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Abstract

Background.—Synergy analysis provides a means of quantifying the complexity of
neuromuscular control during gait. Prior studies have shown evidence of reduced neuromuscular
complexity during gait in individuals with neurological disorders associated with stroke, cerebral
palsy, and Parkinson’s disease.

Objective.—The purpose of this study was to investigate neuromuscular complexity during
gait in individuals who experienced a prior traumatic brain injury (TBI) that resulted in chronic
balance deficits.

Methods.—We measured and analyzed lower extremity electromyographic data during treadmill
and overground walking for 44 individuals with residual balance deficits from a mild to moderate
TBI at least 1 year prior. We also tested 20 unimpaired controls as a comparison. Muscle synergies
were calculated for each limb using non-negative matrix factorization of the activation patterns

for six leg muscles. We quantified neuromuscular complexity using Walk-DMC, a normalized
metric of the total variance accounted for by a single synergy, in which a Walk-DMC score of

100 represents normal variance accounted for. We compared group-average synergy structures and
inter-limb similarity using cosine similarity. We also quantified each individual’s gait and balance
using the Sensory Organization Test, the Dynamic Gait Index, and the Six-Minute Walk Test.

Results.—Neuromuscular complexity was diminished for individuals with a prior TBI. Walk-
DMC averaged 92.8 + 12.3 for the TBI group during overground walking, which was significantly
less than seen in controls (100.0 £ 10.0). Individuals with a prior TBI exhibited 13% slower
overground walking speeds than controls and reduced performance on the Dynamic Gait Index
(18.5 = 4.7 out of 24). However, Walk-DMC measures were insufficient to stratify variations
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in assessments of gait and balance performance. Group-average synergy structures were similar
between groups, although there were considerable between-group differences in the inter-limb
similarity of the synergy activation vectors.

Conclusions.—Individuals with gait and balance deficits due to a prior TBI exhibit evidence
of decreased neuromuscular complexity during gait. Our results suggest that individuals with
TBI exhibit similar muscle synergy weightings as controls, but altered control of the temporal
activation of these muscle weightings.

Keywords

Traumatic brain injury; muscle synergy; motor control; gait; electromyography; muscle
coordination

Introduction

Chronic gait and balance abnormalities are often present among individuals who previously
experienced a mild to moderate traumatic brain injury (TBI). For example, characteristic gait
abnormalities in this heterogeneous population include reduced walking speed, shorter steps,
and increased lateral sway, with varying severities.1~3 Characteristic deficits to standing
balance include larger, slower, and more random oscillations of their center of pressure.*

As the recovery of walking and balance ability during rehabilitation tends to plateau at
approximately six months, residual gait and balance abnormalities that persist past this time
may be considered chronic. These chronic gait and balance abnormalities can contribute to

a loss of mobility, increased risk of falling, and an overall decreased quality of life.6:” Thus,
an improved understanding of how TBI alters the neuromuscular control of gait and balance
could inform targeted treatment and enhance functional recovery.

Quantitative electromyography (EMG) can provide insight into the neuromuscular control
of gait by tracking subtle changes in lower limb muscle activity during walking. We

have previously shown that individuals with chronic TBI exhibit characteristic changes

in the temporal coordination of their lower extremity muscles while walking compared

to unimpaired adults, and that these abnormal muscle activation patterns are associated
with chronic gait deficits.® However, this analysis examined the activation of each muscle
independently and did not account for alterations to inter-muscular coordination, which may
also contribute to gait abnormalities. For example, prior studies have found evidence that,
compared to controls, individuals with TBI exhibit increased coactivation of their ankle
muscles during the initial and late double support phases of gait,® as well as increased
coactivation of knee extensor and ankle plantar flexor muscles in all phases of gait

except during single support.19 However, it is not fully understood how the inter-muscle
coordination of muscles throughout the lower limbs may be altered in chronic TBI.

