
ORIGINAL RESEARCH
published: 26 November 2021

doi: 10.3389/fresc.2021.726452

Frontiers in Rehabilitation Sciences | www.frontiersin.org 1 November 2021 | Volume 2 | Article 726452

Edited by:

Ada Leung,

University of Alberta, Canada

Reviewed by:

Trevor Scott Barss,

University of Alberta, Canada

Aurel Popa-Wagner,

University of Medicine and Pharmacy

of Craiova, Romania

*Correspondence:

Veronica Vuong

veronica.vuong@utoronto.ca

Specialty section:

This article was submitted to

Translational Research in

Rehabilitation,

a section of the journal

Frontiers in Rehabilitation Sciences

Received: 16 June 2021

Accepted: 04 November 2021

Published: 26 November 2021

Citation:

Vuong V, Patterson KK, Cole LP,

Henechowicz TL, Sheridan C,

Green REA and Thaut MH (2021)

Relationship Between Cognition and

Gait at 2- and 12-Months

Post-Traumatic Brain Injury.

Front. Rehabilit. Sci. 2:726452.

doi: 10.3389/fresc.2021.726452

Relationship Between Cognition and
Gait at 2- and 12-Months
Post-Traumatic Brain Injury
Veronica Vuong 1,2,3*, Kara K. Patterson 4,5,6, Lauren Patricia Cole 1,

Tara Lynn Henechowicz 1, Conor Sheridan 4,6, Robin E. A. Green 4,6 and Michael H. Thaut 1,2,6

1Music and Health Science Research Collaboratory, Faculty of Music, University of Toronto, Toronto, ON, Canada, 2 Institute

of Medical Science, Temerty Faculty of Medicine, University of Toronto, Toronto, ON, Canada, 3 Rotman Research Institute,

Baycrest Health Sciences, Toronto, ON, Canada, 4 Knowledge, Innovation, Talent, Everywhere (KITE) Research Institute,

University Health Network, Toronto, ON, Canada, 5Department of Physical Therapy, Temerty Faculty of Medicine, University

of Toronto, Toronto, ON, Canada, 6 Rehabilitation Sciences Institute, Temerty Faculty of Medicine, University of Toronto,

Toronto, ON, Canada

Background: A common and debilitating challenge experienced by people with TBI is

gait-associated mobility impairment and persisting cognitive impairments. Cognitive and

physical impairments are often addressed independently during rehabilitation, however,

increasing evidence links cognitive and motor processes more closely.

Objectives: (1) To determine if correlations exist between measures of cognitive and

gait recovery, post-TBI. (2) To investigate the predictive power of cognition at 2-months

on gait outcomes at 12-months post-TBI.

Methods: In this secondary, longitudinal study of cognitive and neural recovery, data

from 93 participants admitted to an inpatient neurorehabilitation program were analyzed.

Spatiotemporal gait variables [velocity, step time variability (STV), step length variability

(SLV)] were collected along with cognitive variables [Trail Making Test-B (TMT-B), Digit

Span-Forward (DS-F)]. Spearman’s correlation coefficients were calculated between gait

and cognitive variables. Multilinear and step wise regression analyses were calculated

to determine predictive value of cognitive variables at 2-months on gait performance at

12-months-post TBI.

Results: At 2-months post-injury, TMT-B was significantly correlated with gait velocity

and STV; and DS-F was significantly correlated with velocity. At 12-months post-injury,

TMT-B and DS-F was still significant correlated with velocity. TMT-B at 2-months was

correlatedwith SLV and STV at 12-months; and DS-F correlated significantly with velocity.

Regression models showed TMT-B at 2-months predicting STV, SLV, and velocity

at 12-months.

Conclusions: Significant associations and predictions between physical and cognitive

recovery post-TBI were observed in this study. Future directions may consider a “neural

internetwork” model as a salient rehabilitation approach in TBI that integrates physical

and cognitive functions.
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INTRODUCTION

A traumatic brain injury (TBI) refers to an external force to
the head resulting in structural and/or functional changes to
the brain; these are typically associated with acute alterations to
consciousness and then transient or persisting cognitive, motor,
mood and/or somatic symptoms thereafter (1, 2). A TBI can
vary in presentation, depending on severity and region(s) affected
(2). TBI is currently the leading cause of death in individuals
under the age of 50 in Canada and the United States (2). The
prevalence of TBI is increasing, largely due to the increased
survival rate of motor vehicle accidents, which is in turn coupled
with higher persisting physical and cognitive dysfunction even
post-therapy (3).

