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Abstract

Background—@Gait and balance disorders are common among individuals who have experienced
a mild to moderate traumatic brain injury (TBI). However, little is known about how the
neuromuscular control of gait is altered following a TBI.

Research Question—Investigate the relationship between lower limb muscle activation
patterns and chronic gait deficits in individuals who previously experienced a mild to moderate
TBI.

Methods—Lower extremity electromyographic (EMG) signals were collected bilaterally during
treadmill and overground walking in 44 ambulatory individuals with a TBI >1 year prior and 20
unimpaired controls. Activation patterns of TBI muscles were cross-correlated with normative data
from control subjects to assess temporal phasing of muscle recruitment. Clinical assessments of
gait and balance were performed using dynamic posturography, the dynamic gait index, six-minute
walk test, and preferred walking speed.

Results—TBI subjects exhibited abnormal activation patterns in the tibialis anterior, medial
gastrocnemius, and rectus femoris muscles during both overground and treadmill walking.
Activation patterns of the vastus lateralis and soleus muscles did not differ from normal. There
was considerable heterogeneity in performance on clinical balance and gait assessments.
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Abnormal muscle activation patterns were significantly correlated with variations in the dynamic

gait index

among the TBI subjects.

Significance—Individuals who have experienced a prior TBI do exhibit characteristic changes in
the temporal coordination of select lower extremity muscles, which may contribute to impairments
during challenging walking tasks.

Introduction

Methods

Participants

Individuals with prior mild to moderate traumatic brain injury (TBI) often report difficulties
with balance and walking. Unfortunately following the first few months of recovery, there is
often little improvement in walking ability [1]. It is generally believed that motor patterns
become relatively fixed after this period, such that residual gait deficits become chronic [2—
4]. Among TBI survivors, these chronic gait deficits have been linked to falls, a loss of
mobility, and decreased quality of life [1,5,6]. Thus, there is a need to understand the motor
patterns underlying chronic TBI gait. This understanding could help in identifying targets
for treatment and evaluating the efficacy of emerging neurorehabilitation protocols, e.g.
noninvasive neuromodulation [7], that are designed to induce fundamental shifts in the
sensorimotor control of gait.

Prior studies have used clinical and quantitative gait analysis protocols to describe chronic
TBI gait. Such studies consistently observe marked heterogeneity among the degree of
balance and gait impairment present [3,8-12]. This heterogeneity has been linked to both
self-reported balance problems and falls [13,14]. For example, individuals with a prior TBI
who exhibited diminished scores on the Dynamic Gait Index (DGI) [15], a clinical
assessment of an individual’s ability to walk under challenging conditions, were identified as
being at risk for falls [14]. Spatiotemporal aspects of gait also differ, with TBI being linked
to a tendency to walk more slowly, take shorter steps and exhibit greater mediolateral sway
[8,16,17]. Joint kinematics of the lower extremity has also been shown to accurately classify
a range of TBI-related gait disorders [3,8,18]. Thus, there seems to be a role for quantitative
gait analysis to provide insights into gait deficits associated with prior TBI. However, to our
knowledge, previous studies have not analyzed the underlying muscle coordination patterns
that give rise to observed gait dynamics following TBI.

The purpose of this study was to investigate lower limb muscle activation patterns during
walking in individuals who experienced a TBI more than one year prior. Muscle activation
patterns were compared to those of healthy controls [19] to identify muscles which most
often exhibit deviations from normal temporal phasing. We also assessed if abnormal muscle
activation patterns were associated with clinical assessments of gait and balance.

Forty-four people with a balance disorder as a result of a traumatic brain injury (age: 53.4
+ 8.5 years, range: 28-64 years; 28 females; time since injury: 6.3+7.6 years, range: 1-33
years) and twenty control subjects (25.3 + 3.3 years, 10 females) participated in the study.
This protocol was approved by the University of Wisconsin—-Madison Health Sciences
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Institutional Review Board, and all subjects provided written informed consent before
participating. We only recruited individuals with a mild to moderate non-penetrative TBI, as
confirmed by a “non-remarkable” neurological report from their medical records (i.e. no loss
of brain matter or evidence of refractory hematoma, etc.), with a loss of consciousness < 24
hours. Each individual was at least one year post-injury, had completed a focused physical
rehabilitation program for their TBI, and felt that he/she had reached a plateau in recovery.
Participants were community dwelling, and had normal gait and balance prior to their brain
injury. Further inclusion for the TBI group were: ambulatory and able to walk independently
for 20 minutes; a sensory organization test (SOT) [20] composite score at least 8 points
below the normal limit of normal (i.e. mean — 1.67*SD, adjusted for height and weight);
absence of any other neurological disorder besides those attributed to their TBI, and no
changes in health or medications in the 3 months prior to participation. Unimpaired control
subjects had no history of neurological or musculoskeletal disorder or injury, had no
contraindication to exercise, and were not at-risk for cardiovascular events. For complete
inclusion/exclusion criteria, see supplementary information.