The neuromuscular control of multiple muscles during a task can be characterized by the
complexity of the activation patterns. A motor control strategy that independently activates
muscles can be described as more complex than a strategy that synergistically coactivates
sets of muscles.!! Previous studies have shown that the complexity of motor control
during gait is reduced for individuals with neurological disorders, including Parkinson’s
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disease, 12 stroke, 1314 cerebral palsy,11:15.16 and incomplete spinal cord injury.” Measures
of complexity have also shown potential to distinguish responders to treatment,16:18 and may
provide targets for rehabilitation.2>19 We are not aware of any prior studies evaluating the
complexity of motor control in chronic TBI.

Muscle synergy analysis is a quantitative approach for characterizing the complexity of
motor control. These analyses typically use matrix factorization algorithms to identify
lower-dimensional patterns from experimental EMG data that can describe muscle
coordination during tasks like walking. Such analyses reveal that a small number of
coactivation patterns over groups of coactivated muscles, known as muscle synergies

or modules, can effectively represent most of the variability within the EMG signals.
Muscle synergy analyses can thus characterize complexity during gait by evaluating how
well a small set of muscle synergies describes the original muscle activities.2%-21 Thus,
muscle synergy analyses can provide meaningful insight into complexity and inter-muscular
coordination during walking.

Different motor control strategies may arise depending on the walking conditions. For
example, there are many small biomechanical differences between walking on a treadmill
and walking overground.22-24 Compared to treadmill walking, overground walking may
require more flexible motor control strategies that can adapt to step-to-step internal and
external perturbations.2® It is still unclear how the control of gait may vary for individuals
with TBI during treadmill and overground walking.326-28 However, previous work has
shown that rehabilitation outcome measures after gait training for individuals with TBI
can be different when walking on a treadmill or when walking overground.2® Thus,

the complexity of motor control may present differently during treadmill walking and
overground walking.

It is unknown if the abnormal muscle activation patterns that individuals with chronic TBI
exhibit during walking represent reduced complexity of motor control through increased
synergistic muscle activation. Therefore, the purpose of this study was to compare how
muscle synergies for individuals with chronic TBI differ from unimpaired individuals during
gait. Acknowledging the potential differences in motor control strategies that may arise
under different walking conditions, we examined muscle synergies during both treadmill
walking and overground walking. We hypothesized that complexity of motor control during
gait would be diminished in chronic TBI. We also hypothesized that measures of complexity
would be related to clinical measures of gait and balance impairment.

We analyzed EMG and kinematic data from 44 adults with a balance disorder due to a
mild-to-moderate traumatic brain injury (28 female; age: 53.4 + 8.5 years, range: 28-64
years; time since injury: 6.3 £ 7.6 years, range: 1-33 years), as well as 20 control subjects
(10 female; age: 25.3 £ 3.3 years). Participants were required to have had a non-penetrative
injury that occurred at least one year prior, had previously participated in a focused physical
rehabilitation program, and had reached a functional plateau in their recovery (as confirmed
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by a discharge note from their physical therapist). Data were collected during the baseline
visit for a planned intervention study, where we also collected basic clinical assessments

to describe functional ability, reported previously® and described below. The study protocol
was approved by the University of Wisconsin—-Madison Health Sciences Institutional Review
Board, and all subjects provided written informed consent before participating.

Clinical Assessments

Clinical assessments were performed to assess the level of balance and gait impairment
among the individuals with TBI. Computerized dynamic posturography assessed standing
balance and was measured as the NeuroCom™ Sensory Organization Test3? composite score
(ranging between 0-100). Walking ability was assessed using the Dynamic Gait Index
(DGI),3 which consists of 8 tasks that include overground walking, changing gait speeds,
walking with head turns, walking while turning, walking over and around obstacles, and
stair climbing. Each task in the DGI was scored 0-3 by a trained physical therapist, where 3
indicates normal (max score of 24). DGI scores < 19 have been linked to an increased risk
for falls for individuals with TBI.32 Walking capacity was assessed using the Six-Minute
Walk Test.33 Overground walking speed was recorded as the average speed for a subject to
traverse a six-meter walkway, and treadmill walking speed was set to the highest speed at or
below their overground walking speed in which the subject could walk comfortably on the
treadmill.8