It is estimated that over three million people with TBI in the
United States are living with a significant long-term disability
(2, 4, 5). Persisting impairments associated with disability include
cognitive deficits (1) and neuromotor impairments (6), such as
balance (7). These disabilities adversely affect the livelihood of
people with TBI, resulting in loss of productivity. Finkelstein et al.
(8) found that after being hospitalized, 1 out of 5 Americans
with TBI did not return to work 1 year-post-injury, due to
a disability, amounting to an estimated $51.2 billion in total
lifetime productivity loss. TBI has become a global public health
concern due to the high prevalence of lasting health challenges
and is predicted to remain the leading cause of disability
stemming from a neurologic disease, until at least 2031 (1, 9).

A common and debilitating challenge experienced by TBI
survivors is gait-associated mobility impairment (10, 11). For
instance, gait analysis has shown that compared to healthy
controls, people with TBI walk slower due to reduced step
length and stride length (10, 11). In addition, individuals often
report instability during ambulation, revealing deficits in balance
(12). As a direct result, people with TBI exhibit increased step-
to-step variability (13), may walk slower (11, 12), and report
difficulty navigating their environment (10, 12). Yet, despite
the existence of strong evidence for persistent motor deficits
after TBI when compared to other neurological populations
such as Parkinson’s disease and stroke, motor impairments have
received less attention within the TBI population (14). Mobility
challenges, most notably abnormal gait function, have been
linked to decreased community engagement (7, 13) and self-rated
quality of life, post-TBI (15).

In addition to gait dysfunction, people with TBI
exhibit persisting cognitive impairments such as attention,
concentration, learning, memory, and executive functioning
deficits (16). Executive function can be defined as a group
of related, yet distinct, cognitive processes that modulate
information from the prefrontal cortex to produce intentional,
goal-directed behavior. Models of executive function [e.g.,
Miyake and Friedman’s model (17)] generally include three
foundational components: inhibition of pre-potent responses,
monitoring and updating, and mental shifting. From these
components, basic cognitive processes such as attention
control, cognitive inhibition, cognitive flexibility, and working
memory, are derived. As these integrative functions are
imperative for effective goal directed actions, they play a vital
role in independently managing work, social relationships,

activities of daily living, as well as re-integrating into the
community, post-TBI.

Functionally, cognitive and physical impairments are often
addressed independently during rehabilitation, for example by
therapies that discretely focus on one (e.g., physiotherapy)
or the other (e.g., speech language therapy; neuropsychology)
(11). However, increasing evidence has shown that cognitive
and motor processes are closely linked (11). Motor function
is mediated by complex cortical, subcortical, and brainstem
networks that communicate with each other and project signals
via the reticulospinal pathway to the spinal cord, resulting in
coordinated movement (18, 19). TBI can disrupt one or several
pathways implicated in cognitive functioning, whichmay impede
motor functioning, such as gait (20–22). For example, impaired
executive function is associated with slower walking speed (20),
increased incidence of falls (23, 24), and increased stride time
variability (25). Furthermore, dual-tasking has demonstrated the
interplay between executive function and gait, both of which are
commonly affected after TBI (20, 26).

Although functional outcomes following TBI have previously
been predicted by demographic variables and severity of brain
injury, they have produced mixed results (27). Alternatively,
there has been a new effort to focus research on cognitive sequela
due to TBI. Based on the evidence that cognitive function is
associated with motor impairments, especially in locomotion, the
question arises if cognitive outcomes can also become predictors
of motor outcomes. For example, emerging evidence shows
associations between cognition and motor recovery in stroke,
most pronounced for executive function (28). However, such
potential connections have not yet been investigated for TBI.
Therefore, this study is a novel investigation that seeks to close
the existing knowledge gap to improve outcomes for successful
TBI rehabilitation. If associations or predictions are found, this
may present a platform for future research to integrate both
cognitive andmotor domains in rehabilitation exercises. Previous
studies involving persons with TBI have examined cognitive
and motor recovery separately. Therefore, this investigation
presents a novel approach in analyzing the long-term relationship
between cognitive domains, particularly executive function, and
gait as one of the most critical motor outcomes during post-
trauma recovery.

