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Abstract

Following sports-related concussion (SRC) athletes are 1.9-3.5x more likely to
sustain a musculoskeletal (MSK) injury for up to one year following concussion. Surface
electromyography(sEMG) can be used to measure abnormal muscle recruitment that may
be the cause of the increased injury risk. Purpose: To examine abnormalities in lower
extremity muscle recruitment between healthy, concussed, and symptom free individuals.
Methods: 11 healthy NCAA Division | athletes and one University student (8 males, 3
females; Age: 19.5+1.31 years old) were recruited and compared to 9 NCAA Division |
athletes (5 males, 4 females; Age: 20.22+1.79 years old. Average days following
concussion: 1.11+0.33) of which 5 came back for a follow up symptom free appointment
(3 males, 2 females; Age: 19.6+0.89 years old; Average days following concussion:
30.8+29.7). Participants had SEMG sensors (2000 Hz, 1-cm center-to-center distance,
1000 gain, Delsys, Natick, MA) applied to their tibialis anterior (TA), peroneal (PER),
and medial gastrocnemius (M. GAST). To start, participants performed three self-paced
walking trials (10m), along with three pseudorandomized trials of single task (ST), and
three dual task (DT) trials. ST trials involved participants walking heel-to-toe for 3
meters, turning around, and walking back. DT trials have the same walking task with an
addition cognitive task. All data was filtered, rectified, and normalized to the self-paced
gait trials for analyzation. A series of one-way ANOVAs, Kruksal-Wallis, and
RMANOVAS, were used to evaluate for statistical significance between concussion,
healthy, and symptom free individuals. Results: There was significant differences in the

TA turn phase in both ST and DT conditions in the healthy vs symptom free subjects



(CONVSF ST Turn: p=0.03; CONVSF DT Turn: p=0.04). The trend in the data shows a
decrease in TA recruitment followed by an increase in PER recruitment in the healthy vs
concussion subjects. The concussion vs symptom free subjects shows a consistent pattern
of increased TA and M. GAST recruitment, as well as a decrease in PER recruitment.
Conclusion: The trends present in the data point to a decrease in gait velocity as well as
an increase in medio-lateral instability following concussion with an observed recovery
upon symptom free evaluation. While the symptom free athletes had improved medio-
lateral stability, they are still less stable than their healthy counterparts, meaning they are
beginning return to play with instability present. This indicates that rehabilitation
professionals should consider implementing lower extremity stability exercises in stage |

of return to play.
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Tables

Table 1. Demographic information of 11 healthy NCAA Division | athletes, as well as
one healthy University of Nevada Reno Student, 9 NCAA Division | athletes with
concussion, 5 of which came in for a follow up symptom free assessment.

Variable Healthy Concussion Symptom Free
Age 19.5+1.31 20.22+1.79 19.6+0.89
Height (cm) 178.86+8.8 178.65+14.5 182.37+15.7
Weight (kg) 88.36+23.1 85.81+23.2 86.02+22.1
Days Post Con. N/A 1.11+0.33 30.8+29.7
Num. Cons. 0.17+0.39 2.33+1.66 2.33+1.66
VVOMS Change 0+0.29 18+16.9 1+£1.79

Notes: Days Post Con= Number of days between concussion and assessment; Num.
Cons.= Number of concussions



Vi

Table 2. Healthy and concussion % Gait during tandem gait

Task Muscle H % GAIT CON % GAIT HvCON d
ST TA 157.5+32.2 123.49+35.1 1.01
PER 146.68+31.8 152.71+30 0.19

M. GAST 127.07+23.4 122.27+31.1 0.17

DT TA 130.68+26.5 98.82+19.1 1.39
PER 124.24+24.2 123.88+18.5 0.017

M. GAST 94.15+13.1 96.54+20.9 0.14

Notes: ST= single-task; DT= dual-task; TA= tibialis anterior; PER= peroneals; M.
GAST= medial gastrocnemius; H% GAIT= healthy SEMG during tandem gait,
normalized to normal gait; CON%= concussion SEMG during tandem gait,
normalized to normal gait; p<0.05



Table 3. Overall healthy and concussion F-stat and p-value during tandem gait.

