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Abstract
There is a dearth of knowledge about how symptom severity affects gait in the chronic (>3 months) mild

traumatic brain injury (mTBI) population despite up to 53% of people reporting persisting symptoms
following mTBI. The purpose of this investigation was to determine if gait is affected in a symptomatic,
chronic mTBI group and to assess the relationship between gait performance and symptom severity on
the Neurobehavioral Symptom Inventory (NSI). Gait was assessed under single- and dual-task conditions
using five inertial sensors in 57 control subjects and 65 people with chronic mTBI (1.1 year from mTBI).
The single- and dual-task gait domains of Pace, Rhythm, Variability, and Turning were calculated from
individual gait characteristics. Dual-task cost (DTC) was calculated for each domain. The mTBI group
walked (domain z-score mean difference: single-task = 0.70; dual-task = 0.71) and turned (z-score mean
difference: single-task = 0.69; dual-task = 0.70) slower (p<0.001) under both gait conditions, with less
rhythm under dual-task gait (z-score difference = 0.21, p=0.001). DTC was not different between groups.
Higher NSI somatic sub-score was related to higher single- and dual-task gait variability as well as slower
dual-task pace and turning (p<0.01). People with chronic mTBI and persistent symptoms exhibited
altered gait, particularly under dual-task, and worse gait performance related to greater symptom
severity. Future gait research in chronic mTBI should assess the possible underlying physiological

mechanisms for persistent symptoms and gait deficits.
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Introduction

Complete recovery following a mild traumatic brain injury (mTBI) is believed to occur within one month,
though possibly quicker in athlete populations.’ ? Yet, recent evidence suggests that up to 53% of people
still report symptoms up to one-year post-mTBI, and two separate investigations have observed
symptomatic complaints four and five years post mTBI.>*> Unfortunately these persistent symptoms can
affect quality of life.*” In order to better care for mTBI populations with persisting symptoms, a deeper
understanding of how symptoms relates to functional outcomes relevant for activities of daily living is
needed. Understanding this relationship would help bridge the gap between patient reported outcomes

and objective measures of daily activity-related functional performance.

Gait performance is an important functional measure and impaired gait occurs in the acute phase of

mTBI,%2° as well as some reports that subtle deficits may persist for years after an mTBI.}!

However, gait
deficits are inconsistent across reports including some studies that report no lasting gait deficits at all.
Across nine publications that investigated gait in people with chronic mTBI (>3 months post mTBI), only
three reported persisting symptoms of any type in the chronic mTBI group.'>** Further, only four
reported slowed gait, and only one of these reported deficits in other aspects of gait.*?° Beyond
possible influences of population (e.g. athlete, non-athlete, and age) and mechanism of mTBI (e.g. blunt
force or blast), the conflicting evidence of gait dysfunction in this chronic population may be attributable
to reporting of different gait metrics and different testing paradigms across publications. For example, a

majority of studies primarily report gait speed under single-task gait,'* *® while recent work suggests

that there are multiple and independent domains of gait (e.g. pace and variability).?% 22

Recently, a statistical approach using principal component analysis has been proposed to group

individual gait characteristics into independent domains.?% 22 This approach provides an opportunity to



measure all components of gait, while reducing the number of metrics analyzed. Such gait models have
been applied to other neurological populations including Parkinson’s disease, elderly and, more
recently, mTBI.22% Qur recent publication in the mTBI population, identified four independent gait
domains (Variability, Rhythm, Pace, and Turning).? These four domains provide a more complete
characterization of gait performance, uncovering possible gait deficits potentially overlooked in previous
investigations. As noted, the Pace domain is most often reported in the chronic mTBI gait literature.
However, Rhythm, Variability, and Turning may be related to more real-world gait performance and

could be related to discrete cortical areas independent from the Pace domain.?

