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Abstract

Objective: To compare movement reaction time and joint kinematics between athletes with recent concussion and matched control recreational
athletes during 3 functional tasks.

Design: Cross-sectional.

Setting: Laboratory.

Participants: College-aged recreational athletes (N=230) comprising 2 groups (15 participants each): (1) recent concussion group (median time
since concussion, 126d; range, 28—432d) and (2) age- and sex-matched control group with no recent concussions.

Interventions: We investigated movement reaction time and joint kinematics during 3 tasks: (1) jump landing, (2) anticipated cut, and (3)
unanticipated cut.

Main Outcome Measures: Reaction time and reaction time cost (jump landing reaction time—cut reaction time/jump landing reaction
timex 100%), along with trunk, hip, and knee joint angles in the sagittal and frontal planes at initial ground contact.

Results: There were no reaction time between-group differences, but the control group displayed improved reaction time cost (10.7%) during
anticipated cutting compared with the concussed group (0.8%; P=.030). The control group displayed less trunk flexion than the concussed group
during the nondominant anticipated cut (5.1° difference; P=.022). There were no other kinematic between-group differences (P>.079).
Conclusions: We observed subtle reaction time and kinematic differences between individuals with recent concussion and those without
concussion more than a month after return to activity after concussion. The clinical interpretation of these findings remains unclear, but may have
future implications for postconcussion management and rehabilitation.
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Concussion results in numerous symptoms' and cognitive™ and
static balance deficits.” Most athletes typically demonstrate recovery
in common assessment measures in these domains in 7 to 10 days.’
Researchers using more sophisticated laboratory measures have
observed dynamic gait balance discrepancies that persist beyond the
resolution of deficits observed using traditional assessment tools.’™*

Supported by The University of North Carolina at Chapel Hill Junior Faculty Development
Award.
Disclosures: none.

https://doi.org/10.1016/j.apmr.2017.12.011

However, athletes return to participation (RTP) as soon as they
have been cleared on traditional measures (Symptom reporting, static
balance assessment, and neurocognitive assessment), raising the
issue of whether some RTP decisions are potentially premature. The
potential consequences of returning to play with persisting dynamic
balance impairments are unknown, but may contribute to an
increased risk of musculoskeletal injury after concussion.”'*

The mechanisms underlying an increase in the risk of
musculoskeletal injury after RTP after concussion have not yet
been established, but one hypothesis is that neuromuscular control
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(the many aspects that contribute to how the central nervous
system controls muscle activation and postural control'®) con-
tinues to be affected beyond RTP.'"'?'*!¢ Several preliminary
investigations into cortical hypoexcitability after concussion have
observed lower intracortical facilitation,'” lower maximal volun-
tary muscle activation,'” and increased intracortical inhibition'®
compared with control participants. These observed differences
are relatively small; however, the consequences of these mild
deficits during dynamic activities of sport participation remain to
be determined. When cortical hypoexcitability deficits are com-
bined with a dynamic sport environment, it is possible that
functional reaction time may be affected, increasing overall risk
for musculoskeletal injury. Understanding how athletes react and
move in situations that more closely resemble the dynamic nature
of sport is needed to further inform the impaired neuromuscular
control hypothesis after recovery from brain injury.

Recently, researchers have described lower extremity joint
stiffness changes after concussion in college athletes.'” Athletes
who suffered concussion during their competitive season demon-
strated increased hip stiffness and decreased knee and leg stiffness
when comparing post- with preseason measures, whereas no
stiffness changes were noted in athletes who did not suffer
concussion. These postseason measures were taken, on average,
>45 days after the concussion. Although the implications of these
findings are unclear, this evidence supports the hypothesis that
neuromuscular control alterations after concussion may affect
functional movement during sport-specific activities.

The purpose of this investigation was to examine neuromus-
cular control during sport-specific movements in individuals with
recent concussion and those without concussion. The aim was to
quantify reaction time between individuals with recent concussion
and those without concussion during 3 functional movement tasks
designed to simulate common movements on an athletic field: (1)
jump landing, (2) anticipated cut, and (3) unanticipated cut.
Additionally, we investigated trunk, hip, and knee joint angles at
initial ground contact between individuals with recent concussion
and healthy control individuals during the same tasks. We
hypothesized that individuals with recent concussion would be
slower to react, especially as task difficulty increased, and that
joint kinematics would differ between the groups.