Task Muscle HvCON F-Stat HvCON p-value

ST TA 1.42 0.25
PER 0.39 1.00
M. GAST 0.02 0.89

DT TA 1.72 0.21
PER 0.08 0.67
M. GAST 0.23 0.64

Notes: F(1,19); ST=single-task; DT= dual-task; TA= tibialis anterior; PER= peroneals;
M. GAST= medial gastrocnemius; p<0.05



Table 4. Healthy and concussion % Gait during the three phases of tandem gait.

Phase Muscle Task  H% GAIT CON % GAIT HvCONd
Pass 1 TA ST  155.84+44.1 129.8+41.4 0.61
DT  133.46+25.5 101.88+23.9 1.28

PER ST  153.26+44.3 155.89+38.9 0.07

DT  133.92+35.8 120.6+18.3 0.47

M. GAST ST  117.52+27.9 121.62+31.1 0.14

DT  89.86+19.77 97.81+16.84 0.43

Turn TA ST 179.95+60.5 118.37+36.4 1.23
DT  157.64+42.1 105.3+40.8 1.26

PER ST  178.12+62.7 187.97+47.2 0.18

DT  131.53+41.6 161.85+57 0.61

M. GAST ST 146+64.8 126.49+36.5 0.37

DT  120.37+44.4 105.42+40.4 0.35

Pass 2 TA ST  149.45%30.8 129.4+51.9 0.47
DT  129.79+32.4 91.67+20.04 1.42

PER ST  133.52+32.8 160.3+64.2 0.53

DT  108.83+24.7 124.3+£22.9 0.65

M. GAST ST  129.17+37.3 128.96+33.3 0.01

DT 91.66+17.4 102.48+22.1 0.54

Notes: ST= single-task; DT= dual-task; TA= tibialis anterior; PER= peroneals; M. GAST=
medial gastrocnemius; H% GAIT= healthy SEMG during tandem gait, normalized to normal
gait; CON %GAIT= concussion SEMG during tandem gait, normalized to normal gait; Pass
1= Initial 3-meter walk; Pass 2= 3 meter walk back; Turn= Time between Pass 1 and Pass 2;
p<0.05



Table 5. Phases of tandem gait of healthy and concussion F-stat and p-value.

Phase Muscle Task HvCON F-Stat HvCON p-value
Passl TA ST 1.28 0.27
DT 1.92 0.29

PER ST 0.01 0.91

DT 0.57 0.46

M. GAST ST 0.02 0.82

DT 0.23 0.55

Turn  TA ST 3.17 0.09
DT 3.93 0.06

PER ST 0.08 0.67

DT 0.53 0.48

M. GAST ST 0.45 0.51

DT 0.81 0.38

Pass2 TA ST 0.83 0.37
DT 3.58 0.07

PER ST 0.63 1.00

DT 0.68 0.42

M. GAST ST 0.00 0.99

DT 0.79 0.39

Notes: F(1,19); ST= single-task; DT= dual-task; TA= tibialis anterior; PER=
peroneals; M. GAST= medial gastrocnemius; p<0.05



Table 6. Overall concussion and symptom free % Gait during tandem gait

Task  Muscle CON % GAIT SF % GAIT HvSFd

ST TA 122.78429.55 145.33+25.07 0.72
PER 167.32+122.05  139.8+48.37 0.66

M.
GAST 112.92+39.92  130.7+37.42 0.01
DT TA 08.52+12.84 110.4+27.24 0.57
PER 126.68+75.65 118.04+60.87 0.56
M.
GAST 91.62+29.87 109.44+29.04 0.27

Notes: ST= single-task; DT= dual-task; TA= tibialis anterior; PER= peroneals; M. GAST=
medial gastrocnemius; CON% GAIT= concussion SEMG during tandem gait, normalized to
normal gait; SF %GAIT= symptom free SEMG during tandem gait, normalized to normal gait;
p<0.05



Table 7. Overall concussion and symptom free F-stat and p-value during tandem gait.

Task  Muscle CONvVSF F-Stat CONvVSF p-value

ST TA 3.75 0.13
PER 1.23 0.53
M. GAST 0.47 0.41
DT TA 0.42 0.33
PER 0.85 0.55
M. GAST 1.13 0.35

Notes: F(1,4); ST= single-task; DT= dual-task; TA= tibialis anterior; PER= peroneals; M. GAST=
medial gastrocnemius; p<0.05



Table 8. Concussion and symptom free % Gait during the three phases of tandem gait.