Most studies assess gait using gait speed; a simple protocol that measures gait during straight-ahead
walking.”- 26 Other studies use increasing gait complexity (e.g. dual-task, obstacle avoidance, turning
course) in an effort to uncover subtle gait dysfunction.?” This distinction in varying protocols is important
since complex gait involves both motor and cognitive input.?® Assessing a dual-task gait condition with a
secondary task that requires the allocation of attention away from gait performance is thought to
simulate “real world” gait demands.? Further, a recent focus on measuring turning as a separate
component of gait has revealed deficits in people with mTBI. Specifically, two recent publications report
that individuals with chronic mTBI exhibit slower and more variable turns compared to otherwise
healthy individuals,®3! both in the clinical assessment and in a home setting. Aside from characterizing
multiple components of gait and assessing gait under complex conditions, accounting for patient
reported outcomes could help mitigate the heterogeneity of reported gait dysfunction across the

chronic mTBI population.

An established body of literature links gait dysfunction to depression, cognitive impairment and motor

34-36

disorders.?*3%33 For example, depression relates to slowed gait and increased risk of falls,3*3¢ cognitive



37.38 3nd motor disorders

impairment relates to increased gait variability and increased gait decline,
relates to decreased variability, speed, turning and rhythm.2%3%4% \While people with mTBI report

symptoms that fall under these categories, other symptoms common to mTBI, such as headaches, visual
disturbances, and impaired sleep might relate to gait dysfunction as well. Currently, however, there is a

lack of knowledge regarding the relationship between mTBI-related symptoms and gait dysfunction in

the chronic mTBI population.

The purpose of this investigation was to determine if 1) gait domains are different between people with
and without chronic mTBI, 2) adding a dual task exacerbates these differences in gait across domains,
and 3) self-reported symptom severity scores are related to gait performance across domains. We
hypothesized that the people with chronic mTBI would exhibit dysfunction across the four gait domains,
represented by slower pace, less rhythm, more variability, and slower turning than the control group
and that worse symptom reporting would be associated with worse gait performance (e.g. slower pace,

greater variability, slower turns), particularly under the dual-task gait condition.

Methods

The Institutional Review Board approved this study and all participants signed an informed consent prior
to participation. Individuals with and without a history of mTBI were screened for participation
eligibility. All data were collected as part of a larger clinical trial (NCT02748109) aimed at characterizing
the differences between chronic mTBI and healthy matched controls, and evaluating the effectiveness of
vestibular rehabilitation. Description of the trial protocol, and the inclusion and exclusion criteria have
been previously described.** Briefly, inclusion criteria for the mTBI group were: diagnosis of mTBI based
upon Veteran Health Affairs/Department of Defense criteria, with symptoms persisting >3 months post-

mTBI;*? between 21-60 years old. Inclusion criteria for the control group were: between 21-60 years old



and no self-reported history of mTBI or brain injury. Exclusion criteria were: any other injury, medical,
substance or neurological illness that could potentially explain balance deficits (e.g., central nervous
system disease, stroke, lower extremity amputation); significant hearing loss; inability to follow

directions; unable to abstain from medications that might impair balance for 24 hours prior to testing.

Gait Assessment

Gait was assessed using inertial sensors (Opals, APDM Inc.), which have been shown to have good
validity and reliability for gait characterization.** * Sensors were placed on each foot, the forehead,
lumbar vertebrae, and over the sternum. Participants were instructed to walk at a comfortable, self-
selected pace during single- and dual-task conditions. Each walk was eight laps of a 13-meter path (208
m total); requiring 180 degree turns at the ends of the marked path. The secondary task was an auditory

Stroop test.*

Wearing headphones, participants listened to auditory stimuli consisting of the words
“high” and “low”, which were randomly paired congruently or incongruently with the pitch (i.e. high and
low) of the voice, and delivered at 2.25-second intervals. Participants were instructed to respond saying

the pitch of the word as quickly as they could. The outcome variable for the auditory Stroop test was

accuracy (percent correct).