Electromyography

Surface EMG data (Trigno, Delsys Inc., Boston, MA) were collected bilaterally at 1926
Hz from six muscles (tibialis anterior, medial gastrocnemius, soleus, vastus lateralis, rectus
femoris, medial hamstrings) during two 60-s walking trials. The first trial was walking on
a treadmill (Bronze Basic Treadmill, PaceMaster, Logan, UT) at each subject’s preferred
speed. Control subjects walked at 1.0 m/s to match the average treadmill speed of the
individuals with TBI (1.0 + 0.3 m/s). The second trial was level overground walking in

a hallway at a comfortable, self-selected speed. During both trials, heel-strike events were
detected using the accelerometers of two Trigno sensors (sampling at 148 Hz) positioned
at the ankle over the Achilles tendons.8:34:35 We monitored the output of the EMG
sensors during data collection in real-time, and if any sensors lost contact or developed

an inappropriate level of noise, the trial was stopped, the sensor was reattached, and the
trial was repeated. EMG sensors were placed over the target muscle bellies following the
SENIAM guidelines for EMG preparation and placement.38 We also examined the output
for each EMG sensor prior to the walking trials by having the participants perform simple
exercises to verify we were recording the desired muscle activity.

We processed the EMG signals using a custom MATLAB script (R2018a, MathWorks Inc.,
Natick, MA). First, we bandpass filtered (10-500 Hz, 4" order Butterworth) and full-wave
rectified the raw EMG data before low-pass filtering (10 Hz, 4™ order Butterworth) to
obtain linear envelopes of muscle activation.37-38 We then amplitude normalized individual
EMG channels by their peak activation, such that all channels ranged from 0 to 1 in
amplitude.3° Next, we divided the EMG data into strides (i.e., heel-strike to heel-strike) and
time normalized the muscle activity to 101 points per stride (i.e., 0-100% of the gait cycle).
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EMG data for each stride were then concatenated using 100 points per stride (i.e., 0-99% of
the gait cycle) to form a time series of stride-normalized muscle activity for each leg, which
can better account for stride-by-stride variability in the synergy analysis.*0

Synergy Analysis
We performed independent synergy analyses on the measured EMG patterns for each
individual limb. Hence, for each limb and each trial, we combined the processed EMG
data into a m x fmatrix, where mis the number of muscles analyzed (6 in this study) and
tis time (¢£= number of strides x 100 points per gait cycle). We then used non-negative
matrix factorization (NNMF) to derive the muscle synergies (W« ;) and the time-varying
activation of those synergies (Cyx such that EMG = Wx C+ error. Here, W specifies
the relative weighting of each muscle within a synergy, and 7 is the specified number of
synergies extracted (we varied nfrom 1 to 5 in this study). We calculated the synergies
using the NNMF function in MATLAB with the following parameters: 50 replicates, 1000
max iterations, 1 x 10~ minimum threshold for convergence, and 1 x 1076 threshold
for completion.#! To quantify how accurately the derived muscle synergies described the
original set of EMG signals, we then calculated the total variance accounted for (fVAF) by a
given number of synergies (7)) as:11:1542.43

I EMG-wxC |

> x 100%
I EMG ||

tVAF, =|1

Synergy Complexity
We evaluated complexity of motor control using two methods. We first evaluated the number
of muscle synergies required to describe at least 90% of the variance in the original EMG
signals (i.e., 'VAF > 90%).3% A lower number of muscle synergies required represents less
complexity in the EMG patterns.1113.19 The number of muscle synergies required provides
a coarse, ordinal measure, so we also evaluated the Dynamic Motor Control Index during
Walking (Walk-DMC).11:37 Walk-DMC calculates the total variance accounted for by one
synergy (tVAF;) as a z-score using the average and standard deviation of {VAF; from a
population of unimpaired controls:

tVAF py G —tVAF]

Walk-DMC = 100 + 10 WVAFsD

Walk-DMC is scaled such that the average score of the unimpaired group is 100 + 10. A
lower Walk-DMC score (< 100) is interpreted as less complexity than normal in the EMG
patterns.11