We sought to investigate if correlations may exist between
measures of executive function and gait recovery, post-TBI. As
our first hypothesis, we predicted that significant correlations
would emerge in early recovery and would be maintained longer
term between cognition and gait performance. Additionally,
we sought to investigate the predictive power of executive
functioning at 2-months post-TBI on gait outcomes at 12-months
post-TBI. As our second hypothesis, we predicted that executive
function in early recovery stages is a significant predictor for
long-term gait outcomes.

MATERIALS AND METHODS

Participants
The data of participants who were admitted to the inpatient
neurorehabilitation program of a major urban Canadian hospital
and who took part in a parent, longitudinal study of cognitive and
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neural recovery [“The Toronto Rehab TBI Recovery Study” (29)]
were analyzed for this statistical follow up investigation with all
demographic and diagnostic data additionally available through
the parent study.

A total of 93 individuals qualified for the current study by
meeting the following inclusion criteria: [1] acute care diagnosis
of TBI; [2] severity as indicated by length of post-traumatic
amnesia (LPTA) of >1 h and/or Glasgow Coma Scale (GCS)
score of <12 either at their emergency admission or the scene
of the accident and /or positive computed tomography or
MRI findings; [3] age between 18 and 80 years; [4] ability to
comprehend and follow simple communication in English based
on speech language pathology intake assessment; [5] informed
consent provided by the participant or legal decision-maker.

Exclusion criteria included: [1] diagnosis of an additional
independent neurological condition such as Alzheimer’s disease,
Parkinson’s disease, multiple sclerosis, Huntington’s disease,
lupus, or stroke; [2] history of psychiatric disorder; [3] the
etiology of the TBI resulting from a pre-existing or acute
neurologic condition, such as a fall caused by a stroke; [4]
physical assistance required to complete gait tests; [5] orthopedic
injuries affecting both lower extremities; [6] failure to emerge
from LPTA by 6 weeks post injury, as measured by the Galveston
Orientation Amnesia Test.

Mean participant age was 41 ± 17 with 26 women in the
group. No significant differences were found for age using a two-
way ANOVA (F = 0.11; p = 0.89). On average, participants
had sustained a moderate to severe brain injury (mean lowest
recorded score/GCS 6.97 ± 3.59; severe <8 = 69.8 %; moderate
9–12 = 18,7%; mild 13–15 = 11.5%) which resulted in a
mean acute care length of stay of 33 ± 18.6 days with
rehabilitation starting after physical stabilization of the patient
(LPTA: moderate 1–24 h = 4.1%; severe 1–7 d = 24.1%; very
severe 1–4w= 54.4%; extremely severe 4–6w= 17.4%). Average
number of therapy hours per week was 7.07 ± 4.68. The etiology
was reported as follows: motor vehicle collision (70.8%), fall
(12.5%), assault (12.5%), and sports injury (4.2%). Pre-morbid
IQ of participants was 100.4 ± 12.51 [Wechsler Test of Adult
Reading (30) or North American Adult Reading Test-Verbal
IQ (31)]. Our sample was typical for moderate to severe TBI,
predominantly male, with an estimated average pre-morbid IQ,
and the majority of injuries due to motor vehicle accident.

Measures
Gait Variables
All spatiotemporal gait variables were collected and calculated
using a GaitRite pressure-sensitive mat system. Spatiotemporal
gait measures collected by a pressure-sensitive system have been
shown to be valid and reliable in both inpatient (32) and
outpatient (33) populations post-TBI. Variables were collected
at each timepoint (2- and 12-months post-admission) under
the following two conditions: self-paced (SP) where participants
were asked to walk at a self-selected comfortable walking speed;
maximum-paced (MP) where participants were asked to walk as
fast as possible while maintaining safety.

Each participant walked independently across the pressure-
sensitive mat for a total of 18 footfalls. Participants began walking

2.5m before the beginning of the mat and continued for 2.5
meters following the end of the mat to account for acceleration
and deceleration associated with starting and stopping. At the
time of collection, a research assistant cleaned the data by
removing incomplete footfalls (at the beginning or end of
the mat) and any other abnormalities or artifacts detected
by the system. The GaitRite computer system calculated all
spatiotemporal variables following data cleaning.