Symptom Assessment

Each participant completed the Neurobehavioral Symptom Inventory (NSI) questionnaire,*® *” which is
established as a valid and reliable symptom assessment.*® The NSI consists of 22 items, each rated on a
five-point Likert scale, with a higher score indicating more severe symptoms for this scale and a
maximum score of 88. The participants were asked to rate each item based on how that symptom

disturbed them over the preceding two weeks. The original categorization of the NSI items describes

four sub-categories (affective, cognitive, somatic, and sensory), however, more recent descriptions



reduced these to three sub-categories (affective, cognitive, and somatic/sensory) by combining the

somatic and sensory sub-categories from the original.? 48 4°

Statistical Analyses

Data were inspected for normality using histograms and the Kolmogorov-Smirnov test of normality. All
data were normally distributed. Independent-samples t-tests were used to compare demographic
information between the groups. Levene’s test for equality of variance was followed as needed. Chi-
Squared test was used to assess the gender differences between the groups. Comprehensive gait
measures were divided into four domains based on the previously described model;*> Pace, Rhythm,
Variability, and Turning. Domain scores were calculated by averaging the Z-scores for each gait
variable.? Z-scores were multiplied by -1 to reverse scaling if needed for consistent sign in domain score
calculations. Dual-task cost was calculated (dual-task cost = 100*[dual-task — single-task]/single-task) for
each participant for each gait domain, individual gait characteristic, and the accuracy for the secondary
task. The dual-task cost direction (e.g. positive or negative) remained unaltered when calculating group
means for dual-task cost. A series of one-way ANOVAs assessed the gait domains and secondary task
performance for between-group differences. Cohen’s d effect sizes were calculated to characterize the
magnitude of the group effect on gait and secondary task performance.*® Effect sizes were interpreted
as weak (<0.50), moderate (0.50-0.79), or strong (>0.80) as previously described.>® Pearson’s
correlations assessed the relationships between symptom scores and both single-task and dual-task gait
performance within the mTBI group only. Alpha was set a priori to 0.05, but Bonferroni correction was
applied for the gait domain (four single-task, four dual-task, and four dual-task cost) and secondary task
performance group comparisons (one single-task, one dual-task, and one dual-task cost; total of 15),

therefore alpha was set to 0.003 for these group analyses.



Results

A total of 192 individuals were screened for participation. Of these people, 65 people with chronic mTBI
and 57 matched controls participated in this study. Table 1 provides the group demographics and NSI
scores for both groups. The mTBI group reported a significantly higher total score for the NSI (t(70.s6) =
17.88; p <0.001), as well as for each subcategory (somatic: ts7.63) = 15.95; p < 0.001; affective: t(s0.11) =

14.89; p < 0.001; cognitive: t7a.33) = 14.96; p < 0.001;).

Gait Performance

Group means and standard deviations for the gait domains, as well as the F statistic and Cohen’s d
values are provided in Table 2. Under single-task gait, the mTBI group only exhibited slower Pace (p <
0.001) and Turning (p < 0.001) compared to the control group. Under dual-task gait, Pace (p < 0.001),
Turning (p < 0.001), and Rhythm (p = 0.001) were slower in the mTBI compared to the control group. We
observed no group differences for any of the dual-task cost on gait domains. The unstandardized,

individual gait characteristics are in Table 3.

Correlation analyses between symptom scores and the gait domains are presented in Figure 1. The NSI
total score was significantly related to gait Variability in both the single- and dual-task conditions. The
NSI somatic sub-score was significantly related to gait Variability and Turning in both the single- and
dual-task conditions. The NSI cognitive sub-category score was related to gait Variability under single-
task (Pearson’s r = 0.43; p = 0.001) and dual-task (Pearson’s r = 0.40; p = 0.002) conditions, while the NSI
affective sub-category score was only related to gait Variability under single-task (Pearson’sr=0.37; p =
0.005). Neither the NSI total symptom score nor any sub-category score related to any of the dual-task

costs on gait domains.



Auditory Stroop Performance
There were no group differences for the auditory Stroop accuracy for the single-task (seated) or dual-

task (walking) conditions, nor for the dual-task cost on Stroop Accuracy (Table 2).

Discussion

We assessed gait performance in people with persistent symptoms in the chronic phase of mTBI and
healthy controls, using both a single- and dual-task gait paradigm. We report that people with chronic
mTBI have deficits across multiple gait domains including slower Pace and Turning under both single-
task and dual-task gait conditions, as well as less Rhythm under dual-task gait compared to healthy
controls. Further, more severe symptoms related to increased gait Variability, as well as decreased Pace

and Turning in the chronic mTBI group.

