors and initial velocities for impact scenarios.
Impact scenario Impactor Initial velocity (m/s) Energy (J)
Scenario 1 Impactor 1 30 58
Scenario 2 Impactor 2 5 69
Scenario 3 Impactor 3 8 176
Scenario 4 Impactor 2 3 25

and longer durations respectively. The fourth scenario modeled a
40 g helmet to helmet impact. The values of 40g and 80g were
selected to be within the ranges presented as mild and moderate
impacts by Schmidt et al.2

For each impact scenario, six neck conditions were analyzed.
The first two are relaxed and tensed neck scenarios.2? In the relaxed
condition, muscles were activated the minimum amount necessary
to maintain head stability prior to impact.2? For the tensed con-
dition, muscles were activated to the maximum amount possible
while maintaining head stability prior to impact.2° The next two
conditions model states of fully activating flexor muscles, and fully
activating extensor muscles. These conditions represent bounds of
muscle activation that are likely unachievable in a living human
being while being theoretically possible. The final two conditions
model common experimental setups of a free-head and a HIII neck.
In the free-head condition, impactors contact an unconstrained HIII
head. In the HIIl neck condition, the HIIl model is placed in-between
the head and torso instead of the DUHNM. The three neck types
(DUHNM, HIII, and free-head) are illustrated in Fig. 1b-d.

For each of the four impact scenarios and six neck conditions,
eight different locations on the head were impacted as illustrated
in Fig. 1a. Kinematic data were output every 0.05 milliseconds and
simulations were run for 40 ms to ensure linear and angular accel-
erations reach their peaks and return to zero. The data were filtered
at 1650 Hz using a 20th order Butterworth filter that provided a
sharp cutoff frequency while remaining stable.

To compare the kinematic responses from each simulation, Peak
Resultant Linear Acceleration, Peak Resultant Angular Acceleration,
Head Injury Criterion (HIC), and Head Impact Power (HIP) were
used. Peak resultant linear acceleration is a historically common
metric to analyze head injury severity and describe linear accel-
eration exposure.>>6 Brain strain and sports related concussion

have been shown to be caused by angular accelerations; to rep-
resent angular kinematics peak resultant angular acceleration was
selected.?”> HIC is believed to be a useful metric because it incor-
porates both impact duration and linear acceleration magnitude.
HIP includes weighted linear and angular kinematics based on the
geometry of the head.?6 To determine significance between the
results of the different neck conditions, the range of values for all
neck conditions in each impact scenario and location were com-
pared to critical effect sizes for each injury metric. These were
determined from literature and defined as the difference between
mild and severe injury thresholds.?’-3°

3. Results

A total of 192 simulations were completed spanning the experi-
mental test conditions. Fig. 2a plots kinematic results for the various
neck activation conditions and impact locations for peak resultant
linear acceleration and peak resultant angular acceleration sepa-
rated by impact scenario. HIC and HIP are not depicted because they
follow similar patterns as the peak resultant linear acceleration
results.

None of the maximum differences between the four neck activa-
tion conditions for a given impact scenario and location exceeded
the critical effect size. The extensor neck condition exhibited the
lowest linear acceleration dominated metrics (peak resultant lin-
ear acceleration, HIC, and HIP) for 57% of impacts while the relaxed
neck condition showed the highest linear acceleration dominated
metrics for 80% of impacts (Fig. 2a). The relaxed neck condition
showed lowest peak resultant angular acceleration values for 65%
of impacts while the extensor neck condition showed highest peak
resultant angular acceleration values for 56% of impacts. Impact
location 2 shows a different trend compared to the global peak
resultant angular acceleration results, as the relaxed neck condi-
tion shows the highest values while the tensed neck conditions
produce lower values. The influence of impact location and sce-
nario on linear and rotational injury metrics can be an order of
magnitude larger than changes in muscle activation alone (Fig. 2a).