Group Synergy Structure and Similarity

We derived a set of synergy weights and activations to characterize the subject groups (i.e.,
individuals with TBI, controls) during both overground and treadmill walking. For each
group, we pooled together the synergy weights Wand corresponding activations C from
each limb and then sorted them by W using A&-means cluster analysis (randomly initialized,
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1000 max iterations, 10 replicates), where k'is the number of synergies analyzed (i.e.,
1-5).1144 1f a limb had two synergy weights assigned to the same cluster, we calculated

the cosine similarity (un-centered correlation coefficient)**4° between each synergy weights
vector W and the cluster centroid vector W’ Av G, and the synergy weight vector with the

highest similarity was matched to that cluster and the other synergy weights vector was
assigned to the remaining cluster. We then determined the set of group synergy weights and
activations as the average synergy weights and activations within each cluster.

To evaluate the inter-limb similarity of muscle synergies within subject groups, we
calculated the cosine similarity between the synergy weights vectors of a cluster and the
average synergy weights of that cluster.#4:4> Cosine similarity can vary from 0 to 1, in which
values closer to 1 indicate similar vectors. We also calculated the cosine similarity between
synergy activations vectors of a cluster to the average synergy activations of that cluster.
When comparing synergy activation vectors, we used each limb’s average activation across
the gait cycle (101 points) rather than the limb’s activation across all strides, to reduce the
similarity due to chance when comparing long vectors. When calculating the structures and
similarities, we only considered 7= 1:4 synergies, because we found that 4 synergies was
the maximum number of synergies required to describe tVAF= 90% for all of our subjects.

Statistical Analysis

Results

We performed all statistical analyses using SPSS (v.25, IBM Corp., Armonk, NY), and an
alpha level was set a priori to be p< 0.05. To evaluate differences in the number of synergies
required (ordinal data), a Mann-Whitney U Test compared group differences during
treadmill and overground walking, and Wilcoxon signed-rank tests compared differences
within groups between treadmill and overground walking. To evaluate differences in Walk-
DMC, a two-way analysis of variance (ANOVA) tested for main effects and interactions
between groups (TBI, control) and across walking conditions (treadmill, overground). When
we found a significant main effect of group, post-hoc #tests evaluated group differences
with a Bonferroni correction to account for multiple comparisons. Shapiro-Wilk tests
confirmed assumptions of normality. To evaluate differences in the inter-limb similarity

of synergy structures, a series of Mann-Whitney U tests compared group differences

in the cosine similarity of the weights and activations. Similarly, Wilcoxon signed-rank

tests compared the cosine similarity between treadmill and overground walking. For these
comparisons, we controlled for the false discovery rate using the Benjamini-Hochberg
procedure.*® We also examined whether our measures of complexity may be related to

an individual’s walking speed using Spearman’s rank-order correlation. We then examined
the relationship between complexity and the clinical assessments of gait and balance using
Spearman’s rank-order correlation.

We examined data from 128 limbs (88 TBI, 40 controls). On average, each limb contributed
50.5 £ 6.0 individual strides (mean + s.d.) on the treadmill (TBI: 51.6 £ 6.7 strides, controls:
48.0 + 2.4 strides) and 51.3 + 8.4 strides overground (TBI: 49.8 + 9.7 strides, controls: 54.0
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+ 3.7 strides). During our processing of the EMG data, we did not encounter any strides or
signals that appeared unusable such that they would be dropped from our analysis.

Synergy Complexity

A smaller number of muscle synergies was sufficient to describe the variance in muscle
activation during gait for the individuals with TBI compared to controls (Fig. 1). This was
true during both treadmill (mean + s.d.; TBI: 2.92 £ 0.54 synergies, controls: 3.35 + 0.53)
and overground walking (TBI: 3.14 £ 0.45, controls: 3.50 + 0.51). The median number of
synergies was significantly lower for individuals with TBI compared to controls during both
treadmill walking (U= 2,445; z= 4.246; p < 0.001) and overground walking (U= 2,030; z
= 3.649; p<0.001). During treadmill walking, three synergies could describe over 90% of
the total variance of muscle activity in 91% of the individuals with TBI, but only 63% of

the control subjects. During overground walking, three synergies could describe over 90% of
the total variance of muscle activity in 82% of the individuals with TBI, but only 50% of the
control subjects. Compared to treadmill walking, overground walking significantly increased
the median number of synergies required for individuals with TBI (z=3.900; p < 0.001), but
not for controls (z=1.732; p=0.083).