We used gait velocity (measured in cm/s) as a global measure
of gait function. Velocity is commonly considered a critical
and sensitive measure in assessing functional gait and overall
health sometimes referred to as the “6th vital sign” (34, 35).
Furthermore, for individuals with reduced mobility following
TBI, walking speed may be an important measure of successful
future community integration (35). The coefficient of variation
of step length variability (SLV) and coefficient of variation of
step time variability (STV) were used to measure gait variability
indicating the ratio of the standard deviation to the mean. SLV
and STV were selected as critical factors for timing and pattern
generation of walking movements. Consistent SLV and STV
across gait cycles are also important for stability of gait and
reduction of risk of falling (36).

A custom MATLAB program was used to calculate SLV and
STV as the coefficient of variation from the GaitRite output of
footfall location and timing.

Neuropsychological Test Variables
We used Trail Making Test-B (TMT-B) (37) total time score as a
measure of core components of executive function and the Digit
Span-Forward (DS-F) (38) as ameasure of simple auditory-verbal
attention and capacity.

The TMT-B is a timed, visuomotor task that is frequently used
in clinical evaluations because of its sensitivity to impairment
(37). It requires participants to alternately connect letters and
numbers in numerical and alphabetical sequence as quickly as
possible. Poor performance has been associated with reduced
mental shifting, cognitive flexibility and working memory (39).

The DS-F requires the participant to repeat sequences of
numbers that increase in length (and therefore difficulty) that are
read out loud.

TMT-B was selected for this analysis as it has shown to be
related to physical functioning (40) and to also account for the
largest proportion of variance on the instrumental activities of
daily living (IADL) test (41). Additionally, executive function
impairments have been noted to be significant predictors of
falls in TBI rehabilitation, attributing this finding to reduced
self-awareness, risk assessment skills, attentional challenges, and
impulsivity (23). We chose a measure of attention due to the
strong evidence that control of attention is a critical ability
during walking (20).

Design
The current study is a secondary, longitudinal follow up statistical
analysis of the above referenced parent study using selected
variables to investigate potential relationships between cognition
and motor function after TBI.
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TABLE 1 | Descriptive statistics for cognitive variables.

Months Neuropsychological test variable Mean SD

2-Months TMT-B 100.4 s 35.4

12-Months TMT-B 85.7 s 28.3

2-Months DS-F 9.9 correct trials 2.7

12-Months DS-F 10.1 correct trials 2.7

DS-F, Digit Span-Forward; TMT-B, Trail Making Test-B.

TABLE 2 | Descriptive statistics for gait variables.

Months Gait variable Condition Mean SD

2-Months Velocity MP 180.2 cm/s 42.7

2-Months Velocity SP 113.3 cm/s 30.2

12-Months Velocity MP 194.8 cm/s 33.7

12-Months Velocity SP 116.8 cm/s 25.5

Velocity = cm/s; MP, max-paced; SP, self-paced.

Data Analysis
First, repeated measures ANOVA was calculated for differences
between 2- and 12-months as well for SP vs. MP performance
in gait velocity (cm/s), cadence (steps/m), step time (s), and
step length (cm).

To test our first hypothesis, Spearman’s correlation coefficients
were calculated for each combination of one of the three gait
variables (velocity, step length, and step time variability) and one
of the two cognitive variables (TMT-B, DS-F): (1) concurrent
time point analysis at 2- and 12-months post-TBI; (2) cognition
variables at 2-months and gait variables at 12-months. All
correlations were completed in the statistical package R. The
Holm multiple test procedure was employed for all analyses (42).
Adjusted p-values are reported.

To test our second hypothesis, multilinear and step wise
regression analyses were calculated to determine if cognitive
variables at 2-months can predict gait performance at 12-months.

All Multiple Linear Regression Analyses were computed using
the “rms” package in R (43). Six Multiple Linear Regression
Models were fitted to test whether 2-month cognition variables,
TMT-B and DS-F, predict each 12-month gait variable at SP and
MP. The six 12-month gait outcome variables were 12-month SP
SLV, 12-month MP SLV, 12-month SP STV, 12-month MP STV,
12-month MP Velocity, and 2-month MP Velocity. Thus, the
equation for each fitted model is: y = β0 + β1 (2-month TMT-
B) + β2 (2-month DS-F). Additionally, an ANOVA of the fitted
regression model was conducted for each 12-month gait variable.