Methods

Design and setting

We recruited a convenience sample of 30 college-aged recrea-
tional athletes. There were 2 groups (15 participants in each
group): (1) recent concussion group (median days
postconcusssion, 126; range, 28—432d) and (2) matched control
group with no recent concussions (matched on sex, age [£1y],
mass [£10%], and height [+5%]). One control group participant
had suffered from 2 concussions, with the most recent occurring
>1,000 days prior to testing. No other control group participants
reported any history of concussion (table 1). Participants were
excluded for attention deficit hyperactivity disorder, lower

List of abbreviations:

ANCOVA analysis of covariance
ES effect size
RTP return to participation

Table 1  Group demographics and statistical comparisons
Concussion Control Group
Demographic Group (n=15) (n=15) P
Age (v) 19.7+0.9 19.7+1.6 .89
Height (cm) 169.249.4 172.34+10.8 41
Mass (kg) 66.04+12.8 71.0410.4 .25
Female, % (n) 60.0 (9) 60.0 (9) NA
Male, % (n) 40.0 (6) 40.0 (6) NA
Median days since 126 (28—432) NA* NA
concussion (range)
Total concussions* 1(1-3) 0 (0—2)* NA

NOTE. All variables are represented by the mean + SD unless otherwise
noted.
Abbreviation: NA, not applicable.

* One control participant had experienced 2 concussions; their most
recent concussion was 1103 days prior to testing. No other control
participants had a history of concussion. Healthy controls were
matched to each injured participant based on sex, age (£1y), mass
(£10%), and height (£5%).

extremity injury resulting in physical activity time loss of at least
3 days within the last 6 months, any history of lower extremity or
low back surgery, concussion requiring admittance to the hospital,
any current concussion symptoms or balance issues, or previous
history of >3 concussions. Our institutional review board
approved the study, and all participants signed an informed con-
sent document prior to testing.

Instrumentation

The Vicon System” consists of 10 infrared video cameras in
conjunction with 2 piezoelectric force platform” embedded in the
floor. Kinematic data were collected at 150Hz and calibrated for a
4-m-long x3-m-widex2.5-m-high volume, whereas kinetic data
were collected at 1500Hz. The world axis system was established as
positive anteriorly in the sagittal plane, left in the frontal plane, and
superior in the transverse plane. Each participant was outfitted with
20 individual retroreflective markers affixed to the skin or spandex
over the jugular notch, the LS area of the low back, bilaterally on the
acromion process, the anterior-superior iliac spine of the pelvis, the
greater trochanter, the medial epicondyle of the femur, the lateral
epicondyle of the femur, the medial malleolus, the lateral malleolus,
and the first and fifth metatarsal heads. Cluster markers (4 markers on
left side, 3 on right side and sacrum) were affixed over the sacrum and
bilaterally on each thigh, shank, and foot. After an initial static trial,
all individual markers except those at the tip of each shoulder and
jugular notch were removed, and the participant completed the
testing with the clusters.

Data collection procedures

Participants attended the laboratory for a single session and
completed 3 functional movement tasks in a randomized order.
Participants were given multiple practice trials for each task until
they reported feeling comfortable.

Jump landing

Participants stood on a 30-cm box placed a horizontal distance
equal to 50% of their height behind the forceplates. The partici-
pants were instructed to take an athletic stance (a self-selected
athletic stance they would take to prepare for movement) on the



box and await a stimulus to signal the trial start. A visual stimulus
(green light) placed approximately 3m in front of the participant
was triggered randomly by the principal investigator within 5
seconds of the participant assuming the athletic stance, indicating
the trial start. The participant jumped forward off the box and
performed a double-leg landing before jumping vertically for
maximal height. The participant was instructed to initiate the
movement as quickly as possible after the visual stimulus, and
completed 5 trials.

Reaction time cost=

(Reaction Timejump Landing — Reaction Timecy,)

sacral cluster marker in either the sagittal or transverse plane
exceeding 3cm from the mean marker position prior to the visual
stimulus onset. Visual inspection of the data indicated that some
participants moved in the sagittal plane first, whereas others first
moved in the transverse plane. Therefore, we analyzed both the
sagittal and transverse planes to capture first movement after
presentation of the visual stimulus. Reaction time was defined as
the time in seconds from visual stimulus onset to first movement.
Reaction time cost was calculated as follows:

x 100

Reaction Timejump Landing

Anticipated cut

The setup for the anticipated cut was the same as the jump landing.
When the stimulus was provided, the participant jumped forward off
the box and landed on a single leg, immediately cutting at a 45°
angle through a timing gate in the direction provided by the
investigator prior to the trial (cut toward dominant=land on
nondominant foot; cut toward nondominant=1land on dominant
foot; dominant leg was defined as the leg used to kick a soccer ball).
Each participant completed 5 trials in each direction.

Unanticipated cut

Procedures for the unanticipated cut were identical to those for the
anticipated cut except that the participant was not informed a
priori of the direction to cut. As the participant jumped from the
box, a timing gate set at .76m behind the forceplates was trig-
gered. This distance was chosen to maximize the time each
participant would have to react to the directional stimulus, but be
in a position where shorter participants would not be excluded.
The timing gate further triggered a visual stimulus (set of blue and
green lights) to the participant’s left or right, and participants were
instructed to cut toward the light. Each participant completed 10
total trials, regardless of whether they were performed correctly,
but must have completed at least 1 successful trial to be included
in analysis. Trials were considered successful if the participant
landed appropriately on a single leg (entire foot on a single for-
ceplate, did not land with 2 feet) and cut in the correct direction.

