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Lower extremity muscle activity 
during reactive balance differs 
between adults with chronic 
traumatic brain injury and 
controls
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Background: Control of reactive balance is key to achieving safe independent 
walking and engagement in life activities. After traumatic brain injury (TBI), 
motor impairments and mobility challenges are persistent sequelae. To date, 
no studies have explored muscle activity of individuals with chronic TBI during a 
task that requires reactive control of balance.

Objective: To investigate lower extremity muscle activity during a reactive 
balance test performed by adults with chronic severe TBI and matched controls. 
We  hypothesized that abnormal activity of lower extremity muscles would 
be  related with poorer reactive balance performance. Also, we performed an 
exploratory analysis for those with TBI investigating the impact of unilateral 
versus bilateral lower extremity involvement in the control of reactive balance.

Methods: Ten adults with chronic severe TBI who were independent community 
ambulators and ten matched controls performed the computerized reactive 
balance test (Propriotest®) while lower extremity muscle activity was recorded. 
Electromyographic (EMG) activity was contrasted (Mann–Whitney U Test) 
between groups across each 10  s epoch of the 120  s test. Additionally, test scores 
were correlated (Spearman) with lower extremity composite EMG activity to 
distinguish muscle activity patterns related with reactive balance performance. 
Lastly, reactive balance test scores were correlated with reactive balance test 
scores and clinical functional measures only for the TBI group.

Results: Although the TBI group exhibited greater EMG activity across the 
entire test compared with the control group, significant differences were not 
observed. Greater composite EMG activity correlated significantly with poorer 
reactive balance performance across most of the 10  s windows of the test.

Conclusion: Greater muscle activity exhibited during the reactive balance test 
by individuals with chronic severe TBI compared to those without disabilities, 
particularly at small unexpected perturbations, highlights the greater physiologic 
effort required to control reactive balance even after independent ambulation 
is achieved.
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Introduction

Motor impairment and mobility challenges are persistent sequelae 
after traumatic brain injury (TBI) (1, 2). Injuries to cortical structures 
can disrupt the integration of information carried through sensory 
and motor neural pathways (3). The subsequent impaired motor 
control can lead to gait abnormalities (4) and place individuals at high 
risk of falls, limiting community integration (5–7).

While static balance (8) control contributes to standing/seating 
stability and function, the dynamic (9, 10) and reactive (11) 
components are key for engagement in life activities such as 
independent walking in busy community environments. Control of 
balance during static and dynamic conditions has been previously 
explored in adults with TBI. Center of pressure excursion during static 
standing (1) and limits of stability tests (12, 13) have provided 
quantifiable information regarding the impaired control of balance in 
contrast to individuals without disabilities. Although valuable, such 
kinetic information solely depicts the output of the system during 
static, anticipated conditions. When sensory stimuli change 
unpredictably, as seen during situations requiring reactive responses, 
appropriate motor responses to regain balance are expected to be more 
challenging than during anticipated conditions. To date, no studies 
have explored muscle activity of community-dwelling individuals with 
severe TBI experiencing a task requiring reactive control of balance.

This study utilized previously published data that reported 
differences in reactive balance control between adults with chronic 
severe TBI and matched controls without disabilities. The purpose of 
this study was to explore this difference and investigated lower 
extremity muscle activity during the reactive balance test performed 
by these adults. Given known disorganization of motor unit 
recruitment following brain injury (3, 14), including reduced firing 
rates and rate modulation (15) that can interfere with the timely 
contraction of muscles to counteract unexpected external 
perturbations, we  hypothesized that abnormal activity of lower 
extremity muscles from those with TBI would be related with poorer 
performance during a motor task that requires control of reactive 
balance. We  further performed an exploratory analysis and 
investigated the impact of lower extremity unilateral versus bilateral 
involvement on reactive balance control and functional measures.

Materials and methods

Participants

Our study presents a secondary analysis of a previously reported 
study with the same participants (11, 16, 17). Twenty adults enrolled 
in this Institutional Review Board approved cross-sectional study, 
including ten individuals (mean ± SD: 36 ± 13 years old; 172 ± 10 cm; 
70 ± 16 kg) who recovered (10 ± 6 years post-injury) from severe (loss 
of consciousness 23 ± 23 days) TBI and ten Controls (matched by sex, 
age, height, and weight) without known disabilities (34 ± 13 years old; 
174 ± 10 cm; 74 ± 14 kg). Even though an inclusion criterion for the 
TBI group was the ability to ambulate independently in the 
community, the TBI participants exhibited heterogeneous residual 
deficits such as lower extremity strength, balance, or greater unilateral 
vs bilateral involvement. Please see detailed information of our 
participants with TBI in Table 1. T
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Instrumentation

The MA-300-10 electromyography (EMG) system used recorded 
lower extremity muscle activity with MA-411 surface electrodes (B&L 
Engineering, Santa Ana, CA, United  States). Analog signals were 
low-pass filtered (500 Hz) using the MA-300 anti-alias filter prior to 
transmitting via coaxial cable to a computer where signals were 
digitally recorded (1,200 Hz per channel) (16). Visual 3D software 
(C-Motion Inc., Germantown, MD, United  States) was used for 
subsequent signal processing.

The device PROPRIO® 4000 Reactive Balance System (Perry 
Dynamics, Decatur, IL, United States) and the system’s computerized 
dynamic posturography (Propriotest®) were used to test reactive 
balance. The device is comprised of a computer-controlled platform 
(28-inch diameter) that progressively tilts up to 14° multi-directionally 
around the platform’s center point at a rate of 6°/sec to 60°/sec. The 
system uses ultrasonic technology (4 Hz frequency) to quantify 
motion of participants’ estimated center of mass. A harness (SafeLight 
Universal 3 M, St. Paul, MN, United States) was utilized to protect 
against falls.