RESULTS

Descriptive Statistics
Descriptive cognitive statistics are given in Table 1. Descriptive
gait statistics are given in Table 2.

There was a significant main effect for time. Significant
increases for velocity were found between 2- and 12-months in
the SP condition (p= 0.0022) and in theMP condition (p= 0.02).

TABLE 3 | Correlations between cognition and gait 2-months post-admittance to

the traumatic brain injury (TBI) recovery program.

Condition Gait variable Cognitive variable Correlation

coefficient

P-value

MP Velocity TMT-B −0.28 0.0096*

SP Velocity TMT-B −0.33 0.0028*

MP Velocity DS-F 0.26 0.0199*

SP Velocity DS-F 0.16 0.1393

MP SLV TMT-B 0.1 0.5225

SP SLV TMT-B 0.17 0.2531

MP STV TMT-B 0.32 0.0326*

SP STV TMT-B 0.39 0.0073*

MP SLV DS-F −0.02 0.9185

SP SLV DS-F −0.13 0.4113

MP STV DS-F −0.14 0.363

SP STV DS-F −0.06 0.6864

MP, max-paced; SP, self-paced; SLV, step length variation; STV, step time variation;

TMT-B, Trail Making Test-B; DS-F, Digit Span-Forward.

* means Significant p-value = 0.05.

TABLE 4 | Correlations between cognition and gait 12-months post-admittance

to the traumatic brain injury (TBI) recovery program.

Condition Gait variable Cognitive variable Correlation

coefficient

P-value

MP Velocity TMT-B −0.2 0.1499

SP Velocity TMT-B −0.37 0.007*

MP Velocity DS-F 0.22 0.1029

SP Velocity DS-F 0.34 0.0115*

MP SLV TMT-B 0.19 0.2848

SP SLV TMT-B 0.33 0.0572

MP STV TMT-B 0.23 0.1839

SP STV TMT-B 0.32 0.0649

MP SLV DS-F −0.09 0.5989

SP SLV DS-F −0.1 0.57

MP STV DS-F −0.15 0.4039

SP STV DS-F −0.12 0.5028

MP, max-paced; SP, self-paced; SLV, step length variation; STV, step time variation;

TMT-B, Trail Making Test-B; DS-F, Digit Span-Forward.

* means Significant p-value = 0.05

Correlations
Concurrent Timepoint Analysis—Spearman’s

Correlations Between Cognition and Gait at

2-Months Post
At 2-months post-injury, test performance on the TMT-B was
significantly correlated with gait velocity as well as step time
variability in both SP and MP conditions. The DS-F test was only
correlated significantly with the MP velocity condition (Table 3).

Concurrent Timepoint Analysis—Spearman’s

Correlations Between Cognition and Gait at

12-Months Post-admittance
At 12-months post-injury, the number of significant correlations
between cognition and gait had decreased. Both the TMT-
B and DS-F were still correlated with SP velocity, but other
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associated performance linkages between gait and cognition
had disappeared (Table 4).

Spearman’s Correlations Between Cognition

2-Months and Gait 12-Months
When correlating cognition at 2-months post-injury with gait
recovery at 12-months post-injury, new significant findings
emerged showing that early and higher performance on TMT-
B was associated with improvements in gait variability for step
length as well as step time. Higher DS-F scores at 2-months
post-injury maintained a significant association with higher gait

TABLE 5 | Correlations between cognition at 2-months post-injury and gait at

12-months post-injury to the traumatic brain injury (TBI) recovery program.

Condition Cognitive

variable at 2

months

post-injury

Gait variable at

12 months

post-injury

Correlation

coefficient

P-value

SP TMT-B Velocity −0.18 0.2214

MP TMT-B Velocity −0.1 0.4788

SP TMT-B SLV 0.51 0.0076*

MP TMT-B SLV 0.04 0.8324

SP TMT-B STV 0.53 0.0005*

MP TMT-B STV 0.11 0.5869

SP DS-F Velocity 0.44 0.0021*

MP DS-F Velocity 0.29 0.045*

SP DS-F SLV −0.31 0.1179

MP DS-F SLV −0.07 0.726

SP DS-F STV −0.15 0.4794

MP DS-F STV −0.23 0.2606

MP, max-paced; SP, self-paced; SLV, step length variation; STV, step time variation;

TMT-B, Trail Making Test-B; DS-F, Digit Span-Forward.