Data reduction and analysis

All biomechanics data were imported into Motion Monitor v8.0° to
calculate Euler joint angles. Joint motion was defined as the distal
segment moving relative to the proximal segment, except for trunk
motion in the frontal and sagittal planes, which was defined as trunk
segment movement relative to the vertical axis. Positive in the
sagittal plane indicates flexion at the trunk and knee, and extension
at the hip. Positive in the frontal plane indicates adduction at the hip,
varus angle at the knee, and right lateral trunk flexion. All kinematic
data were filtered with a fourth-order low-pass Butterworth filter
with a cutoff frequency of 10Hz. Data were then exported to custom
MATLAB software” to identify all dependent variables of interest.

Reaction time was calculated as follows for all the functional
movement tasks. The mean position of the bottom sacral cluster
marker in the sagittal and transverse planes was calculated by
analyzing 0.5 seconds of data prior to visual stimulus onset.
Movement onset was defined as first movement of the bottom

Reaction time cost standardizes participant scores by perfor-
mance on the simplest task, the jump landing, and may therefore
provide useful information regarding the relative change in move-
ment reaction time between tasks of varying demands on neuro-
muscular control. Negative values for reaction time cost indicate
increased reaction time during cutting trials relative to jump landing
trials. We initially compared reaction time during anticipated cuts to
the dominant and nondominant sides. No differences were observed
(t,7=.84; P=.410); therefore, we combined reaction time out-
comes for cuts to the dominant and nondominant side. Because 5
jump landing trials were performed, we used the first 5 successfully
completed anticipated and unanticipated cuts (out of 10 total trials)
when analyzing reaction time and reaction time cost. One partici-
pant in each group only completed 1 successful unanticipated cut,
whereas 2 participants in the control group completed 4 successful
unanticipated cuts. All other participants (n=26) successfully
completed at least 5 unanticipated cuts.

Trunk, hip, and knee joint angles at initial ground contact were
calculated in the sagittal and frontal planes during the movement
tasks. Initial ground contact was defined as >10N of vertical
ground reaction force.”” Dependent variables for jump landing
were reported as angles of the dominant limb. When assessing
kinematic outcomes, cuts toward the dominant and nondominant
sides were analyzed separately.

To explore reaction time outcomes, we used a 3 (task)x2 (group)
between-subjects mixed-model analysis of covariance (ANCOVA).
Bonferroni-corrected ¢ tests were used to post hoc test significant
interactions or main effects. We used separate between-subjects
ANCOVAs to explore kinematic differences for each movement
task. We covaried for the number of days between concussion and
testing session in all statistical models. Specifically, the number of
days postinjury for each concussion group participant was subtracted
from the group mean days since concussion (177d); control partici-
pants were assigned a value of zero days since concussion. This
produced a value representing mean-centered days since concussion,
which was used as a covariate in all statistical models. An a priori a.
value of .05 was established.

Results

There were no significant group demographic differences (see
table 1). Reaction time data were not available for 2 concussed group
participants because of technical issues with the visual stimulus.
Twenty-seven participants successfully completed at least 1



Table 2

Reaction time and RTC during jump landing, anticipated cut, and unanticipated cut, adjusted for days since concussion

Task Concussion Group Control Group P* ES'
Jump landing 0.517 (0.471 to 0.551) 0.520 (0.482 to 0.557) .091 .02
Anticipated cut 0.511 (0.471 to 0.551) 0.461 (0.424 to 0.498) .35
Unanticipated cut 0.569 (0.529 to 0.608) 0.536 (0.499 to 0.573) .23
Anticipated cut RTC, % 0.82 (—7.29 to 5.65) 10.68 (4.66 to 16.70) .030 .62
Unanticipated cut RTC, % —10.06 (—17.50 to 2.62) —4.97 (—11.90 to 1.95) .313 .28

NOTE. Values are mean (95% confidence interval) or as otherwise indicated. Data were missing for 2 concussed group participants. RTC calculated as

follows: ([Jump landing—Cut]/Jump landing)x100.
Abbreviation: RTC, reaction time cost.

* Mean centered number of days between concussion and testing session was included as a covariate in all statistical models. P value for the 3
movement tasks represents the interaction term in a 3 (task)x2 (group) ANCOVA. P value for the RTC outcomes represents between-group comparison,

one for anticipated cut RTC and one for unanticipated cut RTC.
T Calculated as Cohen d.

unanticipated cut toward their nondominant side. Data from all 30
participants were used to investigate all other outcomes.