Phase Muscle

Task CON % GAIT

SF % GAIT CONvVSFd

Pass 1 TA ST 124+35.16  139.76+18.72 0.3
DT 98.32+17.52  104.31+19.6 0.12

PER ST 145.44+64.04 121.55+40.21 1.47

DT 107+42.54 105+49.52 0.82

M. GAST ST 105.61+40.36  128.29+46.61 0.23

DT 87.28+28.34 103.11+31.16 0.28

Turn TA ST 107.95+38.32  170.9+20.43 1.23
DT 89.94+18.07 131.95+35.79 0.75

PER ST 190.31+137.3  211.32+66.3 0.29

DT 185.16+185.69 149.12+58.35 0.27

M. GAST ST 113.38460.31  158.7+42.09 0.54

DT 103.22+44.88 138.78+48.17 0.75

Pass 2 TA ST 124.61+22.63 142.28+39.43 0.33
DT 89.14+21.83 106.91+42.21 0.75

PER ST 169.16+£148.2  137.59+60.5 0.45

DT 119.53+67.73 118.13+82.54 0.22

M. GAST ST 118.56+34 125+48.7 0.15

DT 91.22+27.53 106.06+31.52 0.14

xii

Notes: ST= single-task; DT= dual-task; TA= tibialis anterior; PER= peroneals; M. GAST= medial
gastrocnemius; CON% GAIT= concussion SEMG during tandem gait, normalized to normal gait;
SF% GAIT= symptom free SEMG during tandem gait, normalized to normal gait; Pass 1= Initial 3-
meter walk; Pass 2= 3 meter walk back; Turn= Time between Pass 1 and Pass 2; p<0.05; *=
significant at p<0.05



Table 9. Phase F-stat and p-value for concussion and symptom free individuals.

Phase Muscle

Task CONvVSF F-Stat CONvVSF p-value

Pass 1 TA

PER

M. GAST

Turn TA

PER

M. GAST

Pass 2 TA

PER

M. GAST

ST 0.95 0.384
DT 0.45 0.583
ST 1 0.373
DT 0.03 0.865
ST 0.59 0.484
DT 0.99 0.375
ST 12.22 *0.025
DT 8.61 *0.043
ST 0.15 0.716
DT 0.28 0.624
ST 1.63 0.27
DT 1.41 0.301
ST 2.18 0.214
DT 1.65 0.268
ST 0.5 0.518
DT 0.009 0.929
ST 0.13 0.739
DT 0.65 0.467

Notes: F(1,4); ST=single-task; DT= dual-task; TA= tibialis anterior; PER= peroneals;

M. GAST= medial gastrocnemius; p<0.05, *= significant at p<0.05

xiii



Table 10. Correlations between % GAIT, Time to complete tandem gait, and VOMS change score

Muscle  Condition Task Time VOMS
TA Healthy ST -0.5(0.1) 0.31(0.33)
DT -0.5(0.09) 0.15(0.65)

Concussion ST -0.29(0.45) -0.57(0.11)

DT -0.34(0.37) -0.63(0.07)

SF ST -0.33(0.58)  -0.006(0.99)

DT 0.73(0.16) 0.32(0.5)

PER Healthy ST -0.15(0.65) 0.22(0.5)
DT 0.13(0.68) 0.28(0.38)

Concussion ST -0.09(0.82) -0.42(0.27)

DT -0.32(0.41) -0.41(0.28)

SF ST -0.84(0.07) 0.04(0.96)

DT -0.17(0.78) -0.14(0.82)

M. GAST Healthy ST -0.4(0.2) -0.22(0.5)
DT -0.26(0.41) -0.27(0.4)

Concussion ST -0.6(0.09) -0.46(0.21)

DT -0.7(0.04) -0.49(0.19)

SF ST -0.97(0.01)* -0.07(0.92)

DT -0.39(0.52) -0.12(0.85)

Notes: TA= tibialis anterior; PER= peroneals; MGAST= medial gastrocnemius; ST= single-task;
DT= dual task; SF= symptom free; VOMS= vestibular ocular motor screening change score, *=
significant at p<0.05
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Figure 1. Tibialis anterior surface electromyography comparison for healthy and
concussion. Following concussion, athletes exhibit lower recruitment of the tibialis
anterior during tandem gait.
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Figure 2. Tibialis anterior surface electromyography (SEMG) for consussion and
symptom free indidivuals. Following concussion athletes recover anterior tibialis
recrtuiment and exhibit significant diffrences in the turning phase of tandem gait
(CONVSF ST Turn: p=0.03, CONVSF DT Turn: p=0.04)