Clinical Assessment

Sensory Organization Test (SOT)—Computerized dynamic posturography assessed
standing balance under six conditions challenging the visual, vestibular, and proprioceptive
systems (NeuroCom Intl., Clackamas, OR). Three consecutive 20-s trials were performed
while standing barefoot on a force platform under each condition: (1) eyes open; (2) eyes
closed; (3) eyes open, sway-referenced visual surround; (4) eyes open, sway-referenced
platform; (5) eyes closed, sway-referenced platform; (6) eyes open, sway-referenced
platform and visual surround. An overall composite score (0-100) was calculated from body
sway.

Dynamic Gait Index (DGI)—Gait ability was assessed using the Dynamic Gait Index
[15]. Subjects performed eight functional walking tasks that included normal overground
walking, changing gait speeds, walking with head turns, walking while turning, walking over
and around obstacles, and stair climbing. Each task was scored 0-3 by a trained physical
therapist, where 3 indicates normal. DGI scores <19 have been linked to falls for individuals
with TBI [14].

Six-Minute Walk Test (6MWT)—Walking capacity was assessed using the 6-minute walk
test [21,22]. Subjects were instructed to walk along a quiet, level hallway as fast as they
could safely for six minutes. The hallway formed a continuous circular path such that no
sharp turns were required. The test administrator followed each subject’s path with a
measuring wheel, and recorded the total distance walked.

Preferred Walking Speed (PWS) and Treadmill Speed (PTS)—Each subject’s
preferred overground walking speed was measured as subjects walked two times down a six-
meter walkway at a ‘normal, comfortable pace’. Speed was calculated from the average time
to cross the middle four meters of the walkway. Preferred walking speed has shown
excellent test-retest reliability among TBI participants [23]. TBI subjects were put on the
treadmill (Bronze Basic Treadmill, PaceMaster, Logan, UT) and the speed was initially set
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to match their PWS. Some subjects were unable to comfortably match their PWS on the
treadmill. For these subjects, we lowered their treadmill speed to the highest speed where
they felt they could walk comfortably. This speed was defined as the preferred treadmill
speed (PTS).

Electromyographic Collections during Overground and Treadmill Walking

Lower limb electromyographic (EMG) activities were recorded bilaterally while subjects
performed two 60-second walking trials: one on a treadmill at their PTS, and another while
walking at a comfortable pace down a level hallway with no sharp turns. Two subjects
exhibited difficulty walking on the treadmill even at very slow speeds and were allowed to
hold on to the handrails for support. Healthy subjects walked on the treadmill at their
preferred walking speed (1.2+0.2 m/s), and at a slower speed (1.0 m/s) that more closely
matched the average PTS of the TBI subjects.

Surface electrodes (Trigno™ Wireless EMG: 4 bar contacts, 99.9% Ag, 5 x 1 mm, 10 mm
inter-electrode distance, CMMR >80 dB, signal-to-noise ratio <0.75 pV) were placed over
the tibialis anterior (TA), medial gastrocnemius (MG), soleus (SL), vastus lateralis (VL),
rectus femoris (RF), and medial hamstrings (MH) muscles. After the skin was shaved and
cleansed with an isopropyl alcohol swab, electrodes were coated with conductive gel and
placed over the muscle bellies in line with fiber orientation. The standard EMG electrode
locations were determined by the same investigator for each subject. EMG activities were
recorded using a wireless system (Trigno™ Personal Monitor; Delsys Inc., Boston, MA).
Heel-strike events were detected using the accelerometers of two Trigno sensors positioned
at the ankle over the Achilles tendons [24,25]. All sensors were secured with elastic wrap.
EMG and accelerometer signals were digitally sampled at 1926 and 148 Hz, respectively.