Reaction time

There were no significant interactions observed for reaction time
(F25,=2.51; P=.091). We observed a significant main effect for
task (F,5,=15.10; P<.001) such that slower reaction times were
observed during unanticipated cuts compared with both anticipated
cuts (P<.001; effect size [ES], 1.04) and jump landings (P=.020;
ES, .53). Jump landing reaction times were significantly slower than
anticipated cut reaction times (P=.031; ES, .50). Group by task
reaction time descriptive statistics are presented in table 2.

Reaction time cost

Group differences were observed during anticipated cut
(F».25=5.26; P=.030) such that the control group reaction time
cost (10.7%) improved significantly relative to jump landing,
whereas the concussed group (0.8%) did not change. No group
differences were observed for reaction time cost during the
unanticipated cut (F,,5=1.06; P=.313). Group by task reaction
time cost descriptive statistics and ESs are presented in table 2.

Kinematic outcomes

There were no group differences during the jump landing task
(P>.236). The concussed group displayed significantly greater
trunk flexion (27.1°; 95% confidence interval, 24.1°—30.2°) than

the control group (22.0°; 95% confidence interval, 18.9°—25.1°)
when cutting toward the nondominant side during the anticipated
cutting task (F,,7=>5.89; P=.022). No other comparisons were
statistically significant (P>.079). Jump landing, anticipated cut-
ting, and unanticipated cutting outcomes and ESs are presented in
tables 3—5.

Discussion

Functional assessments of dynamic movements are not a part of
the recommended concussion assessment battery.”'>> However,
reports of dynamic balance deficits,>’*® cortical hypoexcit-
ability,'”"'® lower extremity stiffness alterations,'” and increased
risk of musculoskeletal injury”'® suggest that there may be
neuromuscular control effects secondary to concussion that persist
beyond RTP. We hypothesized that individuals with recent
concussion would be slower to react, especially as task difficulty
increased, and that joint kinematics would differ between the
groups. The findings from this preliminary study suggest there
may be differences in reaction time and trunk control during sport-
like dynamic movement. Concussed participants tended to be
more flexed at the trunk during cutting tasks (ES between .32 and
.63; mean difference, 2.5°—5.1°); however, this was only a sta-
tistically significant difference during the anticipated cut to the
nondominant side. When standardizing for reaction time during
our simplest task, we observed significantly improved reaction
time cost during anticipated cut for the control group compared
with the concussed group (ES, .62).

Table 3  Trunk, hip, and knee angles at initial ground contact for each group during jump landing, adjusted for days since concussion

Jump Landing* Concussion Group Control Group P ES'
Trunk flexion (deg) 28.5 (25.0 to 32.0) 25.6 (22.2 to 29.1) .236 31
Trunk right lateral flexion (deg) 0.1 (—0.7 to 1.0) —0.1 (—1.0 to 0.7) .651 12
Hip flexion (deg) —32.4 (—37.5 to —27.2) —33.9 (—39.0 to —28.7) .680 11
Hip abduction (deg) —8.9 (—11.6 to —6.3) —7.9 (—10.6 to —5.3) .596 14
Knee flexion (deg) 27.0 (23.7 to 30.3) 26.9 (23.5 to 30.2) .956 .01
Knee varus (deg) 1.8 (—0.8 to 4.4) 1.4 (—1.2 to 4.0) .823 .06

NOTE. Values are mean (95% confidence interval) or as otherwise indicated. Positive in the frontal plane indicates adduction at the hip, varus angle at

the knee, and right lateral trunk flexion.

* Angles at hip and knee are calculated for each participant’s dominant side.

t Calculated as Cohen d.

i A negative value indicates trunk lateral flexion to the left side. Positive in the sagittal plane indicates flexion at the trunk and knee, and extension

at the hip.



Table 4

Trunk, hip, and knee angles at initial ground contact for each group during anticipated cut, adjusted for days since concussion