0.00016
0.00014
0.00012

)

S 0.0001
© 0.00008
L 0.00006 L .
0.00004
0.00002 d

0

0 2 4 6 8 10
Time (S)

Notes: (s)= seconds; SEMG= surface electromyography; (V)= volts



Introduction
Concussion
Concussion Epidemiology

Concussion, a type of traumatic brain injury (TBI), is defined as a trauma induced
pathophysiological process resulting from a rapid acceleration or deceleration of the
brain.! The Center for Disease Control (CDC) estimates that 300,000 sports-related
concussions occur annually in the United States (US) alone.? These incidences are a
significant public health concern, especially in high school and collegiate athletics.® In
the US, 1.6 to 3.8 million sports-related traumatic brain injuries occur annually while
another 50-80% of incidences go unreported due to lack of injury recognition or non-
discosure.*® Moreover, an estimated 283,000 children aged 18 years or younger are
treated in US emergency departments for sports-related TBI each year.” While there are
many different classifications and mechanisms related to TBI, this research will focus
specifically on sports-related concussion (SRC), which account for 10-15% of all sports
related injuries.® This population is important because they are at the highest risk of
sustaining multiple concussions and are at the highest risk of sustaining a subsequent

musculoskeletal injury after returning to play.%*°

Concussion Pathophysiology

Concussion results in a neurometabolic cascade of simultaneous complex
disruptions to the brain resulting in neuronal architectural damage, increased
inflammation, increased neuroinflammation, elevated release of excitatory

neurotransmitters, and altered cerebral blood flow.! These issues occur due to potassium



flowing out of the damaged neuron while sodium and calcium flow in resulting in
constantly triggered voltage- or ligand-gated ion channels which results in “widespread
neuronal depression”.!! Furthermore, because of the ionic shifts caused by the cells
attempting to restore homeostasis an “energy crisis” occurs due to the need for energy to
restore the disruptions and the impacted ability to deliver energy to the brain.*2
Mitochondrial dysfunction may also occur due to the increased levels of calcium in the
cell which lowers the ability of the cells to deliver ATP.* The mismatch in energy
demands can last up to 10 days in adult animal models and relates to behavior
impairments.*>** Clinically this process results in a series of non-specific signs and
symptoms as well as changes in mental function.'* Due to this complex
pathophysiological process and the various symptoms it may cause, concussion diagnosis

and management can be challenging.

Concussion Assessment

Background on Concussion Assessment

While the various signs and symptoms of concussions are well understood,
concussion assessment and management remain difficult due to varying clinical
presentation and subjective nature of the assessments. Some tests such as advanced
neuroimaging, cerebral blood flow assessments, and fluid biomarker analysis can be used
as an objective measure of detecting persisting impairments after recovery.® However,
these tests are expensive and their usage in clinical practices is low. The current Sports
Concussion Assessment Tool-5" Edition (SCAT-5) is an easy to administer sideline

protocol that can be used by physicians and health care professionals to evaluate



concussion following injury.'® The SCAT-5 protocol includes an acute symptom
evaluation, as well as a visual, motor, and cognitive evaluation.® While these
standardized tests provide clinicians with symptomology and some objective
measurements, they are still limited by the subjective nature of the assessments. In the
athletic population, finding objective measures of injury are especially important for

individuals who may not report symptoms in order to return to play.°

Visual, Vestibular, and Cognitive Assessments

Part of the multi-faceted approach used to evaluate concussion is a visual and
cognitive evaluation. The Vestibular Ocular Motor Screening (VOMS) is a brief tool that
can screen for vestibular and ocular motor impairments that occur in 60-81% of athletes
following concussion.!” The VOMS consists of seven different tests utilizing various eye
movements such as smooth pursuits, saccades, and a near point convergence (NPC) test.
Literature suggests that VOMS possesses high internal consistency and validity at
detecting concussion and can be used as an additional tool to guide concussion
management and rehabilitation.*® The Immediate Post-Concussion Assessment and
Cognitive Testing (ImPact) is a common cognitive assessment used following
concussion.® The testing battery includes visual and verbal memory, reaction time, and
processing speed to detect concussion in patients ages 12-80 years old.2° While both of
these assessments help clinicians make informed decisions about concussion diagnosis
and management, they do not detect motor/postural control abnormalities following
concussion. These metrics are extremely important for detecting lingering abnormalities

and impacted functional movement.