Impact location variations for peak resultant linear acceleration
values (Fig. 2a) displayed no consistent pattern. For peak resultant
angular acceleration, location 7 consistently produced the highest

6

3

Fig. 1. (a) Sagittal view of the impact locations tested. Impacts 1-4 are directed towards the center of gravity of the head. Impacts 1, 2, 3, 5, and 6 impact along the mid-sagittal
plane while impacts 4, 7, and 8 impact perpendicular to the sagittal plane. (b) Sagittal view of the model that implements the Duke University Head Neck Model between a
Hybrid Il head and torso. (c) Sagittal view of the model that implements the Hybrid IIl neck between a Hybrid Il head and torso. (d) Sagittal view of the free-head condition

where the Hybrid IIl head remains unconstrained.



670 C.P. Eckersley et al. / Journal of Science and Medicine in Sport 22 (2019) 667-671

a) Neck Activation Levels

Scenario 1 PRLA Scenario 2 PRLA

420 100

Chons I c]
o C]
= < 75
- -
& 30 =
& 340 £

320 50

Location
Scenario 2 PRAA

Location
Scenario 1 PRAA

40000

Scenario 3 PRLA Scenario 4 PRLA

100 60
c a
<
z z
& &

50 20 -

12 03 4 5 6 7 8 12 3 4 5 6 71 8
Location Location
Scenario 3 PRAA Scenario 4 PRAA

_ 6500 4000
3 3 3000
E g
= 4250 =
> 21150
& &
& £

2000 500

Location Location

b) Experimental Conditions

2 30000 I
Z
2
= 20000
S
12500
12 3 405 6 78 12 3 4 5 6 1 8
Location Location
Scenario 1 PRLA Scenario 2 PRLA
420 100
B I 3
300 5
&340 5
20
2 50
12 3 4 5 6 7 8 12 3 4 5 6 71 8
Location Location
% 10* Scenario 1 PRAA Scenario 2 PRAA
45 _ 7500
4 L] 3 6000
g3s e I
<23 £ 4000
g g
13 2000
12 3 4 5 6 1 8 12 3 4 5 6 71 8
Location [ [T Location
I Hy Il
__JFrec Head
—  Tect Size (40 )

Scenario 3 PRLA Scenario 4 PRLA

100 0
c} 8
I 340
g &
50 20 L
12 3 4 5 6 1 8 12 3 4 05 6 7 8
Location Location
Scenario 3 PRAA Scenario 4 PRAA
_ 6250 _ 4500
3 T 3250
= 4000 4
3 Zans
I3 [
£ &
2000 1000

Location

— et Size (3000 radis®)

Fig. 2. (a) Peak resultant linear acceleration and peak resultant angular acceleration injury metrics for different neck activation states separated by location and impact
scenario. Compared to the effect size color bar and differences in location and scenario, neck condition has little influence on metrics. (b) Peak resultant linear acceleration
and peak resultant angular acceleration injury metrics for different neck experimental testing conditions separated by location and impact scenario. The influence of

experimental neck condition on head kinematics depends on the metric used.

values while locations 1 and 3 consistently had the lowest values
as confirmed by the averages of all impacts for a given location.

Neck activation conditions for peak resultant linear acceleration
and peak resultant angular acceleration were plotted by impact sce-
nario to determine the biofidelity of simulated experimental blunt
impact head kinematics (Fig. 2b). The relaxed neck condition served
as representative of a biofidelic 50th percentile male human head-
neck response. As in Fig. 2a, HIC and HIP are not included because
they trended similar to peak resultant linear acceleration. The HIII
neck was 6+ 1% (mean & SE) lower than the relaxed condition for
linear acceleration dominated metrics while the free-head condi-
tion were 12 £ 2% higher. For peak resultant angular acceleration,
the HIII neck was 12 4 4% higher than the relaxed neck condition
while the free-head was 2 4 3% lower.

4. Discussion

We found no appreciable improvement in four common sports
related concussion short term injury metrics due to increases in
cervical muscle generated force. Impact distance from the head
center of gravity and magnitude have a larger influence on short
term head kinematics than increasing cervical muscle force. This
is consistent with Schmidt et al. where stronger neck muscles in a
college football population did not reduce head accelerations.?