Anticipated Cut Concussion Group Control Group P ES*
Dominant cut'
Trunk flexion (deg) 26.9 (24.2 to 29.6) 23.5 (20.8 to 26.2) .079 47
Trunk right lateral flexion (deg) —0.2 (—2.0 to 1.6) —0.5 (—2.2 to 1.3) .819 .06
Hip flexion (deg) —21.0 (—24.8 to —17.3) —21.1 (—24.9 to —17.4) .965 .01
Hip abduction (deg) —16.5 (—20.4 to —12.6) —15.3 (—19.2 to —11.3) .648 12
Knee flexion (deg) 11.8 (9.5 to 14.1) 12.1 (9.8 to 14.4) .855 .05
Knee varus (deg)’ —0.5 (—2.8 to 1.7) —1.0 (—3.3 to 1.2) .763 .08
Nondominant cut''
Trunk flexion (deg) 27 1 (24.1 to 30.2) 22 0 (18.9 to 25.1) .022 .63
Trunk right lateral flexion (deg) 0 (—1.3 to 1.4) 7 (0.3 to 3.0) .087 .46
Hip flexion (deg) —18 3 (—22.5 to —14.1) —18 9 (—23.1 to —14.7) 844 .05
Hip abduction (deg) —19.1 (—23.2 to —15.0) —15.3 (—19.4 to —11.2) .191 .35
Knee flexion (deg) 11.7 (9.1 to 14.2) 11.1 (8.6 to 13.7) .762 .08
Knee varus (deg)’ 0.7 (—1.9 to 3.2) —2.2 (—4.8 to 0.3) .115 .23
NOTE. Values are mean (95% confidence interval) or as otherwise indicated. Positive in the frontal plane indicates adduction at the hip, varus angle at

the knee, and right lateral trunk flexion.
* Calculated as Cohen d.

T Indicates a cut toward the dominant side, executed by planting on the nondominant foot.

T A negative value indicates trunk lateral flexion to the left side.
§ A negative value indicates knee valgus.

Il Indicates a cut toward the nondominant side, executed by planting on the dominant side. Positive in the sagittal plane indicates flexion at the

trunk and knee, and extension at the hip.

This study was intended to be a preliminary investigation with
the goal of informing the design of larger studies that include
baseline preinjury measures and serial measures throughout re-
covery. Our findings were largely in contrast with those observed
by Lapointe et al,”* who reported decreased knee varus and
external rotation during a jump cut maneuver in individuals with
previous concussion (mean time since concussion, 3.1y) compared
with controls. Although it is unclear why our findings contrasted,
several potential reasons include different cutting protocols,

Table 5

different sample sizes (19 in Lalpointe,24 and 30 in this investi-
gation), and different postinjury assessment time points (3.1y in
Lapointe,”* and 126d in this investigation). Although we observed
differences in trunk flexion during anticipated cutting, the clinical
implications of the observed differences remain unclear. Trunk
flexion has been associated with sagittal and transverse plane knee
motion and loading,”***** and control of trunk movement during
landing and cutting has been suggested as an important compo-

nent of injury prevention programs.’”*>° Qur findings provide

Trunk, hip, and knee angles at initial ground contact for each group during unanticipated cut, adjusted for days since concussion

Unanticipated Cut Concussion Group Control Group P ES*

Dominant cut!
Trunk flexion (deg) 26.0 (23.2 to 28.9) 23.3 (20.4 to 26.1) 175 .36
Trunk right lateral flexion (deg) —0.2 (—2.3 to 2.0) —1.9 (—4.0 to 0.3) .263 .30
Hip flexion (deg) —15.8 (—19.7 to —11.9) —18.1 (—22.0 to —14.2) 404 .22
Hip abduction (deg) —17.5 (—21.4 to —13.5) —17.6 (—21.5 to —13.7) .961 .01
Knee flexion (deg) 10.8 (8.2 to 13.4) 10.2 (7.6 to 12.8) .755 .08
Knee varus (deg)" —1.2 (3.4 to 1.1) —1.5 (—3.8 t0 0.8) .833 .06

Nondominant cut!'
Trunk flexion (deg) 26 5 (23.5 to 29.5) 24 0 (20.9 to 27.1) .234 .32
Trunk right lateral flexion (deg) 7 (—1.1 to 4.5) 8 (—2.1to0 3.7) .645 12
Hip flexion (deg) —16 1 (—20.6 to —11.6) —17 O (—21.7 to —12.4) .765 .08
Hip abduction (deg) —20.6 (—24.4 to —16.9) —16.5 (—20.4 to —12.6) .130 42
Knee flexion (deg) 11.5 (8.4 to 14.6) 11.8 (8.5 to 15.0) .896 .03
Knee varus (deg)® 0.6 (—2.3 to 3.5) —2.5 (—5.5 to 0.5) 139 .24

NOTE. Values are mean (95% confidence interval) or as otherwise indicated. Positive in the frontal plane indicates adduction at the hip, varus angle at

the knee, and right lateral trunk flexion.
* (Calculated as Cohen d.

T Indicates a cut toward the dominant side, executed by planting on the nondominant foot.

T A negative value indicates trunk lateral flexion to the left side.
§ A negative value indicates knee valgus.

Il Indicates a cut toward the nondominant side, executed by planting on the dominant side. Twenty-seven participants completed unanticipated cuts
toward the nondominant side. Positive in the sagittal plane indicates flexion at the trunk and knee, and extension at the hip.