Tandem Gait

Tandem gait is a commonly used assessment to identify postural control and
balance deficits following concussion.?*?? Tandem gait uses a series of single- and dual
task trials to examine dynamic balance control.?! Single task trials use a heel-to-toe
walking pattern to challenge the sensorimotor system. Dual-task trials use a combination
of the heel-to-toe walking pattern as well as a cognitive task to examine dynamic balance
at speed. The ability of the participant to maintain an upright posture while competing a
challenging gait and cognitive task at speed can be used to detect gait abnormalities that
may be present following concussion. Tandem gait can also be used to detect changes in

postural control following concussion.?®

Postural Control

Relationship between Concussion and Postural Control

Postural control deficits are a noted sign of concussion, and while clinical

symptomology is typically resolved in 7-14 days after injury, dynamic postural deficits
have been noted up to a year following concussion.?*2° These deficits are thought to
occur due to impaired interactions between the somatosensory, visual, and vestibular
systems.3%-32 While it is currently not completely understood exactly how concussion
effects postural control, current literature suggests that within the first year of recovery
from concussion, athletes are 1.9 to 3.5 times more likely to sustain a subsequent lower
extremity musculoskeletal injury.3 This increased injury risk is believed to be occurring

due to lingering postural control deficits following concussion.*



Using Tandem Gait to Evaluate Postural Control Following Concussion

Following concussion, tandem gait can be used to evaluate gait and balance
deficits caused by impairments in postural control.®® Previous literature has observed a
longer completion time, slower anterior and posterior velocity, greater mediolateral
postural instability, and increased sway following concussion.?® These characteristics
when applied to an athlete could be to blame for the increased lower extremity injury risk
following concussion. Therefore, using tandem gait as a tool to define the differences in
lower extremity muscle recruitment could help guide rehabilitation from concussion as

well as lead to development of objective clinical diagnostic assessments.

Surface Electromyography
Background on Surface Electromyography

Electromyogram (EMG) is the measurement of an electrical signal from the
muscle produced during muscle contraction and represents the anatomical and
physiological properties of muscles. Recently, EMG has become highly prevalent in
clinical settings to evaluate the effectiveness of neurophysiological or musculoskeletal
rehabilitation techniques.®® However, data collection and signal processing can be
difficult due to contamination that may also present itself within the signal such as
external noise sources from surrounding muscles (also known as “cross talk’), movement
artifacts, and the inherent noise of the electrode.®® While this contamination may impair
the presentation of the original signal, with the correct filter and rectification, surface

electromyography (SEMG) can be used to observe muscle activation abnormalities.



Using Surface Electromyography to Evaluate Postural Control

Previous literature has examined the relationship between postural control and
muscle activation using expensive virtual environments and transcranial magnetic
stimulation.®"~2° Sensorimotor perturbations are effective at detecting lingering postural
control deficits following concussion.®® In studies that used virtual environments that
delivered sensory perturbations, moving platforms that delivered motor perturbations,
and sEMG sensors, they found that sensorimotor perturbation was effective at detecting
lingering balance problems following mTBI.3% In literature that used transcranial
magnetic stimulation to observe whether asymptomatic athletes with a previous SRC
would display motor cortex dysfunction, found that SRC results in subclinical motor
system dysfunction due to intracortical inhibitory system abnormalities.®” Therefore,
using SEMG along with the motor and cognitive perturbations in the tandem gait protocol
should be effective at detecting muscle recruitment abnormalities that may be present

following concussion.

Research Purpose

The purpose of this study is to examine the relationship between lower extremity
muscle recruitment in individuals with acute concussion compared to healthy control

participants using instrumented tandem gait and surface electromyography.

Hypothesis

Based upon previous literature that observed greater muscle recruitment following

concussion and during sensorimotor and cognitive perturbations during gait,3° it is



hypothesized that individuals will exhibit greater lower extremity muscle recruitment

following concussion with the highest muscle activation occurring during dual-task trials.