For the control group, one synergy accounted for 63.1% (+ 5.6%) of the variance in muscle
activity during overground walking and 65.2% (+ 6.5%) of the variance in muscle activity
during treadmill walking. For the individuals with TBI, one synergy accounted for 67.2% (z
6.8%) of variance in muscle activity during overground walking and 70.6% (z 7.7%) of the
variance in muscle activity during treadmill walking.

Walk-DMC was reduced for the individuals with TBI compared to controls (Fig. 2). This
was true during both treadmill walking (mean £ s.d.; TBI: 91.9 £ 11.7, controls: 100.0

+ 10.0) and overground walking (TBI: 92.8 + 12.3, controls: 100.0 + 10.0). During
treadmill walking, 39% of the individuals with TBI had a Walk-DMC < 90 (i.e., greater
than one standard deviation below the mean Walk-DMC for controls). During overground
walking, 30% of the TBI group had a Walk-DMC < 90. The two-way ANOVA revealed

a significant main effect of group on Walk-DMC (p = 0.001; ;12,, =0.987), indicating

a significant difference in Walk-DMC between individuals with TBI and controls across
walking conditions. The two-way ANOVA found no significant main effect of walking
conditions (p = 0.972), indicating that Walk-DMC was not significantly different between
treadmill or overground walking across all subjects. The two-way ANOVA did not reveal
any significant interaction effects (p= 0.972). Post-hoc comparisons found that during
treadmill walking, the mean Walk-DMC for individuals with TBI was 8% lower than the
controls (p< 0.001, Hedges’ g = 0.72). Similarly, during overground walking, the average
Walk-DMC index for individuals with TBI was 7% lower than the controls (p = 0.002,
Hedges’ g=0.61).

Synergy Structure and Similarity

The group average synergy weights revealed a consistent organization of lower limb
muscles for all groups and walking conditions (Fig. 3). For example, the plantar flexors
(medial gastrocnemius and soleus) dominated the second vector of synergy weights for
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the two-synergy solution for both individuals with TBI and controls during both treadmill
and overground walking. The synergy weights vectors also revealed consistent patterns as
the number of muscle synergies examined increased from one to four. For example, the
two-synergy solution, the three-synergy solution, and the four-synergy solution all identified
synergy weights vectors dominated by the plantar flexors and a synergy weights vector
dominated by the dorsiflexors (tibialis anterior). The four-synergy solution identified a
third vector dominated by quadriceps muscles (vastus lateralis and rectus femoris), and a
fourth vector dominated by the medial hamstrings. Variability between group weightings
was most prominent for the three-synergy solution. For example, although the quadriceps
and hamstrings dominated the third vector of synergy weights, the magnitudes of these
weightings were inconsistent between groups and walking conditions.

The inter-limb similarities between individual limb synergy weights and group average
synergy weights were high (i.e., average cosine similarities > 0.80) (Fig. 3). The one-
synergy solution had the most consistent inter-limb similarity across all subjects and walking
conditions, with an inter-quartile range (IQR) of 0.03, compared to n=2:4 synergies with

an IQR of 0.05, 0.14, and 0.09, respectively. There were no significant differences in
inter-limb similarity between the individuals with TBI and the controls for n=1:4 synergies,
except for the first vector of the four-synergy solution. Here, we found that the controls

had significantly less inter-limb similarity than the individuals with TBI during overground
walking, although both groups were still highly similar to their group averages (TBI: median
=0.97, IQR = 0.04; controls: median = 0.93, IQR = 0.10; p< 0.001). We also found

no significant differences in inter-limb similarity between the overground and walking
conditions for both subject groups.