Reaction time and kinematics after concussion
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some evidence that neuromuscular control may be altered after
concussion, which is consistent with 2 previous investigations
aimed at understanding lower extremity joint stiffness'® and
movement after concussion.”* However, the preliminary nature of
our study along with our lack of significant findings for many
outcomes does not allow us to draw comprehensive conclusions
about potential neuromuscular control alterations postconcussion.

Longitudinal assessment of reaction time using laboratory
tasks that simulate sport-specific conditions may be an important
consideration in elucidating the mechanisms behind the increased
musculoskeletal injury risk after concussion.”''"'* Traditionally,
reaction time (ie, cognitive processing speed) is assessed after
concussion as part of a neurocognitive test battery. Many
computerized cognitive tests assess reaction time by adapting
traditional neuropsychological tests (eg, Stroop task, symbol
matching). These measures are sensitive to concussion in the acute
phase of the injury.’”*® Whether postconcussion deficits in
cognitive processing speed on neuropsychological tools manifest
in more functional activities (eg, a delayed movement response
during competitive sports) is not clear. A more functional reaction
time measure, involving the individual with a concussion catching
a stick as quickly as possible after it is released, has demonstrated
sensitivity to acute concussion reaction time deficits.>"!
Although this is a valid and clinician-friendly tool to assess re-
action time, this measure is very simplistic, and does not present
athletes with the requisite challenge to mimic the on-field stimuli
for which they will need to respond once they RTP. It remains
unclear how these simplistic reaction time measures correlate to
the reaction time required to appropriately respond to external
stimuli during sport activity. We observed reaction time cost be-
tween group differences during the anticipated cut, but did not see
any group differences when exploring reaction time alone. Re-
action time cost standardizes reaction time for each participant
based on reaction time during the simplest movement task,
potentially making this measure more sensitive to reaction time
changes at the individual level. The mechanism behind our
observed group differences is unclear, but may reflect slowed
cognitive processing in individuals with previous concussion.
Cognitive processing issues may be more apparent in dual-task
situations (combined cognitive and motor tasks), such as the
procedures used here and in various investigations of gait after
concussion.”®? Traditional reaction time testing as previously
described is usually done with emphasis on the cognitive contri-
butions while minimizing movement (ie, a finger depressing a
mouse button in response to a cognitive stimulus).

We developed novel methods to explore functional reaction
time in this study. A classic study by Henry and Rogers™ details
the influence of task complexity on reaction time. In short, as
overall task difficulty increases, so does reaction time. We hy-
pothesized reaction times would be slowest during our most
difficult motor task, the unanticipated cut, and fastest during the
easiest task, the jump landing. Our hypothesis was partially sup-
ported, but participants demonstrated faster reaction times during
anticipated cutting compared with jump landing. The slower re-
action times during jump landing may be explained by the task
being too simple. Several studies reveal better balance control
(less and slower postural sway) when a simple cognitive task is
added to a balance task instead of the balance task alone.*>® If
the balance task is simple enough, participants often perform
better when their attention is diverted away from the relatively
simple act of maintaining postural control. Movement reaction

www.archives-pmr.org

time may be similarly influenced by attention demand. Partici-
pants may have focused their attention on the reaction time
component of the jump landing because the motor task was
simple. Therefore, it is plausible reaction time may actually have
been degraded because of increased attentional demand. In
contrast, attention may have been diverted to the motor portion of
the anticipated cutting task, making the reaction portion of the
movement more reflexive.

Study limitations

Although our study is among the first to examine functional
movement outcomes postconcussion, it is important to note that
we did not observe significant group differences for most of our
kinematic comparisons. There are several possible explanations
for the lack of group differences. First, our concussed group was,
on average, 4 months postinjury (median time since concussion,
126d; range, 28—432d) when we assessed their movement. If
movement differences are present more acutely after concussion
and resolve within a few months, then our wide-ranging post-
concussion window may be diluting the effect. Second, our rela-
tively small sample may have limited statistical power and
increased our chances of making a type II error (failure to observe
a difference that exists between the 2 populations); however, we
do report statistical differences for 2 of our outcomes. Two par-
ticipants (1 in each group) only completed a single successful
unanticipated cut trial. In these 2 cases, a single trial may not
accurately depict normative movement during the unanticipated
cut for these participants.

Further study of the recovery trajectory of neuromuscular
control deficits postconcussion, and their influence on injury rates
after RTP, is warranted. Future research in this area involves the
development of new research paradigms for assessing movement
control deficits under sport-specific conditions. Reaction time
should be explored further after concussion during dynamic
movements (eg, countermovements, multiple cutting tasks, jump/
cut combination tasks). Future studies should quantify differences
between static and dynamic reaction time assessments, along with
single- and dual-task reaction time protocols, to ensure clinicians
are appropriately assessing functional reaction time deficits after
concussion. Influencing reaction time by manipulating task diffi-
culty may have implications for assessing and rehabilitating
concussion.