Experimental procedures

During the first session, participants completed the informed 
consent, underwent basic anthropometric evaluation (height, weight, 
BMI), and completed a medical history questionnaire (including 
details regarding their brain injury) and balance-related questionnaires 
explained elsewhere (11, 16, 17). Participants returned to the lab on 
three further occasions, scheduled at least 24 h (but no more than 
72 h) apart. The data set utilized in the current study was collected 
during the final session, in which the biomechanical evaluation 
was conducted.

During the biomechanical evaluation session, each participant’s 
balance was first assessed clinically with two standardized tests 
previously validated for individuals with TBI, Berg Balance Scale 
(BBS) (18) and Dynamic Gait Index (DGI) (19, 20). The modified 
Ashworth Scale was also administered to assess muscle tone due to 
lesions to the central nervous system (21). Lower extremity strength 
measures were then collected via standardized manual muscle testing 
(MMT) (22, 23) by the same researcher who had over 10 years of 
clinical experience administering MMTs at the time of study 
completion. The same researcher, who had many years of experience 
with administering clinical tests to neurologic patient populations, 
administered all balance evaluations, the Ashworth Scale, and MMT 
in the same order to all participants. These four clinical tests were 
selected due to their reliability in detecting balance issues, challenging 
mobility tasks, muscle group weakness, and increased muscle tone in 
individuals with TBI. Additionally, these tests allowed for further 
classification of participants with TBI into sub-groups (i.e., side 
involvement) for our exploratory analysis.

Following clinical balance and strength tests, EMG surface 
electrodes were placed bilaterally over muscle bellies of vastus lateralis, 
medial hamstrings, tibialis anterior, and medial gastrocnemius. 
Standard electrode placement techniques were followed (24) and 
electrodes were secured to skin with Hypafix medical tape (BSN 
Medical GmbH, Quickbornstrabe 24, 20,253 Hamburg, Germany) and 
Coban wrap (M Corp, 3 M Center, St Paul, MN 55144-1000). After 

electrode placement, participants performed the reactive balance test 
according to manufacturer’s instructions. The system’s ultrasound 
transmitter was placed between the participants’ posterior superior iliac 
spines. On the platform, participants were instructed to look straight 
ahead while holding a short piece of rope between their hands (elbows 
flexed at 90°). The feet were positioned similarly across participants, 
with the outside border of each foot placed on the 4th gridline from the 
center of the platform while the center of each foot was placed over the 
medial-lateral center line (Figure 1). Participants were instructed to 
minimize trunk movement and, consequently, the ultrasound 
transmitter’s motion. No tension was applied to the fall-arresting 
harness during the test so balance control performance would not 
be  impacted by an external factor. The system’s standardized test 
initiated with small arcs of platform motion at slow speeds followed by 
progressively greater amplitudes of perturbation (i.e., degrees of tilt 
increasing up to 14° and velocity from 6 to 60°/s). Each test lasted 120 s 
or until the ultrasound sensor moved greater than three inches 
anteriorly, posteriorly, laterally, or vertically. This test was performed 
three times and participants rested up to 5 min between each test.

FIGURE 1

Reactive balance performance was evaluated during a computerized 
dynamic posturography test with the PROPRIO® 4000.
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Data analyses

The BBS evaluates 14 functional activities, each graded on an 
ordinal 5-point scale (0 represents unable to perform, 4 represents 
perform without difficulty). The minimum and maximum BBS scores 
are 0 and 56, respectively, with lower scores representing worse 
balance performances (25). The DGI evaluates 8 walking tasks, each 
graded on an ordinal 4-point scale (0 represents severe impairment, 3 
represents no dysfunction). The minimum and maximum DGI scores 
are 0 and 24, respectively, with lower scores representing severe 
walking and balance impairment (26). The modified Ashworth Scale 
measures spasticity with an ordinal scale from 0 (no increase in 
muscle tone) to 4 (affected segment is rigid in flexion or extension) 
(21). For each muscle tested for strength, the minimum and maximum 
MMT scores were 0 and 5, respectively, with 0 indicating individuals 
cannot generate any noticeable muscle contraction. The sum of all 
eight muscles (i.e., vastus lateralis, medial hamstrings, tibialis anterior, 
medial gastrocnemius, bilaterally) was used to represent lower 
extremity composite muscle strength. Thus, 40 points was the 
maximum composite score. Although previous research identified 
weaker right lower plantar flexor strength for our TBI group compared 
to controls (16), we  selected to investigate the composite muscle 
strength since reactive standing balance responses are expected to 
require integrated activation of muscles from both lower extremities.

Reactive balance scores and EMG data were recorded during the 
experimental task derived from the third day to control for the known 
impact of any learning effect on participants’ performances (17). Thus, 
all participants had equal chance to engage in the tests fully 
familiarized. The second trial on the third day was utilized to allow 
participants to undergo one exposure trial and formed the data set for 
this study.

Reactive balance scores were obtained from PROPRIO’s 
standardized test (Dynamic Movement Analysis®, DMA). The DMA 
score, representative of participants’ reactive balance control 
performance, is calculated based on the sum of the transmitter’s 
movement in all directions (anterior–posterior, medial-lateral, 
vertical). When participants cannot complete the full test (120 s), the 
software generates an adjusted score by adding 12 points for every 
second remaining in the test. Of note, given the software’s method of 
scoring, a participant may exhibit a higher score based on excessive 
movement during the trial even though the test was completed in full 
compared with a participant who could not complete the entire trial 
but exhibited lesser body movement. The minimum and maximum 
DMA scores are 0 and 1,440 points, respectively, with lower scores 
indicating better balance.