The EMG and accelerometery signals were processed using a custom MATLAB script
(R2017a, MathWorks Inc., Natick, MA). Accelerometery data was low-pass filtered at 25 Hz
using a 3"4 order Butterworth filter, and heel strikes were identified from magnitude peaks in
the filtered data [26,27]. EMG data was band-pass filtered (1-350 Hz) using a 4t order
Butterworth filter, then full-wave rectified and low-pass filtered at 10 Hz to obtain the linear
envelopes of muscle activation. Muscle activity over each gait cycle were extracted and time
normalized to 101 points per stride. Muscle activation patterns were then ensemble averaged
over all consecutive strides in the 60-sec trials. Ensemble averaged muscle activation
patterns were amplitude normalized to their root-mean-squared to represent the underlying
fixed muscle activation present in each subject. We also assessed the EMG variability over
consecutive strides using the coefficient of variation (CV), defined as the root-mean-square
of the EMG standard deviation over the gait cycle, divided by the mean ensemble average
[28]. The control subject EMG activities were processed similarly and averaged across
subjects to create a comparative activation profile for each muscle.

Comparing Activation Patterns Between TBI and Control Subjects

The timing and shape of individual muscle activation patterns were compared to normal
using an EMG cross-correlation method [19]. Specifically, for each muscle, we computed
the Pearson correlation coefficient (/) between a subject’s muscle activation pattern and the
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ensemble average pattern of the control subjects. Correlation coefficients closer to 1 meant
the muscle activation timing was consistent with normal phasing over the gait cycle, while
correlation closer to -1 indicated out of phase activity (Fig. 1). For each muscle, correlation
coefficients were averaged across the two limbs of an individual.

Statistical Analysis

Results

Mann-Whitney U tests were run to assess the significance of differences between TBI and
control subjects in: (1) overground preferred walking speed; (2) muscle activation cross-
correlations; (3) coefficient of variation across strides. We examined the association between
clinical metrics and muscle cross-correlations for both treadmill and overground walking
using a Spearman’s rank-order correlation. We controlled for variations in speed of the TBI
subjects by using PWS as a covariate. We also used a Spearman’s rank-order correlation to
investigate the potentially confounding effect of age on all the outcome measures of the TBI
subjects. A pvalue <0.05 was considered statistically significant. All of the statistical
analyses were performed using SPSS (v. 24, IBM Corp., Armonk, NY).

Balance and Gait Assessments

TBI subjects exhibited wide variability in preferred walking speed and performance on
clinical balance and gait assessments (Fig. 2). The average PWS was 1.1+0.2 m/s, with the
average PTS being 1.0+0.3 m/s. Median PWS was significantly lower for the TBI group
(1.14 m/s) than the healthy controls (1.21 m/s), p= 0.036. For the TBI subjects, the SOT
average composite score was 39+17. 36% of TBI subjects had an SOT composite score < 38,
which is a threshold linked with an increased risk for falls [29]. The TBI subjects had an
average DGI of 19+5. 45% of the TBI subjects had a DGI score < 19, which is a threshold
associated with an increased risk for falls. The 6MWT had an average distance of 38678 m,
which on average is outside of the normal range from 400 to 700 m measured in healthy
adult controls of similar age [22,30]. For all these assessments, the age of the TBI subjects
was not associated with their measured performance.

Preferred walking speeds, DGI and SOT assessments were not normally distributed, as
assessed by Shapiro-Wilk’s test (p> 0.05). When controlling for PWS, the clinical
assessments were not associated with each other. DGI vs 6MWT: /s = 0.252, p=0.103. DGI
vs SOT: r5=0.238, p=0.124. SOT vs 6MWT: 15 = 0.223, p=0.151. Similar results were
obtained when controlling for walking speed by including PTS as a covariate.

Electromyography

The TBI and healthy control group showed no significant differences (o> 0.05) in EMG
variability about the ensemble averaged activation patterns for the muscles recorded (Fig. 3).
Additionally, the relative EMG variability across different muscles was consistent with
previous observations [28].

Select muscles exhibited variations from normative temporal patterns during gait in the TBI
subjects (Fig. 4). During treadmill gait, median cross-correlations (/-values) were
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significantly lower in the TBI group for the tibialis anterior (TA, p < 0.001), medial
gastrocnemius (MG, p=0.001), and rectus femoris (RF, p= 0.002) muscles. There was also
a tendency toward significance in the medial hamstrings (MH, p=0.06), while non-
significant differences were found for the soleus (SL, p=0.253) and vastus lateralis (VL, p
= 0.241) muscles. Similar results were observed during overground gait, where median
cross-correlations were significantly lower in TBI group for the TA (p< 0.001), MG (p=
0.020), and RF (p=0.006) muscles. Correlations for the SL (o= 0.844), VL (p= 0.395), and
MH (p = 0.102) did not differ between groups in the overground walking conditions. For all
muscles, these correlations were not associated with the age of the TBI subjects during both
overground and treadmill walking.