Conclusions

This study suggests that, during sport-related movement tasks,
there may be subtle reaction time and trunk control differences
between individuals with recent concussion and healthy in-
dividuals. The lack of group differences for most outcomes,
however, suggests that movement control deficits, if they exist
after concussion, may resolve within a few months.

Suppliers

a. Vicon Motion Capture System; Vicon Motion Systems.
b. Model 4060-NC; Bertec.

¢. Motion Monitor v8.0; Innovative Sports Training.

d. MATLAB, version R2016a; MathWorks.


http://www.archives-pmr.org

Keywords

Mild traumatic brain injury; Rehabilitation

Corresponding author

Robert C. Lynall, PhD, 330 River Rd, Athens, GA 30677. E-mail
address: rlynall@uga.edu.

References

10.

11.

12.

13.

14.

15.

. McCrea M, Guskiewicz KM, Marshall SW, et al. Acute effects and

recovery time following concussion in collegiate football players: the
NCAA Concussion Study. JAMA 2003;290:2556-63.

. McCrea M, Kelly JP, Randolph C, et al. Standardized assessment of

concussion (SAC): on-site mental status evaluation of the athlete. J
Head Trauma Rehabil 1998;13:27-35.

. Lovell MR, Collins MW. Neuropsychological assessment of the col-

lege football player. ] Head Trauma Rehabil 1998;13:9-26.

. Riemann BL, Guskiewicz KM, Shields EW. Relationship between

clinical and forceplate measures of postural stability. J Sport Rehabil
1999;8:71-82.

. McCrea M, Guskiewicz K, Randolph C, et al. Effects of a symptom-

free waiting period on clinical outcome and risk of reinjury after sport-
related concussion. Neurosurgery 2009;65:876-82.

. Catena RD, van Donkelaar P, Chou LS. Different gait tasks distinguish

immediate vs. long-term effects of concussion on balance control. J
Neuroeng Rehabil 2009;6:25.

. Howell DR, Osternig LR, Chou LS. Dual-task effect on gait balance

control in adolescents with concussion. Arch Phys Med Rehabil 2013;
94:1513-20.

. Howell DR, Osternig LR, Chou LS. Adolescents demonstrate greater

gait balance control deficits after concussion than young adults. Am J
Sports Med 2015;43:625-32.

. Brooks MA, Peterson K, Biese K, Sanfilippo J, Heiderscheit BC,

Bell DR. Concussion increases odds of sustaining a lower extremity
musculoskeletal injury after return to play among collegiate athletes.
Am J Sports Med 2016;44:742-7.

Cross M, Kemp S, Smith A, Trewartha G, Stokes K. Professional
Rugby Union players have a 60% greater risk of time loss injury after
concussion: a 2-season prospective study of clinical outcomes. Br J
Sports Med 2016;50:926-31.

Lynall RC, Mauntel TC, Padua DA, Mihalik JP. Acute lower extremity
injury rates increase after concussion in college athletes. Med Sci
Sports Exerc 2015;47:2487-92.

Nordstrom A, Nordstrom P, Ekstrand J. Sports-related concussion
increases the risk of subsequent injury by about 50% in elite male
football players. Br J Sports Med 2014;48:1447-50.

Fino PC, Becker LN, Fino NF, Griesemer B, Goforth M,
Brolinson PG. Effects of recent concussion and injury history on
instantaneous relative risk of lower extremity injury in division I
collegiate athletes. Clin J Sport Med 2017 Aug 16 [Epub ahead of
print].

Herman DC, Jones D, Harrison A, et al. Concussion may increase the
risk of subsequent lower extremity musculoskeletal injury in collegiate
athletes. Sports Med 2017;47:1003-10.

Riemann BL, Lephart SM. The sensorimotor system, part I: the physi-
ologic basis of functional joint stability. J Athl Train 2002;37:71-9.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Pietrosimone B, Golightly YM, Mihalik JP, Guskiewicz KM.
Concussion frequency associates with musculoskeletal injury in
retired NFL players. Med Sci Sports Exerc 2015;47:2366-72.
Powers KC, Cinelli ME, Kalmar JM. Cortical hypoexcitability persists
beyond the symptomatic phase of a concussion. Brain Inj 2014;28:
465-71.

De Beaumont L, Mongeon D, Tremblay S, et al. Persistent motor
system abnormalities in formerly concussed athletes. J Athl Train
2011;46:234-40.

Dubose DF, Herman DC, Jones DL, et al. Lower extremity stiffness
changes after concussion in collegiate football players. Med Sci Sports
Exerc 2017;49:167-72.

Blackburn JT, Padua DA. Influence of trunk flexion on hip and knee
joint kinematics during a controlled drop landing. Clin Biomech 2008;
23:313-9.