Direct Current (DC) bias and baseline noise was adjusted prior to 
collecting EMG data. Acquired EMG data were then digitally filtered 
(60 Hz notch; 10 Hz high-pass and 350 Hz low-pass Butterworth), full-
wave rectified, and integrated over 0.01 s intervals. Processed EMG 
data were normalized to MMT, expressed as percent of the maximum 
recorded within a 0.5 s moving window average during the 
MMT. Intensities were normalized and reported as percent of maximal 
isometric MMT (% MMT). Only the EMG signals that exceeded the 
amplitude of 5% MMT were considered significant, defining the 
onsets and cessations of the EMG envelopes (27, 28). Envelopes of 
EMG separated by short duration gaps (<0.5 s) were combined into 
larger packets for analysis (27, 28). A participant’s peak EMG activity 
during each of the 10 s epochs within the 120 s trial was expressed as 

percent of the participant’s maximum MMT (% MMT) for the eight 
muscles studied (i.e., vastus lateralis, medial hamstrings, tibialis 
anterior, medial gastrocnemius, bilaterally). Then, for each participant, 
peak EMG values across all 8 muscles were averaged to represent the 
average lower extremity composite EMG activity. Also, to visually 
represent muscle activity across each epoch of the balance test, 
we  averaged the composite scores from each participant for 
each group.

Statistical analyses

To detect differences between the TBI and Control groups on 
functional measures (BBS, DGI, lower extremity composite muscle 
strength, and DMA), independent samples t-test were performed. 
When data did not meet normality assumptions (Kolmogorov–
Smirnov test), Mann–Whitney U Test was used to detect between-
group differences (level of significance set at 0.05).

To investigate control of lower extremity muscle activity between 
individuals with TBI and Controls during the reactive balance test, 
we first compared composite EMG activity between groups across 
each 10 s epoch of the 120 s Propriotest® with Mann–Whitney U Test. 
A Bonferroni correction was applied to adjust for the increased risk of 
a type one error given that multiple comparisons within a single 
family of variables were being performed (i.e., 12 epochs of EMG 
activity) (29). Level of significance was set at 0.05/12 = 0.004. For this 
multiple pair-wise comparisons, we  selected to not apply a full 
factorial design as the statistical treatment since an incomplete TBI 
data set towards the end of the balance test would result in listwise 
deletion (i.e., participant’s entire data set excluded from statistical 
comparison). Cohen’s d Effect size was also included to display the 
magnitude of differences between groups based on established 
parameters (0.2 = small, 0.5 = medium, ≥0.8 = large) (30). Following, 
DMA scores were correlated (Spearman’s rank correlation coefficient, 
ρ) with the composite EMG activity, with level of significance set 
at 0.05.

For our exploratory analysis within the TBI group, descriptive 
statistics demonstrated muscle activity patterns across each 10 s epoch 
of the 120 s Propriotest® followed by Spearman rank correlation 
between DMA scores and functional measures separately for those 
with unilateral and bilateral lower extremity involvement. All 
statistical treatments were performed in SigmaPlot 11.0 (Systat 
Software, Inc.) and SPSS (version 29.0.0, IBM Statistics) for the 
correlation analysis.

Results

Functional measures

Functional outcomes for both Control and TBI groups can be seen 
on Figure 2. The BBS scores were higher (p = 0.015) for the Control 
group (mean ± SD of 56 ± 0, median 56) compared to the TBI group 
(53.1 ± 4.3, median 55.5, range 45–56 points). Similarly, higher 
(p = 0.006) DGI scores were observed for the Control group, in which 
all participants achieved the maximum score (24 ± 0, median 24) 
compared to the TBI group (20.9 ± 3.4, median 22, range 15–24 
points). Lower extremity composite muscle strength measures did not 
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differ significantly (p = 0.068) between the Control (36.3 ± 2.9, median 
35, range 33–40 points) and TBI (33.5 ± 3.5, median 34, range 25–38 
points) groups. Lastly, lower (p = 0.001) reactive balance scores (DMA) 
were observed for the Control group (124.2 ± 36.1, median 117.5, 
range 85–196 points) compared with the TBI group (378.5 ± 357.2, 
median 197.5, range 133–1,120 points).

Reactive balance performance and lower 
extremity composite EMG activity

Three participants with TBI (participants 1, 3, and 8) were not 
able to complete the entire 120 s test, losing balance before test 
completion. Overall, greater lower extremity muscle activity was 
observed during the reactive balance test for those with poorer DMA 
scores (Figure 3). However, when contrasting composite EMG activity 
between groups, significant differences were not observed (Table 2). 

Greater composite EMG activity correlated significantly with higher 
DMA scores for all participants combined across all but three 10 s 
windows (80–90 s; 100–110 s; 110–120 s) of the reactive balance test 
(Figure 4).

Exploratory analysis

The DMA scores and lower extremity composite EMG activity 
across the 120 s test for our cohort of individuals with TBI can be seen 
on Table 3.

For the separate sub-analysis of lower extremity involvement 
(Table 4), while DMA scores were significantly correlated with the 
clinical functional measures BBS and DGI for the individuals with 
unilateral lower extremity involvement (n = 6), this correlation 
was only observed with BBS for those with bilateral involvement 
(n = 4).