Correlations with Clinical Assessments

Among the TBI subjects, DGI scores were significantly associated with variations in the
muscle cross-correlations (/-values) for both the MG and VL muscles (Table 1). DGI was
also significantly associated with the RF correlations when walking on the treadmill, but not
overground (Fig. 5). There was also a significant relationship between DGI and the average
cross-correlation across all muscles for both overground (s = 0.416, p=0.010) and
treadmill walking (s = 0.394, p=0.009). There was no relationship between the SOT or
6MWT and any muscle cross-correlations.

Discussion

The study aimed to assess altered muscular coordination of gait in a cross-section of
individuals who sustained a traumatic brain injury (TBI) more than one year ago. Overall,
we found that the TBI group exhibited abnormal activation patterns of select muscles during
both treadmill and overground walking. We also found that abnormal muscle activation
patterns were associated with poor performance on the Dynamic Gait Index (DGI).
However, muscle activation patterns were unrelated to clinical assessments of standing
balance (SOT) and six-minute walking tests (6MWT). These results suggest that quantitative
EMG analysis could potentially be useful to track subtle changes in the coordination of gait
that arise with TBI, and provide a potential avenue to quantitatively track meaningful
changes in muscular coordination with neurorehabilitation.

We evaluated the disruption of temporal muscle activity by cross-correlating muscle
activation patterns during gait with normative patterns collected on healthy control subjects.
Thus, a high cross-correlation represents normal temporal phasing of a muscle’s activity
level throughout the gait cycle. This cross-correlation method has previously been shown to
be consistent across different walking trials, testing sessions, and examiners [19]. The TBI
subjects in this study had R-values ranging from -0.32 to 0.98, representing a substantial
range in variations from normative muscle activation patterns. This heterogeneity is a
hallmark of chronic TBI gait [3,8,9], and likely reflects the highly variable nature of gait
deficits seen in this population.

There was consistency in the muscles that exhibited deviations from the normal temporal
activation patterns. In particular, the TBI subjects exhibited marked variations in the
temporal activation patterns of the ankle dorsiflexors, and biarticular gastrocnemius and
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rectus femoris muscles. There was also a strong tendency for the hamstrings to exhibit
abnormal muscle activity during treadmill walking. The dorsiflexor and biarticular muscles
have also been shown to exhibit abnormal temporal phasing in other individuals with
neurological injury due to stroke, Parkinson’s disease, and spinal cord injury [31- 33].
Interestingly, TBI subjects exhibited vastus lateralis (VL) and soleus (SL) muscle activation
patterns that did not differ significantly from that seen in healthy controls. VL and SL are
uniarticular extensor muscles that are normally active during load acceptance and push-off,
respectively [34]. The major role of these extensor muscles is to provide vertical support of
the body [35]. Thus, it is possible that mechanical constraints of walking generally dictate
VL and SL during specific phases, imposing relative normative phasing of the gait cycle. In
contrast, the dorsiflexors and biarticular muscles are believed to be used to fine-tune joint
motion, modulate stiffness and facilitate inter-joint coordination [36,37], which may not
necessitate the same mechanical constraints on activation timing.

It is interesting that abnormal muscle activation patterns could discriminate inter-individual
differences in performance on the dynamic gait index (DGI). DGI is a clinical battery of
eight locomotor tasks that challenge sensorimotor control processes during normal walking,
walking while turning head, navigating obstacles, and climbing stairs. The range of DGI
scores seen in this study are consistent with those previously reported in chronic TBI
[14,38], with nearly half (45%) having a DGI score < 19, which is defined as a threshold for
an increased risk for falls [14]. A relationship between activation patterns in overground and
treadmill gait with the DGI (Fig. 5) suggests that subtle abnormalities underlying normal
walking may be amplified when sensory processing tasks are challenged in walking.
Consistent with this idea, a prior study showed that an obstacle-crossing task could reveal
gait instabilities within TBI subjects that were previously undetected via qualitative
assessments [17]. The control of walking involves integration of neural activity arising from
both spinal cord and cortical levels. The rhythmic activation patterns underlying gait are
believed to arise in part from neural circuits within the spinal cord that can induce cyclic
stepping, as has been shown in both infants and spinal cord injured individuals [39,40].
These rhythmic muscle activities are theorized to be supplemented with cortically modulated
muscle activity that can enhance the robustness of gait in the presence of internal and
external perturbations [41]. Thus, TBI may alter cortical modulation of the motor neuron
pools [1], resulting in both mistimed activation patterns and challenges with dynamic
balance, as seen in the DGI scores. A lack of relationship between abnormal gait activation
patterns and performance on the SOT supports the idea that static and dynamic balance
challenge different aspects of sensorimotor control [42,43].