The altered gait domains (reduced Pace, Turning, and Rhythm under dual-task gait) in this chronic mTBI
cohort expands the previous results from the literature including our previous work on two subsets of
this chronic mTBI cohort.3% 3! Specifically a small subset of people who performed a prescribed turning
course that required participants to make multiple turns ranging from 45° to 135°, showed increased
segmental variability during turns.® The second subset had their turning characteristics assessed in their
home, over one week, and with reportedly abnormal turns.3! These results, combined with our current
results, suggest a preliminary pattern of turning deficits in people with chronic mTBI and persistent
symptoms. Data from turns during gait provide greater insight into quality of performance for activities
of daily living since turning can occur over 750 times per day in the home.*! In fact, turning is thought to

be more cognitively demanding than straight walking,>% >3

which aligns with our results. Turning was
significantly different between groups under both single- and dual-task gait, suggesting that single-task

turning during gait may require enough executive function to be considered a cognitively demanding



task. In a laboratory based setting, we also observed gait Pace-related gait differences between groups,
temporal gait variables were not different between mTBI and controls groups in the home setting.3!
Since turning occurs frequently at home is more complex than straight gait, turning may be an

important element of gait assessment for the chronic mTBI population.

We observed slightly more deficits in the mTBI group when walking while performing a secondary task,
but no group differences in dual-task cost was observed. These results suggest that adding a dual-task
assessment uncovers an underlying gait deficits that may be compensated for when just assessing gait
by itself. These findings agree with the acute mTBI literature that reports dual-task gait deficits up to a
month after injury.>® > In fact, dual-task assessments, including dual-task cost, have been suggested as
an important element to add to evaluations after mTBI.>® 57 Further, dual-task assessments could prove
to be an important outcome in clinical evaluations in chronic, symptomatic mTBI populations, as
highlighted in older adults.>® However, the dual-task cost on gait was not different between groups
herein, which suggests both groups’ gait performance decreased at a similar rate as a result of the
secondary task. Our results suggest it is important to measure performance with a dual-task, yet do not

provide evidence that calculating dual-task cost as a separate measure will add benefit to the analysis.

Gait was associated with symptom severity, particularly in NSI somatic sub-score. The NSI somatic sub-
score includes items that are conceivably associated with gait performance, such as dizziness, feeling
uncoordinated, and balance dysfunction.*® Specifically, the dual-task domains Variability and Turning
related to somatic symptom severity while only Variability single-task domain related to somatic
symptom severity. The magnitudes of the relationships between symptom severity and gait Variability

were similar across single- and dual-task gait conditions in this cohort. While we did not observe group



differences for gait Variability, the effect sizes for single- (0.38) and dual-task (0.36) suggest that gait

Variability warrants further investigation in the chronic mTBI population.

Cumulatively, these results suggest people with mTBI may have decreased gait automaticity (the ability

to complete gait without directing attention to the task).>

Assessing gait under single- and dual-task

conditions permits the ability to assess gait automaticity.®2 Deterioration in gait automaticity could be
a secondary indicator of global cognitive deficits that, when identified, could be addressed by a clinician
during the recovery process.®® Deterioration of gait automaticity is observed in other neuropathological

populations, especially as the complexity of the gait task increases,®°-¢?

and has a negative impact on
quality of life in older and cognitively impaired populations.?”- 4% While the symptomatic chronic mTBI
population reports a decreased quality of life due to emotional and cognitive impairments,*’ our results
suggest gait dysfunction may be another factor in poorer quality of life in this population. Dual-tasking
diverts attentional resources from the gait task to the cognitive task, resulting in an increased cognitive
load to complete both tasks successfully.? The neurophysiological dysfunction responsible for the

symptoms reported on the NSI such as visual disturbances could be a factor in the observed gait

dysfunction in the mTBI group.