FIGURE 2

Comparison of Berg Balance Scale (BBS), Dynamic Gait Index (DGI), lower extremity composite muscle strength, and Dynamic Movement Analysis 
(DMA) scores between Control group (orange box to the left of each comparison) and TBI group (gray box). Asterisk indicates significant difference 
between groups (Mann–Whitney U Test).

FIGURE 3

Average rectified EMG activity of lower extremity muscles across the entire 120  s Propriotest®.
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Discussion

Reactive balance recovery is crucial for independence in daily 
ambulatory activities. The impact of severe brain injuries can alter 
one’s capacity to respond appropriately to external perturbations even 
several years post-injury (11, 17). Although abnormal muscle activity 
has been associated with chronic gait deficits following TBI (4), 
studies to date have not investigated the reactive muscle activity 
underlying the control of standing posture during dynamic conditions. 
Our findings suggest that unexpected perturbations, even when small, 
generate high amplitude lower extremity muscle activity for those with 
chronic severe TBI. This greater relative muscle effort in contrast to 
matched control individuals is related with poorer control of reactive 

balance. Obtaining greater knowledge of this abnormal muscle activity 
pattern during reactive balance tests, although not statistically 
significant across the entire test used in our study, is the first step 
towards elucidating factors contributing to reactive balance deficits 
during upright posture in individuals with TBI.

In support of our hypothesis, greater lower extremity muscle 
activity was observed for those with poorer reactive balance control, 
although this finding was not always statistically significant. 
Although a small overlap of DMA scores can be  observed in 
Figure 2, significantly larger DMA scores (i.e., poorer balance) were 
documented for those with TBI compared to their peers without 
disabilities. On average, the greater muscle activity for those with 
TBI emerged even with the smallest perturbation, as observed 

FIGURE 4

Correlation between composite EMG activity (y axis) and DMA scores (x axis) across all 10  s epochs of the 120  s Propriotest®.

TABLE 2 Composite EMG activity at each 10  s epochs of the reactive balance test Propriotest®.

Control Traumatic brain injury p Effect size d

Test epochs Mean  ±  SD, 
Median

Inter-quartile 
range (Q1–Q3)

Mean  ±  SD, 
Median

Inter-quartile 
range (Q1–Q3)

0–10 11.5 ± 12.7, 7 5.7–10.7 23.1 ± 18.1, 19 9.7–29 0.01 0.7

10–20 12.1 ± 12.2, 8.5 6.5–11 23.4 ± 15.9, 20.5 10.2–36 0.03 0.8

20–30 15.1 ± 13.3, 10 7–18.5 23.3 ± 13.5, 21 9.5–39.2 0.13 0.6

30–40 17 ± 15.3, 11.5 7–21.5 24.3 ± 13.4, 24.5 11.7–35.5 0.13 0.5

40–50 20.2 ± 15.4, 13 11–31.7 30.7 ± 21.3, 22 13–50.5 0.25 0.6

50–60 23.6 ± 17.6, 15 12.7–38.7 31.4 ± 20.8, 23 16.5–44 0.18 0.4

60–70 28.5 ± 19.4, 19 16–51.5 38 ± 19.9, 29 24.5–49.5 0.09 0.5

70–80 33 ± 21.8, 24 20–48.7 41.2 ± 20.5, 36 29.5–50 0.21 0.4

80–90 40.5 ± 22.7, 34 23.2–57.5 42.9 ± 14.4, 40 36.2–46.5 0.53 0.1

90–100 42.5 ± 20.6, 32 28.7–61.5 47.3 ± 16.5, 43 36.5–58.2 0.42 0.3

100–110 48.8 ± 20.3, 40.5 35.7–65.2 52.1 ± 18.5, 50 41–53 0.66 0.2

110–120 46.3 ± 20.3, 43.5 32–57.7 51.9 ± 17.6, 51 37–63 0.43 0.3
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during the first 20 s of the test with the largest effect sizes (Table 2). 
While this greater muscle activity could suggest more forceful 
recruitment of relatively weaker muscles by the TBI group when 
attempting to maintain balance, our between group comparison of 

lower extremity composite muscle strength did not identify 
significant differences between the two groups. This could in part, 
have arisen because the regions of relative weakness or strength 
(e.g., hip, knee, or ankle) may have varied across participants. 

TABLE 3 DMA scores and lower extremity composite EMG activity (% MMT) for individuals with TBI separated by unilateral and bilateral lower extremity 
residual involvement and ordered increasingly by DMA scores.

Participant Side 
involvement

DMA 10  s 20  s 30  s 40  s 50  s 60  s 70  s 80  s 90  s 100  s 110  s 120  s

7 L 133 8 8 8 11 10 12 19 15 24 26 30 29

4 R 140 12 11 16 13 19 17 26 31 47 42 52 63

9 L 163 23 23 23 27 28 34 39 36 45 53 50 51

10 L 174 15 18 19 22 22 23 23 42 37 38 49 53

5 L 197 24 36 27 27 48 35 39 42 40 44 53 47

8 L 1,120 35 36 43 48 70 75 80 86

6 ND/Bilat 198 9 12 10 12 11 18 27 28 36 36 41 37

1 Bilat 353 10 7 8 9 15 16 29 33 40 60

2 Bilat 357 27 26 39 40 53 53 60 58 74 79 90 83

3 Bilat 950 68 57 40 34

Bilat, bilateral; DMA, Dynamic Movement Analysis; L, left; ND, not determined based on Manual Muscle Test and Ashworth Scale; R, right. Note empty cells (participants 1, 3, 8) indicate 
individual lost balance and did not complete the entire test.

TABLE 4 Exploratory correlation between reactive balance control (DMA) scores and clinical functional measures.