Peak resultant angular acceleration, in contrast with linear
acceleration metrics, shows tensed activation states resultin higher
values than relaxed activation states. This is due to small effective
mass increase. Additional mass is recruited below the head-neck
center of rotation, lowering the center of rotation relative to the
initial free mass. Since a majority of impacts are located above
the center of rotation, lowering the center of rotation increases
the moment arm of the impacts, increasing peak resultant angu-
lar acceleration values. This is supported by the relaxed muscle
condition having consistently higher peak resultant angular accel-
eration values than the tensed muscle conditions at location 2, the

one location below the center of rotation. This result shows cervical
musculature influences head kinematics differently depending on
the metric analyzed. Therefore, based on the current understand-
ing and injury metrics for sports related concussion, no consistent
effect can be seen by changing neck muscle force.

These results contradict those in prior studies because a number
of limitations prevent the prior studies from accurately capturing
the poor head-to-neck coupling.>-> Collins et al. only examined
whether or not an athlete received a concussion. Confounding
variables such as anthropometric size by position, previous head
injury, or personality traits, may also lead to concussion. Several
studies used human participants who, in a laboratory setting, can
only be exposed to non-injurious events with low peak accelera-
tions and long durations.’-'? These long duration events maximize
head/neck coupling and provide a poor surrogate for on field blunt
impacts. Also, these studies examine changes in velocity and neck
stiffness over large head excursions and durations. Because of this,
these studies fail to capture the influence of neck musculature over
the short distance and duration where sports related concussion is
believed to occur.?? Finally Viano et al. and Jin et al. utilized a linear
spring mathematical model and GHBMC model that oversimplified
cervical spine biomechanics and muscle activation Schemes.?> Due
to the complex vertebral body and musculature interactions, the
cervical spine does not act as a linear spring, and the muscle acti-
vation scheme presented in Jin et al. would result in overly tense
muscles and an unstable head positioning.?

The flexor and extensor muscle activation states are two
extremes, and are unrealistic representations of an impact event
as they would generate a counterproductive head position prior
to the impact. Testing these activation schemes illustrates in even
the most extreme scenarios, cervical muscle activation does not
improve short term injury metrics.

Results from the second portion of this study indicate perfor-
mance of common experimental neck conditions compared to a
relaxed neck condition depend on the injury metric used. For linear
acceleration injury metrics, HIII neck values were lower than the
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relaxed neck condition values while free-head values were higher
than the relaxed neck condition values. This is expected because
a stiff HIII neck provides more linear resistance than a free-head
with no neck.!® For peak resultant angular acceleration, the free-
head condition values were lower than the relaxed condition while
the HIII values were higher. This may be because the neck pro-
vides a tether, translating linear kinetic energy to rotational kinetic
energy. With peak resultant angular acceleration, free-head values
are closer to relaxed condition values, supporting the hypothe-
sis. The results suggest selecting the experimental neck condition
depending on the metric of interest. However, for all neck condi-
tions and injury metrics, except peak resultant angular acceleration
with free-head, there is significant deviation from a relaxed neck
condition that must be considered when reporting values.

This study has some limitations. First, impactors were mod-
eled with linear elastic material for a nonlinear elastic scenario.
However, we hypothesize nonlinear impactors would provide
comparable results because of small impactor deformation. Also,
DUHNM validation has only been conducted in the mid-sagittal
plane. However, because this study compares results across the
same model, conclusions should not change. Due to a lack of sta-
tistical variation in the modeling environment, only an effect size
comparison could be conducted. Finally, while impactors 2 and
3 were able to successfully mimic the experimental head drop
data, those experiments have limitations compared to on-field
impacts. The drop test impact surface was a rubber covered rigid
plate as opposed to a helmeted head, shortening impact duration.
Accelerometers for the experimental drop tests were positioned
near the center of gravity while model accelerations were deter-
mined at the head’s exact center of gravity.

5. Conclusion

Current results using a validated biofidelic head-neck model
suggest increased cervical muscle force does not influence short
term (<50 ms) head kinematics in four athletically relevant sce-
narios. This counters statements that strengthening the cervical
musculature can lower an athlete’s concussion risk. Increasing cer-
vical muscle strength and activation may have different effects
depending on the metric used to quantify injury risk, but ultimately
impact location and impact magnitude influence short term head
kinematics more than the force generating capacity of the cervi-
cal musculature. Finally, biofidelic limitations of both Hybrid III
and free head experimental conditions must be recognized when
reporting results.
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