To date, the majority of investigations that assess gait in chronic mTBI do so in asymptomatic
populations or do not report the symptom severity.™ Further, most studies report only Pace-related gait
characteristics with inconsistent results reported.!® 117 The inconsistencies in results could suggest that
people with a mTBI history, who report no persisting symptoms, exhibit no motor control deficits as a
result of possible persistent neurophysiological dysfunction. However, the consistent turning and dual-
task gait dysfunction, combined with relationships with both cognitive and somatic mTBI symptoms,

may suggest persistent sub-clinical neurophysiological dysfunction.



Limitations. There are inherent limitations to the interpretation of these results. First, the use of
wearable inertial sensors are not yet commonplace in clinics, so the findings may not be generalizable to
clinical setting at this stage. Additionally, the mechanism of injury in this mTBI group was not limited to a
single mechanism (e.g. athletic exposure, motor vehicle accident, blast injury). Though there is still
limited knowledge on the link between specific mechanisms of injury and different signs and symptoms,
it is possible that heterogeneity within the mTBI exposures dilutes the findings that may otherwise be
seen in a more homogeneous group analysis. Lastly, medical history was not verified in the control

participants, we relied on self-reported mTBI history.

To conclude, people with chronic mTBI and persistent symptoms exhibited altered gait, particularly
under dual-task, compared to healthy controls. Additionally, worse gait performance related to greater
symptom severity. Specifically, increased symptom severity was associated with more Variability and
slower Pace and Turning, particularly under the dual-task gait condition. Thus, increasing the complexity
of the gait assessment appears to help differentiate people with gait deficits in this population and this
approach may help improve assessments. Clinical research investigating gait in this population may
benefit from analyzing multiple gait domains as a way to reduce type Il error and the variability of
reported gait characteristic differences. Future investigations should assess complex gait tasks and
account for symptom severity in chronic mTBI populations to avoid missing gait deficits in this

population.
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4]
Gender (F)
Age (yrs)
Height (m)
Mass (Kg)

Time from mTBI (yrs)

Total Previous mTBIs
NSI Total*
NSI Somatic*
NSI Affective*
NSI Cognitive*

Mean (SD). Time from most recent mTBI and total previous mTBIs are presented as median (range).

Table 1: Demographic Information

Control mTBI p value
57 65 NA
36 45 0.335
36.9 (12.2) 39.6 (11.7) 0.218
1.7 (0.1) 1.7 (0.2) 0.235
75.2 (19.0) 83.0(30.5) 0.095
NA 1.0 (13.0) NA
NA 1.5(9.0) NA
3.3(3.2) 37.1(14.9) <0.001
0.9 (1.1) 15.4 (7.3) <0.001
1.7 (2.0) 13.3 (5.9) <0.001
0.7 (1.1) 8.4 (4.0) <0.001




Table 2: Gait Domain Scores

Control

mTBI

F Statistic

P value

Cohen’s d

Stroop Acc (%)| 98.8(4.2) | 97.7(6.3) | Fes =125 0.267 0.23
Pace 0.38 (0.73) | -0.32(0.82) [F, 105 = 22.56|  <0.001 0.91

S| Variability | -0.15(0.76) | 0.14 (0.82) |Fi; 105 =3-88 0.051 0.38
Rhythm 0.06 (0.32) | -0.09(0.35) |F 109 =5-39|  0.022 0.45
Turning 0.38 (0.85) | -0.31 (0.85) [F, 105 = 18.15  <0.001 0.82
Stroop Acc (%)| 98.5(1.7) | 95.8(7.8) | Fes =223 0.021 0.48
Pace 0.39 (0.80) | -0.32 (0.85) [F; 105 =29-99] <0.001 0.87

bIf|  Variability | -0.13(0.72) | 0.18 (1.00) |F 0 = 3-44 0.066 0.36
Rhythm 0.10 (0.28) | -0.11(0.37) |F, ;05 = 10.86  0.001 0.64
Turning 0.37 (0.61) | -0.33 (1.05) [F,,;, =17.73| <0.001 0.81
Stroop Acc | -0.13 (5.80) | -1.72 (6.32) | F o5 = 1.68 0.198 0.27

Pace 0.06 (0.33) | -0.03(0.56) |F;;,,,=1.09| 0.298 0.20

(el Variability | -0.02(0.52) | 0.05(0.61) |F ;05 =044 0.510 0.13
Rhythm -0.03 (0.04) | 0.05(0.43) |F; 05 =108 0.302 0.20
Turning -0.25(0.79) | 0.18(0.83) [F ;105 =7-79 0.006 0.54

Mean (SD).