Participants with unilateral lower extremity involvement (n =  6)

Spearman correlation DMA BBS DGI MMT LOC

ρ BBS −0.845

P 0.034

ρ DGI −0.845 1.000

P 0.034 <0.001

ρ Sum_MMT −0.324 0.435 0.435

P 0.531 0.388 0.388

ρ LOC 0.486 −0.845 −0.845 −0.294

P 0.329 0.034 0.034 0.571

ρ Years post injury 0.174 −0.600 −0.600 −0.746 0.754

P 0.742 0.208 0.208 0.088 0.084

Participants with bilateral lower extremity involvement (n =  4)

Spearman correlation DMA BBS DGI MMT LOC

ρ BBS −1.000

P <0.001

ρ DGI −0.800 0.800

P 0.200 0.200

ρ Sum_MMT −0.400 0.400 0.800

P 0.600 0.600 0.200

ρ LOC 0.400 −0.400 −0.200 −0.400

P 0.600 0.600 0.800 0.600

ρ Years post injury −0.400 0.400 0.800 1.000 −0.400

P 0.600 0.600 0.200 <0.001 0.600

BBS, Berg Balance Scale; DGI, Dynamic Gait Index; DMA, Dynamic Movement Analysis; LOC, loss of consciousness; MMT, manual muscle test.
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Alternatively, it is possible that there were not significant differences 
in strength between groups, but instead the difference arose in the 
capacity to selectively and effectively recruit the correct muscles 
needed to respond to the perturbation. Several factors could 
contribute to abnormal muscle recruitment of muscle fibers (31) by 
those with TBI during the reactive balance control test, including 
impaired central motor processes or sensory integration and 
diminished sensory acuity in those with brain injury compared 
with control individuals (32). While a strengthening program 
would not be  precluded, the latter interpretation of impaired 
recruitment patterns suggests that a rehabilitative program targeting 
safe community integration and mobility outcomes for those with 
severe TBI could focus on reactive postural control with small 
perturbations. Since treatment-oriented visual tactics are readily 
available, e.g., EMG feedback, clinicians could employ such 
approaches to investigate whether muscle activity patterns change 
(i.e., decrease) after exposure to controlled, unexpected external 
perturbations. Given that individuals with TBI exhibit a higher rate 
of falls in the community compared with other patient populations 
and individuals without disabilities (17, 33), our findings may offer 
a practical strategy for helping reduce falls at home and in the 
community in individuals with chronic severe TBI. Future work 
should consider sensory and proprioceptive factors, among other 
variables, in association with the muscle activity pattern presented 
in our study to further inform rehabilitation plans towards more 
complex ambulatory tasks for those with chronic severe TBI.

When considering the heterogeneity of our participants, it appears 
that the severity of residual deficits can impact reactive balance 
control. Individuals with more severe balance limitations began to 
progressively be  eliminated from the analysis given inability to 
complete the balance test. For example, the two individuals with TBI 
who exhibited the highest DMA scores (1,120 and 950) also exhibited 
the lowest scores on the clinical measures (BBS: 45 and 46; DGI: 15 
and 19) with the lowest scores among all participants achieved on the 
BBS tasks “standing with one foot in front” and “standing on one leg.” 
This finding suggests that clinical postural control tasks with decreased 
base of support (whether by tandem or single limb stance) may 
be related to impaired reactive balance performance. Moreover, at 
later time epochs of the reactive balance test, average rectified EMG 
activity of both groups was more alike (Figure 3), and correlations 
were not significant, suggesting muscle activity patterns similarly to 
those without disabilities. Furthermore, once the external perturbation 
increased, muscle activity appeared once again distinct between 
groups with greater DMA scores correlating significantly with larger 
muscle activity. This finding also highlights the interaction between 
severity of and time away from injury when considering motor 
outcomes post TBI. While motor recovery (e.g., muscle recruitment 
capacity) is expected to improve as time from injury increases, the 
severity of the injury (in our case, LOC) can also contribute to current 
motor capabilities, impacting reactive balance responses.

Although issues with lower extremity muscle strength have been 
related with gait and balance impairments in adolescents with 
moderate-to-severe TBI (34), the lower extremity composite muscle 
strength observed in our study did not differ significantly between 
groups. Important to note the clear decrease in variability of strength 
scores demonstrated by our cohort of individuals with chronic severe 
TBI (i.e., shorter box plot without the two outliers). In contrast, adults 
from the Control group exhibited a larger but controlled distribution 
of strength scores (i.e., larger box plot with greater observation of 

scores within the quartiles). This distribution was expected given the 
age range of our participants (21–55 years) and the known impact of 
age alone explaining up to 25% of variance in muscle strength in 
neurotypical adults (35). Interestingly, the tendency of greater range in 
strength scores did not impact the ability of the Control individuals to 
achieve maximum scores when performing both clinical tests of gait 
(DGI) and balance (BBS). Even the Control individuals whose strength 
scores fell below the median TBI strength scores (n = 5 with ≤34) 
achieved the maximum clinical tests scores. In contrast, not all adults 
from the TBI group who scored above the Control’s median strength 
score (n = 3 with ≥35) were able to achieve DGI and BBS ceiling scores. 
This finding may also reflect the ceiling effect of the clinical tests used 
in our study. Future work should investigate such findings with a more 
homogenous cohort of adults with severe TBI and different clinical 
assessments to highlight the potential strength measures impact on 
reactive balance performance. Additionally, future research is 
warranted to identify factors that may be  contributing to the 
distribution in strength scores within and across groups.