The group average synergy activations exhibited comparable activation patterns across the
gait cycle for all groups and walking conditions (Fig. 3). Throughout the majority of the
gait cycle, the average synergy activation patterns for the individuals with TBI fell within
one standard deviation of the average synergy activation patterns for the controls. When
the weightings within a synergy weight vector favored a single muscle, the corresponding
synergy activation pattern over the gait cycle resembled a typical healthy muscle activation
pattern for that muscle (For a visual description of typical muscle activation patterns
during gait, the authors recommend the books Whittle’s Gait Analysis*’ and Observational
Gait Analysis*®). For example, the first weighting vector of the four-synergy solution was
dominated by the tibialis anterior muscle and the corresponding activation pattern closely
resembled a typical healthy muscle activation pattern of the tibialis anterior over the gait
cycle.

The inter-limb similarity between individual limb synergy activations and group average
synergy activations were also relatively high (i.e., average cosine similarities > 0.78) (Fig.
3). The one-synergy solution had the most consistent inter-limb similarity across all subjects
and walking conditions, with an inter-quartile range (IQR) of 0.02, compared to n=2:4
synergies with an 1QR of 0.04, 0.10, and 0.12, respectively. The individuals with TBI

had significantly less inter-limb similarity than controls during treadmill walking for the
two-synergy solution (vectors 1 and 2, p’s < 0.001), the three-synergy solution (vector 2, p
= 0.005), and the four-synergy solution (vector 1 and 2, p < 0.001), and during overground
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walking for the three-synergy solution (vector 1, p < 0.001). However, the controls had

less inter-limb similarity than individuals with TBI during overground walking for the three-
synergy solution (vector 3, p< 0.001). There were generally no significant differences in
inter-limb similarity between walking conditions, except the controls exhibited significantly
less similarity during overground walking than treadmill walking for the three-synergy
solution (vector 3, p< 0.001) and the individuals with TBI exhibited less similarity during
treadmill walking than overground walking for the two-synergy solution (vector 2, p=
0.003).

Clinical Assessments

The individuals with TBI walked at a mean speed of 1.07 £ 0.24 m/s when walking
overground and at 1.00 + 0.26 m/s when walking on the treadmill. There were no significant
correlations between our measures of complexity and walking speed for the individuals with
TBI and controls during treadmill (r5: —0.04-0.10; p: 0.39-0.84) or overground walking (7:
0.08-0.17; p:. 0.15-0.47). The individuals with TBI had a mean composite score of 39.3 +
16.5 on the Sensory Organization Test, a mean score of 18.5 + 4.7 on the Dynamic Gait
Index, and a mean distance of 385.9 + 78.0 m on the Six-Minute Walk Test. We found no
significant correlations between the measures of complexity and the Sensory Organization
Test (r5: —0.03-0.11; p: 0.33-0.82), Dynamic Gait Index (r;: —0.08-0.03; p: 0.48-0.92), or
the Six-Minute Walk Test (r;: —0.13-0.07; p: 0.26-0.60).

Discussion

In this study, we investigated how muscle synergies for individuals with chronic TBI differ
from unimpaired individuals during treadmill and overground walking. As we hypothesized,
the synergy analysis suggested a reduced complexity of motor control in individuals

with a prior TBI. However, contrary to our second hypothesis, the synergy metrics were
insufficient to delineate variable levels of gait and balance impairment among the chronic
TBI individuals. Muscle groups identified by the synergy analysis were generally similar
between individuals with TBI and unimpaired controls. These data add to a growing body

of evidence suggesting that brain injury reduces the complexity of muscle activation patterns
underlying gait,12:13.15.17.49.50 and hence may result from a change in the use of cortical
activity to modulate the rhythmic muscle activation patterns underlying walking.