Table 3: Individual Gait Characteristics

Control

Stride Length (m) 1.31(0.11) 1.22(0.12)
Pace  |Gait Speed (m/s) 1.21(0.14) 1.10(0.14)
Foot Strike Angle (°) 26.12 (3.69) 23.70(3.69)
Double Support (% of Gait Cycle) 0.96 (0.23) 1.05 (0.28)
Stride Length Variability (m) 0.04 (0.01) 0.04 (0.01)
Variability [Foot Strike Angle Variability (°) 1.57 (0.42) 1.65 (0.37)
ST Single Support (% of Gait Cycle) 0.63 (0.14) 0.69 (0.16)
Stride Time Variability (s) 0.02 (0.01) 0.02 (0.01)
Double Support Variability (% of Gait Cycle) 19.13 (2.84) 20.81 (2.86)
Rhythm (Stride Time (s) 1.09 (0.07) 1.12 (0.08)
Single Support Variability (% of Gait Cycle) 40.43 (1.43) 39.59 (1.43)
Turning Turn Duration (s) 2.07 (0.34) 2.32(0.41)
Peak Turn Velocity (°/s) 196.85 (40.51) 163.89 (32.19)
Stride Length (m) 1.29(0.12) 1.19(0.13)
Pace |Gait Speed (m/s) 1.20(0.15) 1.06 (0.16)
Foot Strike Angle (°) 25.18 (4.18) 22.93 (3.86)
Double Support Variability (% of Gait Cycle) 0.94 (0.23) 1.04 (0.35)
Stride Length Variability (m) 0.03 (0.01) 0.03 (0.01)
Variability [Foot Strike Angle Variability (°) 1.47 (0.35) 1.53 (0.40)
DT Single Support Variability (% of Gait Cycle) 0.61 (0.13) 0.67 (0.21)
Stride Time Variability (s) 0.02 (0.01) 0.03 (0.01)
Double Support (% of Gait Cycle) 19.24 (2.58) 21.61 (3.22)
Rhythm [Stride Time (s) 1.09 (0.07) 1.14 (0.10)
Single Support (% of Gait Cycle) 40.38 (1.29) 39.20(1.60)
Turning Turn Duration (s) 2.05 (0.38) 2.68 (1.55)
Peak Turn Velocity (°/s) 203.74 (46.53) 159.97 (44.99)
Stride Length (%) -1.27 (2.82) -1.43 (3.97)
Pace Gait Speed (%) -1.20 (4.54) -1.77 (7.34)
Foot Strike Angle (%) -3.68 (5.37) -2.96 (5.04)
Double Support Variability (%) -1.24 (17.67) -0.79 (17.51)
Stride Length Variability (%) -5.82 (26.93) -5.03 (22.14)
Variability [Foot Strike Angle Variability (%) -5.37 (18.20) -6.23 (16.65)
DTC Single Support Variability (%) -4.12 (12.64) -2.71(13.78)
Stride Time Variability (%) 4.94 (35.37) 10.50 (41.31)
Double Support (%) 1.53 (4.35) 2.22 (7.28)
Rhythm [Stride Time (%) 0.02 (2.52) 2.13 (6.68)
Single Support (%) -0.30 (0.95) -0.98 (2.19)
Turning Turn Duration (%) -0.51 (8.46) 4.26 (8.49)
Peak Turn Velocity (%) 2.66 (8.49) -0.25(10.41)

Mean(SD). Each gait characteristic is grouped with the other gait characteristics of the same gait

domain.
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Pace OT | Pace DT I
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Pearson’sr Pearson'si
Figure 1: Pearson’s correlations r-values for NSI Total score (Left) and NSI Somatic sub-score (Right) with
the ST and DT gait domains (within chronic mTBI group only). ST = single-task; DT = dual-task. * indicates

p < 0.01; ** indicates p < 0.003.