Our exploratory analysis suggested that individuals with 
chronic severe TBI with bilateral lower extremity involvement may 
exhibit poorer control of reactive balance in contrast to those with 
unilateral involvement. The significant relationship observed 
between better reactive balance control scores and DGI for those 
with unilateral but not for those with bilateral involvement may 
highlight the potential ability of independent community 
integration by those with lesser residual deficits post-injury. 
Moreover, while BBS scores significantly correlated with DMA 
scores for both groups, the DGI correlated only for the sub-group 
with unilateral involvement. This finding may also emphasize the 
ability of reactive balance control scores detecting those with 
ambulatory capacity to modify dynamic balance requirements in 
the presence of external perturbatory stimuli. However, such 
findings were exploratory and cannot be  extrapolated given the 
limited sample size per sub-group. Future work should explore this 
investigation to corroborate findings.

Limitations

A limitation of our work involves the study design, which involves 
a secondary analysis of an already completed project. Given 
Institutional Review Board-related activities had been closed when the 
writings of this study started, changes in recruitment/testing protocol 
could not be amended. Description of injury location (e.g., images) and 
information regarding other non-pyramidal systems involvement were 
not collected in the primary project, limiting further classifications and 
clinical sysndromes following TBI. In addition, a priori sample size 
estimation could not be performed. Thus, to optimize the rigor of 
future studies, future work could utilize our study findings and 
methodology as baseline for a robust protocol design. Follow-up 
studies with appropriately larger cohorts could confirm whether 
between-group differences in lower extremity composite EMG activity 
exist and are maintained across the entire reactive balance test. 
Furthermore, if future work detects no differences at later time epochs 
of the test, it should highlight the importance of focusing clinical care 
on the control of small, unexpected external perturbations as crucial 
for safe integration in community ambulation for individuals with 
chronic severe TBI. Given the study implemented a secondary analysis 
on a published, limited data set, the analysis of an important muscle 
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group responsible for balance control in mediolateral plane was not 
present in this study. The hip abductors should be considered in future 
studies to clarify their contribution to the control of reactive 
postural control.

Another limitation involves the reactive balance test utilized. 
Although computerized dynamic posturography is considered a 
dynamic testing condition, participants attempt to maintain upright 
posture as external perturbations are delivered. The constraints of this 
experimental task make this evaluation not as dynamic as observed 
during ambulatory tasks in which velocity (both direction and 
magnitude) is also a factor to be controlled, especially during tasks 
that require deceleration such as walking (36) or running (9, 10, 37) 
termination. Future work should consider more dynamic conditions 
to elucidate control strategies based on muscle activity patterns to 
maintain postural stability as it pertains to independence in 
community ambulatory activities.

Conclusion

Considering our participants with chronic severe TBI, a tendency 
for greater lower extremity muscle activity in comparison with those 
without disabilities was related with poorer reactive balance 
performance, especially during the initial phase of the reactive balance 
test. Even a small external perturbation, as observed during the initial 
seconds of the test, was enough to elicit higher amplitude of muscle 
activity for those with chronic severe TBI. This pattern, although 
suggestive of abnormal muscle recruitment, did not consistently reach 
significant differences when compared to individuals without 
disabilities. Our findings suggest that even after achieving independent 
ambulation and community integration, adults with TBI may exhibit 
altered neuromuscular responses during reactive balance control, 
particularly early in the perturbation.”

Data availability statement

The datasets presented in this article are not readily available 
because of ethical and privacy restrictions. Components of the 
datasets may be made accessible to qualified investigators with the 
appropriate ethical approvals and data use agreements upon request. 
Requests to access the datasets should be directed to the corresponding 
author GMC.

Ethics statement

The studies involving humans were approved by Madonna 
Rehabilitation Hospital Institutional Review Board. The studies were 
conducted in accordance with the local legislation and institutional 
requirements. The participants provided their written informed 
consent to participate in this study.

Author contributions

GC: Writing – review & editing, Writing – original draft, 
Visualization, Validation, Methodology, Formal analysis, Data curation, 
Conceptualization. TB: Writing – review & editing, Visualization, 
Validation, Supervision, Project administration, Methodology, 
Investigation, Funding acquisition, Formal analysis, Data curation, 
Conceptualization. JB: Writing – review & editing, Supervision, Project 
administration, Methodology, Formal analysis, Conceptualization.

Funding

The author(s) declare that financial support was received for the 
research, authorship, and/or publication of this article. This study was 
partially funded by the Bill Kubly student research scholarship 
awarded to TWB. Publication was supported by the University of 
North Florida Faculty Publishing Grant.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

References
 1. Habib Perez O, Green RE, Mochizuki G. Characterization of balance control after 

moderate to severe traumatic brain injury: a longitudinal recovery study. Phys Ther. 
(2018) 98:786–95. doi: 10.1093/ptj/pzy065

 2. Corrigan F, Wee IC, Collins-Praino LE. Chronic motor performance following 
different traumatic brain injury severity – a systematic review. Front Neurol. (2023) 
14:1180353. doi: 10.3389/fneur.2023.1180353

 3. Degani AM, Santos MM, Leonard CT, Rau TF, Patel SA, Mohapatra S, et al. The 
effects of mild traumatic brain injury on postural control. Brain Inj. (2017) 31:49–56. 
doi: 10.1080/02699052.2016.1225982

 4. Acuña SA, Tyler ME, Danilov YP, Thelen DG. Abnormal muscle activation patterns 
are associated with chronic gait deficits following traumatic brain injury. Gait Posture. 
(2018) 62:510–7. doi: 10.1016/j.gaitpost.2018.04.012