Methods
Participants

Initially data was collected and analyzed for 11 healthy NCAA Division I athletes, 4
healthy University of Nevada Reno Students, 11 Division | athletes with concussion, of
which 6 returned for a follow up symptom free. However, some participants were
removed due to incomplete data sets due to equipment failure. Final analysis consisted of
11 healthy NCAA Division | athletes and one University of Nevada Reno student (8
males, 3 females; Age: 19.5+1.31 years old; Height: 178.86+8.8 cm; Weight: 88.36+23.1
kg) 9 NCAA Division I athletes with concussion (5 males, 4 females; Age: 20.22+1.79
years old ; Height: 178.65+14.5 cm; Weight: 85.81+23.2 kgs; Average days following
concussion: 1.11+0.33) of which 5 came back for a follow up symptom free appointment
(3 males, 2 females; Age: 19.6+0.89 years old; Height: 182.37+15.7 cm; Weight: 86.02
kgs+22.1; Average days following concussion: 30.8+29.7). Participants were excluded
from the study if they self-reported any vestibular, visual, metabolic, previously existing
neurological disorders, or underlying lower extremity conditions/injury that may affect
the athlete’s ability to stand or walk.?® All participants signed informed consent approved

by the University of Nevada Reno Institutional Review Board prior to participating.

Testing Protocol

Prior to testing participant’s height, sex, weight, number of days post injury, and

VOMS Change score was recorded. Avanti SEMG electrodes (2000 Hz, Delsys, Natick,



MA) with a center-to-center distance of 1 centimeter and a gain of 1000Hz were applied
to the muscle belly of the Tibialis Anterior, Medial Gastrocnemius, and Peroneus Longus

muscles following skin preparation.*

Figure 2. Delsys SEMG Electrodes (2000 Hz, Delsys, Natick, MA) on the Tibialis Anterior,
Peroneal, and Medial Gastrocnemius

Skin preparation consisted of 20 seconds of vigorous rubbing with an alcohol swab
on the sensor site for all three sensors. After sensor placement, participants performed
three trials of pseudorandomized walking protocols on a Tekscan Strideway (30 Hz,

Tekscan Inc., South Boston, MA).3®



Figure 3. Teckscan Strideway (30 Hz, Tekscan Inc., South Boston, MA) that will be
used to record all trials.

The 9 total trials are three trials of protocol one (GAIT), three trials of protocol two
(ST), and three trials of protocol three (DT). GAIT consisted of the participant walking
normally at a self-selected pace for 5-meters to allow the participant to reach terminal
velocity before reaching the stride way, turning, and walking 3-meters off the stride way.
ST consisted of the participant walking heel-to-toe in a straight line for three meters
down and back as fast as they can. DT consisted of the participant walking heel-to-toe

down the same three-meter line while also performing a cognitive task such as serial
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sevens (SS). SS requires the athlete to continuously subtract by seven from a provided
number. No instructions will be given by the administrator to prioritize the gait or
cognitive task. During the trial, the test administer tapped their finger on a separate
SEMG electrode (2000 Hz, Delsys, Natick, MA) which will be recording accelerometer
data simultaneously with the trials. This will allow the trials to be accurately broken up

into three phases: Pass one (P1), Turn, and Pass two (P2).2®

et e — e — - ———————————gg—————

Figure 4. Accelerometer data (A) will be used to break up the surface
electromyography signal (B) which will then be rectified (C).

Data Analysis
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EMG data analysis was done in EMGworks Analysis (Delsys, Natick, MA). The
signal was broken down into “mean activation”, P1, Turn, and P2 using the synchronized
accelerometer data and band pass filtered (20Hz to 250Hz) followed by root mean square
using a moving window length of 0.125s and overlap of 0.06s.% P1 is classified as the
initial 3-meter heel-to-toe walk down the stride way, while P2 is classified as the 3-meter

heel-to-toe walk back. Turn was classified as the transition period between P1 and P2.

The mean of the rectified EMG signal was normalized to each participants mean

activation observed during gait using the following equation:
Equation 1.
(ST/DT Mean Activation/GAIT Mean Activation) *100

This equation will provide a normalized way to measure how much muscle activity is

used during tandem gait compared to gait in each participant.