There are limitations that should be noted with this study. First, the healthy controls were not
matched for age, height, or weight and we cannot exclude the possibility that these
differences may account for some of the observed differences between the TBI and healthy
control subjects. For example, the TBI group was on average much older than the controls
(+28 years, although the ages spanned a range of 28-64 years). However, we found that the
age of the TBI subjects was not associated with their measures of balance and gait, nor was
it associated with cross-correlations of muscle activation, suggesting that the group
differences we observed were not explained by differences in age. Further, a prior study
found that age-related changes in muscle activation patterns generally only emerge at faster
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speeds [44], where the current study was focused at speeds that would be classified as slow
and normal in healthy controls. We also acknowledge that the wide variability of
performance observed in the TBI subjects might further be explained by differences within
the TBI subjects, such as the type and severity of trauma sustained or differences in body
dimensions, which we did not accounted for in this study. Second, we used the ensemble
average muscle activation obtained over multiple strides, rather than individual stride data.
However, we did not observe significant differences in inter-stride variance, suggesting that
the activation patterns were relatively stable for each group. Even though several subjects
found walking on a treadmill to be considerably challenging, we found that the significant
abnormal activation we reported was consistent between the treadmill and overground
walking. Additionally, although we time-normalized each subject’s muscle activation pattern
to 100% of the gait cycle, we did not account for altered temporal gait parameters within the
gait cycle, such as single limb support time. As altered temporal parameters are
characteristic of TBI gait [12], we acknowledge this may influence the correlation between
individual muscle activation patterns. Lastly, our study analyzed the activation of each
muscle independently. In future studies, we plan to use synergy analysis to better understand
both the complexity and inter-muscle coordination of muscles throughout the lower limbs
[7,45,46].

In summary, we have shown that individuals who have experienced a prior TBI do exhibit
changes in activation patterns of characteristic muscles during gait. Abnormal muscle
activation patterns were associated with observable deficits in challenging walking tasks,
suggesting that the abnormal patterns could reflect a profound and permanent impairment in
the neurological control of walking. In continuing studies, we will assess the potential to use
neuromodulation protocols [7,47] to induce fundamental shifts in the coordination of gait
among individuals exhibiting gait deficits due to a prior TBI.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Investigated EMG activation patterns during gait following a traumatic brain
injury
TBI individuals exhibited abnormal temporal activation in select muscles

Abnormal activation patterns were associated with scores on the dynamic gait
index

Quantitative EMG analysis could be used to track shifts in the coordination of
gait
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Muscle activations during treadmill walking for a representative TBI subject and normative
patterns from twenty control subjects (shaded curves represent mean +1 s.d.). Pearson cross-
correlations (R-values) provide a measure of the agreement between the TBI and average

control data.
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Figure 2.
Substantial heterogeneity is seen in the performance of the TBI group on the: A) sensory

organization test (SOT), B) dynamic gait index (DGI), C) six-minute walk test (EMWT), D)
preferred walking speed (PWS), E) and preferred treadmill speeds (PTS). For comparison,
plotted are distributions of normative data for healthy individuals within similar age ranges
as the TBI subjects: SOT (79.845.6, age: 20-59 years [48]), DGI (23.9+0.4, age: 50-69
[49]), 6BMWT (571+90 m, age: 42-76 [30]), PWS and PTS (1.39+0.19 m/s, age: 50-69
[50]). Note that we screened for TBI subjects to have a Sensory Organization Test (SOT)
composite score >8 points below normal, after adjusting for height and weight.
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Figure 3.
The EMG variability about ensemble average muscle activation patterns was assessed using

the coefficient of variation (CV), which can be considered a measure of the variability-to-
signal ratio for each muscle [28]. There were no significant differences in inter-stride
variability between the TBI and healthy control group for the muscles recorded.
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Figure 4.
Distributions of the muscle cross-correlations (/-values) for the TBI group compared with

those of the healthy controls. Pearson cross-correlations were determined from treadmill
walking data, and averaged between the left and right leg. Mann—-Whitney U tests identified
significant intergroup differences in the correlations exhibited by the tibialis anterior, medial
gastrocnemius, and rectus femoris muscles (p<0.05). Similar distribution patterns were
observed during overground walking.
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The cross-correlations (/-values) of the medial gastrocnemius, vastus lateralis, and rectus
femoris muscles in the TBI group were significantly correlated with the Dynamic Gait Index
(DGI), controlling for preferred walking speed. When R-values for all muscles recorded on a
subject were averaged together, this composite ~-value was also significantly correlated with
DGl. Values shown are from the treadmill walking condition.
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