 5. Acuña SA, Tyler ME, Thelen DG. Individuals with chronic mild-to-moderate 
traumatic brain injury exhibit decreased neuromuscular complexity 
during gait. Neurorehabil Neural Repair. (2022) 36:317–27. doi: 10.1177/ 
15459683221081064

 6. Kersey J, Terhorst L, Wu CY, Skidmore E. A scoping review of predictors of 
community integration following traumatic brain injury: a search for meaningful 
associations. J Head Trauma Rehabil. (2019) 34:E32–41. doi: 10.1097/
HTR.0000000000000442

 7. Williams G, Willmott C. Higher levels of mobility are associated with greater 
societal participation and better quality-of-life. Brain Inj. (2012) 26:1065–71. doi: 
10.3109/02699052.2012.667586

 8. Berg-Poppe P, Cesar GM, Tao H, Johnson C, Landry J. Concurrent validity between 
a portable force plate and instrumented walkway when measuring limits of stability. Int 
J Ther Rehabil. (2018) 25:272–8. doi: 10.12968/ijtr.2018.25.6.272

 9. Cesar GM, Sigward SM. Dynamic stability during running gait termination: 
differences in strategies between children and adults to control forward momentum. 
Hum Mov Sci. (2015) 43:138–45. doi: 10.1016/j.humov.2015.08.005

 10. Cesar GM, Sigward SM. Dynamic stability during running gait termination: 
predictors for successful control of forward momentum in children and adults. Hum 
Mov Sci. (2016) 48:37–43. doi: 10.1016/j.humov.2016.03.014

https://doi.org/10.3389/fneur.2024.1432293
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.1093/ptj/pzy065
https://doi.org/10.3389/fneur.2023.1180353
https://doi.org/10.1080/02699052.2016.1225982
https://doi.org/10.1016/j.gaitpost.2018.04.012
https://doi.org/10.1177/15459683221081064
https://doi.org/10.1177/15459683221081064
https://doi.org/10.1097/HTR.0000000000000442
https://doi.org/10.1097/HTR.0000000000000442
https://doi.org/10.3109/02699052.2012.667586
https://doi.org/10.12968/ijtr.2018.25.6.272
https://doi.org/10.1016/j.humov.2015.08.005
https://doi.org/10.1016/j.humov.2016.03.014


Cesar et al. 10.3389/fneur.2024.1432293

Frontiers in Neurology 10 frontiersin.org

 11. Cesar GM, Buster TW, Burnfield JM. Test-retest reliability and minimal detectable 
change of the computerized dynamic posturography PROPRIO for adults with chronic 
traumatic brain injury. Disabil Rehabil. (2021) 43:2038–44. doi: 10.1080/09638288. 
2019.1688872

 12. Navalón N, Verdecho I, Llorens R, Colomer C, Sanchez-Leiva C, Martinez-Crespo 
G, et al. Progression of posturographic findings after acquired brain injury. Brain Inj. 
(2014) 28:1417–24. doi: 10.3109/02699052.2014.917200

 13. Row J, Chan L, Damiano D, Shenouda C, Collins J, Zampieri C. Balance assessment 
in traumatic brain injury: a comparison of the sensory organization and limits of 
stability tests. J Neuro-Oncol. (2019) 36:2435–42. doi: 10.1089/neu.2018.5755

 14. Azzollini V, Dalise S, Chisari C. How does stroke affect skeletal muscle? State of 
the art and rehabilitation perspective. Front Neurol. (2021) 12:797559. doi: 10.3389/
fneur.2021.797559

 15. Mottram CJ, Heckman CJ, Powers RK, Rymer WZ, Suresh NL. Disturbances of 
motor unit rate modulation are prevalent in muscles of spastic-paretic stroke survivors. 
J Neurophysiol. (2014) 111:2017–28. doi: 10.1152/jn.00389.2013

 16. Buster TW, Burnfield JM, Taylor AP, Stergiou N. Lower extremity kinematics 
during walking and elliptical training in individuals with and without traumatic brain 
injury. J Neurol Phys Ther. (2013) 37:176–86. doi: 10.1097/NPT.0000000000000022

 17. Buster TW, Chernyavskiy P, Harms NR, Kaste EG, Burnfield JM. Computerized 
dynamic posturography detects balance deficits in individuals with a history of chronic 
severe traumatic brain injury. Brain Inj. (2016) 30:1249–55. doi: 10.1080/02699052. 
2016.1183822

 18. Newstead AH, Hinman MR, Tomberlin JA. Reliability of the Berg balance scale 
and balance master limits of stability tests for individuals with brain injury. J Neurol Phys 
Ther. (2005) 29:18–23. doi: 10.1097/01.npt.0000282258.74325.cf

 19. Matsuda PN, Taylor CS, Shumway-Cook A. Evidence for the validity of the 
modified dynamic gait index across diagnostic groups. Phys Ther. (2014) 94:996–1004. 
doi: 10.2522/ptj.20130294

 20. Shumway-Cook A, Matsuda PN, Taylor C. Investigating the validity of the 
environmental framework underlying the original and modified dynamic gait index. 
Phys Ther. (2015) 95:864–70. doi: 10.2522/ptj.20140047

 21. Meseguer-Henarejos AB, Sánchez-Meca J, López-Pina JA, Carles-Hernández R. 
Inter-and intra-rater reliability of the modified Ashworth scale: a systematic review and 
meta-analysis. Eur J Phys Rehabil Med. (2018) 54:576–90. doi: 10.23736/s1973- 
9087.17.04796-7

 22. Hislop HJ, Montgomery J. Daniels and Worthingham’s muscle testing: techniques 
of manual examination. Philadelphia, PA: W.B. Saunders Company (2007).