Statistical Analysis

All dependent variables were examined for skewness revealing skewness in some
healthy vs concussion variables (IBM, SPSS). Therefore, a series of kruksal-wallis
tests were used to analyze non-parametric variables and a series of one-way
ANOVAs were uses for parametric variables in the healthy vs concussion data sets. A
repeated measures ANOVA was used to assess statistical differences in concussion vs
symptom free variables (IBM SPSS). Statistical significance for all variables were set
at p<0.05. Spearman’s correlation coefficient was used to examine correlation

between % muscle recruitment and VOMS change score. While Pearson’s r
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correlation was used to explore correlations between muscle recruitment and TG time
to complete. The strength of the correlations was set as 0.2—0.39=weak, 0.4—
0.59=moderate, 0.6-0.79=moderately high, >0.8=high>. Statistical significance was

set at a p<0.05.

Results

There is significantly greater muscle recruitment in the TA during the turn phase
in both ST and DT conditions in the healthy vs symptom free sample (CONvVSF ST Turn:
F1,4=12.22; p=0.03; CONVSF DT Turn: F1,4=8.61; p=0.04). While the rest of the data
did not yield significant results, following analysis consistent trends were revealed. In
general, there is a decrease in muscle recruitment of the TA and M. GAST muscles along

with an increase in PER recruitment following concussion (Table 2.).
Healthy vs. Concussion

Following SRC, there is a decrease in TA and M.GAST recruitment with an
increase in PER recruitment during ST trials. (Table 2&Figure 1.). DT trials have the
same recruitment patterns on a lower magnitude compared to ST trials. Based on Cohen’s
d and p-values, there is a large difference in TA recruitment between healthy individuals

and individuals with SRC during ST and DT trials of TG (Table 2&3.).

Upon evaluation of the phases of TG, there is a large increase in PER
recruitment during the TURN and P2 phase (Table 4.) while the TA and M.GAST are
consistently depressed following SRC. Furthermore, DT trials once again exhibit lower

recruitment with the same pattern compared to ST trials. One notable difference is that
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during P1, ST PER recruitment has no notable difference to healthy controls however,
following the TURN, muscle recruitment is increased and stays increased throughout P2.
Whereas, during DT trials, P1 PER is consistently higher throughout the trial (Table 4.).
Based on Cohen’s d and p-values, there is a moderate to large difference between TA and

PER recruitment during the phases of TG (Table 4&5.).

Concussion vs. Symptom Free

Upon symptom elevation, there is a notable overall increase in TA and M.GAST
recruitment and a decrease in PER recruitment during ST and DT TG trials. (Table
6&Figure 2.) Based on Cohen’s d and p-values, there is a moderate to large difference in
TA and PER recruitment overall during TG. (Table 6&7.). The individual phases of TG
follow the same pattern with one notable difference being in the ST PER TURN which
exhibits higher muscle recruitment consistent with observations made following
concussion (Table 8.) Furthermore, based on Cohen’s d and p-values during the phases,
there are moderate to large differences in PER recruitment during P1, TA and M.GAST

recruitment during TURN, and TA and PER recruitment during P2.

Time to Complete and VOMS Change Score

There is a significant correlation between muscle recruitment and single task time
to complete in symptom free individuals (p=0.01). There is also an overall negative
correlation between muscle recruitment and tandem gait time to completion in all trial
except for DT condition of healthy individuals peroneals and the DT condition of in the
tibialis anterior of symptom free individuals (Table 10). Furthermore, there is a positive

correlation between vestibular ocular motor screening change score and muscle
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recruitment in all conditions except for in the TA in the concussion group, and the

healthy and concussion group of the M. GAST (Table 10.).

Discussion

The purpose of this study is to examine muscle recruitment abnormalities between
healthy, concussed, and symptom free individuals using tandem gait and SEMG. We
hypothesized that following concussion we would see an increase in muscle recruitment
due to increased postural instability. This hypothesis is partially correct, we did observe
increases in the muscles that provide mediolateral stability (PER). However, we observed
decreases in the primary movers (TA and M.GAST ) that is consistent with literature

reporting decreased TG velocity following concussion.?