McCrory P, Meeuwisse W, Dvorak J, et al. Consensus statement on
concussion in sport-the 5th international conference on concussion in
sport held in Berlin, October 2016. Br J Sports Med 2017;51:838-47.
Broglio SP, Cantu RC, Gioia GA, et al. National Athletic Trainers’
Association position statement: management of sport concussion. J
Athl Train 2014;49:245-65.

Parker TM, Osternig LR, Van Donkelaar P, Chou LS. Gait stability
following concussion. Med Sci Sports Exerc 2006;38:1032-40.
Lapointe AP, Nolasco LA, Sosnowski A, et al. Kinematic differences
during a jump cut maneuver between individuals with and without a
concussion history. IntJ Psychophysiol 2017 Aug 14 [Epub ahead of print].
Blackburn JT, Padua DA. Sagittal-plane trunk position, landing forces,
and quadriceps electromyographic activity. J Athl Train 2009;44:174-9.
Frank B, Bell DR, Norcross MF, Blackburn JT, Goerger BM,
Padua DA. Trunk and hip biomechanics influence anterior cruciate
loading mechanisms in physically active participants. Am J Sports
Med 2013:;41:2676-83.

McCrea M, Prichep L, Powell MR, Chabot R, Barr WB. Acute effects
and recovery after sport-related concussion: a neurocognitive and
quantitative brain electrical activity study. J Head Trauma Rehabil
2010;25:283-92.

Broglio SP, Macciocchi SN, Ferrara MS. Neurocognitive performance
of concussed athletes when symptom free. J Athl Train 2007;42:504-8.
Eckner JT, Whitacre RD, Kirsch NL, Richardson JK. Evaluating a
clinical measure of reaction time: an observational study. Percept Mot
Skills 2009;108:717-20.

Eckner JT, Kutcher JS, Richardson JK. Pilot evaluation of a novel
clinical test of reaction time in national collegiate athletic association
division I football players. J Athl Train 2010;45:327-32.

Eckner JT, Kutcher J, Richardson JK. The effect of concussion on
clinically measured reaction time in NCAA division I collegiate ath-
letes: a pilot study. Neurology 2010;74:A202-A.

Howell DR, Osternig LR, Koester MC, Chou LS. The effect of
cognitive task complexity on gait stability in adolescents following
concussion. Exp Brain Res 2014;232:1773-82.

Henry FM, Rogers DE. Increased response latency for complicated
movements and a “memory drum” theory of neuromotor reaction.
Research Quarterly American Association for Health, Physical Edu-
cation and Recreation 1960;31:448-458.

Teel EF, Register-Mihalik JK, Troy Blackburn J, Guskiewicz KM.
Balance and cognitive performance during a dual-task: preliminary
implications for use in concussion assessment. J Sci Med Sport 2013;
16:190-4.

McNevin NH, Wulf G. Attentional focus on supra-postural tasks af-
fects postural control. Hum Mov Sci 2002;21:187-202.

Hunter MC, Hoffman MA. Postural control: visual and cognitive
manipulations. Gait Posture 2001;13:41-8.


mailto:rlynallugaedu
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref1
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref1
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref1
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref2
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref2
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref2
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref3
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref3
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref4
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref4
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref4
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref5
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref5
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref5
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref6
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref6
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref6
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref7
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref7
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref7
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref8
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref8
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref8
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref9
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref9
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref9
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref9
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref10
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref10
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref10
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref10
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref11
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref11
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref11
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref12
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref12
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref12
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref13
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref13
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref13
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref13
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref13
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref14
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref14
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref14
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref15
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref15
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref16
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref16
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref16
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref17
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref17
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref17
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref18
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref18
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref18
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref19
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref19
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref19
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref20
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref20
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref20
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref21
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref21
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref21
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref22
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref22
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref22
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref23
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref23
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref24
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref24
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref24
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref25
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref25
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref26
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref26
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref26
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref26
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref27
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref27
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref27
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref27
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref28
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref28
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref29
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref29
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref29
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref30
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref30
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref30
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref31
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref31
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref31
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref32
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref32
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref32
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref34
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref34
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref34
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref34
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref35
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref35
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref36
http://refhub.elsevier.com/S0003-9993(18)30006-6/sref36

	Reaction Time and Joint Kinematics During Functional Movement in Recently Concussed Individuals
	Methods
	Design and setting
	Instrumentation
	Data collection procedures
	Jump landing
	Anticipated cut
	Unanticipated cut

	Data reduction and analysis

	Results
	Reaction time
	Reaction time cost
	Kinematic outcomes

	Discussion
	Study limitations

	Conclusions
	Suppliers
	References