 23. Bohannon RW. Reliability of manual muscle testing: a systematic review. Isokinet 
Exerc Sci. (2018) 26:245–52. doi: 10.3233/IES-182178

 24. Criswell E. Cram's introduction to surface electromyography. Burlington, MA: 
Jones & Bartlett Publishers (2010).

 25. Berg KO, Maki BE, Williams JI, Holliday PJ, Wood-Dauphinee SL. Clinical and 
laboratory measures of postural balance in an elderly population. Arch Phys Med 
Rehabil. (1992) 73:1073–80.

 26. Medley A, Thompson M, French J. Predicting the probability of falls in community 
dwelling persons with brain injury: a pilot study. Brain Inj. (2006) 20:1403–8. doi: 
10.1080/02699050601082057

 27. Bogey RA, Barnes LA, Perry J. Computer algorithms to characterize individual 
subject EMG profiles during gait. Arch Phys Med Rehabil. (1992) 73:835–41.

 28. Perry J, Bontrager EL, Bogey RA, Gronley JK, Barnes LA. The rancho EMG 
analyzer: a computerized system for gait analysis. J Biomed Eng. (1993) 15:487–96. doi: 
10.1016/0141-5425(93)90064-6

 29. Armstrong RA. When to use the Bonferroni correction. Ophthalmic Physiol Opt. 
(2014) 34:502–8. doi: 10.1111/opo.12131

 30. Sullivan GM, Feinn R. Using effect size–or why the P value is not enough. J Grad 
Med Educ. (2012) 4:279–82. doi: 10.4300/JGME-D-12-00156.1

 31. Suresh NL, Zhou P, Rymer WZ. Abnormal EMG-force slope estimates in the first 
dorsal interosseous of hemiparetic stroke survivors. Annu Int Conf IEEE Eng Med Biol 
Soc. (2008) 2008:3562–5. doi: 10.1109/IEMBS.2008.4649975

 32. Pilkar R, Karunakaran KK, Veerubhotla A, Ehrenberg N, Ibironke O, Nolan KJ. 
Evaluating sensory acuity as a marker of balance dysfunction after a traumatic brain 
injury: a psychophysical approach. Front Neurosci. (2020) 14:836. doi: 10.3389/
fnins.2020.00836

 33. McKechnie D, Pryor J, Fisher MJ. Falls and fallers in traumatic brain injury (TBI) 
rehabilitation settings: an integrative review. Disabil Rehabil. (2015) 37:2291–9. doi: 
10.3109/09638288.2014.1002578

 34. Drijkoningen D, Caeyenberghs K, Vander Linden C, Van Herpe K, Duysens J, 
Swinnen SP. Associations between muscle strength asymmetry and impairments in gait 
and posture in young brain-injured patients. J Neurotrauma. (2015) 32:1324–32. doi: 
10.1089/neu.2014.3787

 35. Pasco JA, Stuart AL, Holloway-Kew KL, Tembo MC, Sui SX, Anderson KB, 
et al. Lower-limb muscle strength: normative data from an observational 
population-based study. BMC Musculoskelet Disord. (2020) 21:1–8. doi: 10.1186/
s12891-020-3098-7

 36. Pai YC. Movement termination and stability in standing. Exerc Sport Sci Rev. 
(2003) 31:19–25. doi: 10.1097/00003677-200301000-00005

 37. Cesar GM, Lewthwaite R, Sigward SM. Effects of practice on the control of whole-
body momentum in active children and adults. J Mot Learn Dev. (2018) 6:185–96. doi: 
10.1123/jmld.2017-0008

https://doi.org/10.3389/fneur.2024.1432293
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.1080/09638288.2019.1688872
https://doi.org/10.1080/09638288.2019.1688872
https://doi.org/10.3109/02699052.2014.917200
https://doi.org/10.1089/neu.2018.5755
https://doi.org/10.3389/fneur.2021.797559
https://doi.org/10.3389/fneur.2021.797559
https://doi.org/10.1152/jn.00389.2013
https://doi.org/10.1097/NPT.0000000000000022
https://doi.org/10.1080/02699052.2016.1183822
https://doi.org/10.1080/02699052.2016.1183822
https://doi.org/10.1097/01.npt.0000282258.74325.cf
https://doi.org/10.2522/ptj.20130294
https://doi.org/10.2522/ptj.20140047
https://doi.org/10.23736/s1973-9087.17.04796-7
https://doi.org/10.23736/s1973-9087.17.04796-7
https://doi.org/10.3233/IES-182178
https://doi.org/10.1080/02699050601082057
https://doi.org/10.1016/0141-5425(93)90064-6
https://doi.org/10.1111/opo.12131
https://doi.org/10.4300/JGME-D-12-00156.1
https://doi.org/10.1109/IEMBS.2008.4649975
https://doi.org/10.3389/fnins.2020.00836
https://doi.org/10.3389/fnins.2020.00836
https://doi.org/10.3109/09638288.2014.1002578
https://doi.org/10.1089/neu.2014.3787
https://doi.org/10.1186/s12891-020-3098-7
https://doi.org/10.1186/s12891-020-3098-7
https://doi.org/10.1097/00003677-200301000-00005
https://doi.org/10.1123/jmld.2017-0008

	Lower extremity muscle activity during reactive balance differs between adults with chronic traumatic brain injury and controls
	Introduction
	Materials and methods
	Participants
	Instrumentation
	Experimental procedures
	Data analyses
	Statistical analyses

	Results
	Functional measures
	Reactive balance performance and lower extremity composite EMG activity
	Exploratory analysis

	Discussion
	Limitations

	Conclusion

	References