There is evidence of reduced motor complexity during gait following a number of
pathologies that affect brain function. For example, the number of synergies needed to
characterize muscle activity is reduced in populations with stroke,3 cerebral palsy,1!
incomplete spinal cord injury,1” and Parkinson’s disease.12 All of the TBI subjects in

this study acquired a brain injury as an adult, which is believed to impair sensory
integration?:51:52 and thereby contribute to balance deficits often seen in this population. The
control of walking involves rhythmic neural activity at the spinal cord that is supplemented
with cortically modulated descending signals that are believed to enhance robustness to
internal and external perturbations.>3 It is thought that muscle synergy weightings are
established primarily at the spinal level.21:54 As we observed reduced complexity in

a population with TBI, and that differences in synergy structures were found in the
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temporal synergy activation vectors, this supports the notion that diminished complexity
may primarily emerge from disruption of the cortically modulated descending signals.12
This also may explain in part why diminished complexity appears to reflect a control
strategy present in early development before higher level control of gait is established.11:55

The measures of complexity for the individuals with TBI were not related to walking

speed or select clinical assessments of balance and gait. This result is in contrast to a

prior large-scale study of cerebral palsy (h=633), which reported a modest correlation
between Walk-DMC and walking speed in children.11 However, there are many possible
factors that could influence an association between walking speed and complexity of motor
control. For example, this relationship might depend on the characteristics of the specific
clinical population studied, which may have very different mechanisms underlying their
impaired gait and motor control. Within TBI populations, a relationship between complexity
and walking speed or clinical assessments may also depend on the specific type of brain
injury (e.g., a localized lesion within the brain). It is also possible that many more mild-to-
moderate TBI subjects would be needed to observe this relationship in a population of TBI,
and relatively small sample sizes may explain why prior studies did not find a relationship
between complexity and gait performance. For example, past smaller studies evaluating
complexity, such as in individuals with Parkinson’s diseasel? (n=15) and incomplete spinal
cord injuryl’” (n=8), did not find significant correlations between complexity and gait
performance, but a larger study of complexity in individuals with stroke!3 (n=55) did

find that complexity was related to walking speed and gait parameters. We note that we
previously did observe a relationship between abnormal temporal EMG patterns and the
Dynamic Gait Index,8 which is a battery of locomotor tasks that challenge walking balance
under altered physical and sensory conditions. Hence, abnormal muscle timing, rather than
synergistic muscle activations, may be a more sensitive indicator of walking performance.

Group average comparisons of the synergy structures (i.e., synergy weights and activations)
did not explain the reduced complexity in individuals with TBI. The inter-limb similarity
of the group average synergy structures between the individuals with TBI and controls

was relatively high, even between treadmill and overground walking. Prior studies®6-57
have considered synergy structures to be “similar” when cosine similarity values are >
0.80, which was true for the majority of our subjects. We previously found that muscle
activation in the individuals with TBI were most disrupted in the tibialis anterior, medial
gastrocnemius, and rectus femoris,® however we did not observe any characteristic group
differences in the muscle synergy weightings surrounding these muscles. In fact, the synergy
weighting vectors for n=2:4 always included a first weighting vector dominated by activity
in the tibialis anterior and second weighting vector dominated by activity in the medial
gastrocnemius. Inter-limb similarity was largely consistent between groups for the synergy
weighting vectors, but more between-group differences appeared for the synergy activation
vectors, which may explain why inter-joint coordination is altered for individuals with
TBI.58 Taken together, our results suggest that individuals with TBI have access to similar
muscle weighting vectors as the controls, but altered control of the temporal activation of
these muscle weightings, as has been observed for persons with Parkinson’s disease.1?

Neurorehabil Neural Repair. Author manuscript; available in PMC 2022 April 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Acufa et al.

Page 11

The differences in motor complexity during treadmill and overground walking were
dependent on the complexity metric used. We found that Walk-DMC was similar between
treadmill and overground walking for both the TBI group and controls. This metric suggests
that, on average, individuals with TBI might use a similar strategy for the neuromuscular
control of gait during treadmill and overground walking. However, we also found that the
median number of synergies required to describe the variance in EMG during overground
walking was greater than the median number of synergies during treadmill walking for only
the TBI group. This metric suggests that individuals with a TBI used a more complex motor
control strategy during overground walking than during treadmill walking. This is also a
reasonable conclusion, as overground walking may require more flexible motor control
strategies that adapt to step-to-step internal and external perturbations.2® This may explain
why individuals with a TBI can have different gait rehabilitation outcomes when walking
on a treadmill or walking overground.2® Given that there are many small biomechanical
differences between walking on a treadmill and walking overground,22-24 there may also be
subtle individual differences in motor control that may not readily appear in group-average
comparisons of synergy structures or complexity. Future work should assess the sensitivity
of these complexity metrics under different walking conditions. Regardless, both metrics
were sensitive enough to differentiate complexity between the individuals with TBI and
controls, and both may have utility for assessing neuromuscular complexity in other clinical
populations.