While it was hypothesized that the DT trials would exhibit the highest muscle
recruitment following concussion, the results of this study demonstrate the opposite
trend. During DT trials, there is consistently less muscle recruitment in all three muscles
in Healthy, CON, and SF groups. This suggests that the addition of a cognitive task will
cause the participant to go into a more conservative tandem stance and decrease gait
velocity. This aligns with current literature done by Howell et. al. 2015 which observed
an increase in COM displacement as well as a decrease in gait velocity in DT trials

following concussion.?’
Healthy vs. Concussion

Following SRC there is an overall decrease in TG velocity classified at the

muscular level as a decrease in TA and M.GAST recruitment. Furthermore, there is an
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increase in mediolateral instability defined as an increase in PER recruitment (Table 2.).
Analysis of the phases of TG revealed that the TURN phase is the mechanism behind the
mediolateral instability occurring during the trial, particularly during ST trials (Table 4.).
This aligns with current literature which supports the notion that complex tasks requiring
greater cortical input such as turning and subsequent gait initiation will exhibit greater
impairment following concussion.® The turning task of tandem gait also stresses
vestibular, visual, and somatosensory systems, all of which effect postural control and are

expected to be impaired following SRC.
Concussion vs. Symptom Free

In the concussion vs symptom free sample, there is a clear recovery of medio-
lateral instability with all three phases of tandem gait demonstrating an increase in
primary mover recruitment, as well as a decrease in stabilizer recruitment (Table 6&8).
However, the discrepancy between the symptom free and healthy data represents the
lingering postural control deficits expected following concussion. At symptom free,
athletes still have about a 10% and 25% difference in their TA, 8%-7% difference in
PER, and 5%-15% difference in M.GAST when compared to their healthy counterparts.
Furthermore, in ST TURN PER, there is observable mediolateral instability still present
(Table 8.). However, recovery of stability in the SF group is improved compared to their

concussed evaluation as evident by the stability present in ST P2 PER (Table 8.)
Time to Complete and VOMS Change Score

There is an overall moderate to strong negative correlation between time to

complete between time to complete tandem gait and % Gait. Demonstrating that muscle
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recruitment tends to trend in the opposite direction of time. For example, as time to
complete tandem gait increases, muscle recruitment decreases and vice versa (Table 6).
This confirms that the self-paced nature of tandem gait relates to the abnormal muscle
recruitment patterns observed following concussion. This is expected as less velocity
will mean less overall motor unit recruitment. There is also a weak to moderate
correlation between VOMS change score and muscle recruitment, which aligns with

current center of pressure literature.?®
Implications

While athletes recover mediolateral stability and return to higher sagittal plane
velocity, they are on average still less stable than their healthy counterparts. This is
extremely important, while athletes are no longer experiencing the clinical
symptomology of concussion, they are beginning return to play with medio-lateral
instability still present. This instability could be correlated with the 1.6-3.5x increase in
lower extremity MSK injury risk that athletes experience for up to a year following
concussion. Implementing neuromuscular rehabilitation concurrent or prior to phase one
of the return to play process could increase proprioceptive awareness, and decrease this

injury risk before athletes return to the field.
Future Considerations
In the future, researchers should continue to analyze the trends consistent with

this research and center of pressure research done by Murray et al.?® Finding the link

between increases in excursion, sway, and SEMG following concussion would further
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explain the trends present in this data.?® Furthermore, muscle timing patterns should be
analyzed next to observe how delayed cortical silent periods may be affecting the

coordination of muscle recruitment.3’
Limitations

This study is not without limitations. The small sample size and low power of the
study may be affecting the trends present in the data. Furthermore, sensor placement and
movement during trials could cause signal artifacts that could lead to overestimation of
muscle recruitment. However, the filter design was consistent with other SEMG research
which also used a dynamic task and similar muscle groups which should eliminate these
artifacts from all trials.®® The walking mechanics and turning patterns of the participants
were not tightly controlled. In our healthy sample 66.6% of participants performed an on-
point (both feet on ground) while 33.3% of individuals performed an off-point (one-foot
leaves ground) turn. Whereas in our concussion and symptom free data sets 100% of
participants performed an on-point turn. This difference in turn types could account for

the PER recruitment observed during the TURN.
Conclusion

Using tandem gait with SEMG was effective at observing muscle recruitment
abnormalities that occur post SRC. Increased mediolateral instability and decreased gait
velocity classified as an increase in peroneal recruitment and decreased anterior tibialis
and medial gastrocnemius recruitment was observed following concussion. Upon
symptom free evaluation, recovery of medio-lateral stability denoted by decreased

personal recruitment, and increased anterior tibialis and medial gastrocnemius
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recruitment was observed. However, athletes at symptom free are still exhibiting slightly
higher levels of medio-lateral instability when compared to healthy controls representing

the need for stability specific rehabilitation protocols before or during the initial stage of

return to play.
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