There are several important limitations to consider when interpreting our results. First,

the gait and balance deficits that accompany individuals with TBI vary considerably in
presentation and severity.5® This contributes substantial variability in walking patterns
between subjects, which may interfere with synergy extraction. Group average comparisons
are therefore limited, as individual differences in muscle synergies are likely not accounted
for. This heterogeneity has made characterizations of gait disorders for individuals with

TBI challenging.27:5% Second, the TBI group was on average older than the controls (+28
years, although the ages spanned a range of 28-64 years), and thus we cannot exclude the
possibility that age-differences may account for some of our observed synergy differences
between the TBI and control groups. For example, age-related differences in Walk-DMC
have been reported for children with cerebral palsy.11:16:37 However, in a previous study of
these participants we found that the age of the TBI subjects was not associated with their
measures of balance and gait,8 suggesting that the group differences we observed were not
solely explained by their differences in age. In addition, a prior study found that age-related
changes in muscle activation patterns of adults generally only emerge at faster speeds,50
whereas the current study used speeds that would be classified as slow and normal in healthy
controls. Third, the relative consistency in the synergy weighting vectors could in part reflect
the mechanical demands of walking, which may tightly couple the interaction of lower
extremity muscles.20-21 We included six representative muscles in our analysis for each limb.
It is possible to identify additional synergy weightings if we had chosen different muscles

or increased the number of muscles considered. Additionally, our clusters were solely based
on the synergy weightings, and our conclusions may be different if our clusters were based
on the combination of weights and activations.8 Thus, we took caution not to over-interpret
the specific composition of the weightings extracted but focused on their relative consistency
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between groups. We also did not examine intra-subject consistency (i.e., stride-to-stride
variability) of muscle synergies which may nuance our group characterizations.

In summary, we have shown that individuals who have experienced a prior TBI exhibit
decreased neuromuscular complexity during gait. There were no characteristic changes

in the grouping of muscle activation patterns, and measures of reduced complexity were
insufficient to stratify variations in gait and balance performance. Similar to treatment for
children with cerebral palsy,1>:16 measures of complexity may also serve as a clinical tool
to track changes in muscle coordination during rehabilitation of TBI and possibly identify
potential responders to treatment.
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Fig. 1.
Fewer muscle synergies were needed to describe gait EMG activity for individuals with TBI

when compared to controls. Top: Histogram of the number of muscle synergies required
to account for at least 90% of the variance in the EMG data. Bottom: Mean (+ standard
deviation) total variance accounted for (tVAF) in the EMG data when using one to five
synergies.
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Fig. 2.
Complexity of motor control during gait was significantly reduced for individuals with TBI

compared to controls, as measured by the Dynamic Motor Control Index during Walking
(Walk-DMC). The middle lines of each box plot represent the medians. Asterisks (*)
indicate significant differences between groups. Plus signs (+) indicate outliers.
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Fig. 3.

Grgoup average muscle synergy weights and activations using one to four synergies, as well
as the inter-limb similarity of the muscle synergy weights and activations within each group.
Synergy weights for each muscle are plotted as mean + standard error. Synergy activations
plotted as the mean activation over the gait cycle. The shaded bar represents the standard
deviation for the controls during treadmill walking. Inter-limb similarity plotted as boxplots
of the cosine similarity between individual synergy weights and activations and the group
average.
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TA =tibialis anterior; MG = medial gastrocnemius; SL = soleus; VL = vastus lateralis; RF =
rectus femoris; MH = medial hamstrings.
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