* means Significant p-value = 0.05

velocity even across a 10-month time span between testing,
however, for SP only (Table 5).

Regression
Of the six multiple linear regressionmodels, 2-month post-injury
TMT-B was significantly predictive of 12-month post-injury gait
in themodels for 12-month SP SLV (β= 0.0113, SE= 0.0051, and
p = 0.0317), 12-month SP STV (β = 0.0103, SE = 0.0046, and p
= 0.0317), and MP Velocity (β =−0.3320, SE= 0.1081, and p=
0.0039; seeTable 6 for the Discrimination Indices and Regression
Coefficients for each model). DS-F was not a significant predictor
in any of the models.

For every 30 s increase in time to complete TMT-B at 2-
months post-injury, 12-month SP STV increases by 0.339150 s
(95% CI of 0.031365–0.64693), when adjusting for DS-F (see
Figure 1A). For every 30 s increase in time to complete 2-month
TMT-B, 12-month SP SLV increases by 0.3084 cm (95% CI of
0.026253–0.59054), when adjusting for DS-F (see Figure 1B).
For every 30 s increase in time to complete 2-month post-
injury TMT-B, 12-month post-injury MP Velocity decreases by
9.9613 cm/s (95% CI of −16.518 to −3.4044), when adjusting
for DS-F (see Figure 1C). However, our adjusted R2 values,
measuring goodness of fit, are low, indicating the percentage of
the variances in the dependent variables that the independent
variables explain collectively. This suggests that our models are
underfitting the variability in the data, limiting the predictive
precision of the relationships.

To assure that our results were not leveraged by outlier data
points, we first conducted a sensitivity analysis with dfbetas and
threshold set at 0.3 determined by 2/sqrt(n) to identify the most
influential observations and then removed them in an updated
model analysis. We considered this as an appropriate first step
because it is computationally driven and not an arbitrary decision
based on visual inspection. TMT-Bwas still a significant predictor
of STV (p = 0.033 and R2 adjusted changed from 0.071 in the

TABLE 6 | Identifying 2-month cognition predictors of 12-month gait in people post-traumatic brain injury (TBI) from multiple linear regression outputs.

Model of dependent gait variable Discrimination indexes Independent cognitive variable Regression coefficients

Model R2 Model R2 adjusted β SE T Regression sig. p

12-month SP STV 0.117 0.071 2-month TMT-B 0.0103 1.2157 2.21 0.0331*

2-month DS-F 0.0458 0.0945 0.48 0.6305

12-month MP STV 0.043 −0.006 2-month TMT-B 0.0038 0.0064 0.59 0.5582

2-month DS-F −0.1068 0.1292 −0.83 0.4133

12-month SP SLV 0.129 0.084 2-month TMT-B 0.0113 0.0051 2.23 0.0317*

2-month DS-F 0.0150 0.1031 0.15 0.8854

12-month MP SLV 0.038 −0.011 2-month TMT-B 0.0051 0.0044 1.16 0.2543

2-month DS-F 0.0081 0.0898 0.09 0.9288

12-month SP Velocity 0.071 0.024 2-month TMT-B −0.0908 0.0843 −1.08 0.2881

2-month DS-F 1.3128 1.7135 0.77 0.4482

12-month MP Velocity 0.220 0.180 2-month TMT-B −0.3320 0.1081 −3.07 0.0039*

2-month DS-F −0.4022 2.1968 −0.18 0.8557

*P-values are significant at the alpha = 0.05 significance level.

MP, max-paced; SP, self-paced; SLV, step length variation; STV, step time variation; TMT-B, Trail Making Test-B; DS-F, Digit Span-Forward.
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FIGURE 1 | (A) 12-month SP STV predicted by 2-month TMT-B. (B) 12-month SP SLV predicted by 2-month TMT-B. (C) 12-month MP velocity predicted by

2-month TMT-B.

Frontiers in Rehabilitation Sciences | www.frontiersin.org 6 November 2021 | Volume 2 | Article 726452

https://www.frontiersin.org/journals/rehabilitation-sciences
https://www.frontiersin.org
https://www.frontiersin.org/journals/rehabilitation-sciences#articles


Vuong et al. Cognition Predicts TBI Motor Recovery

original model to 0.172. Similar results were found for SLV (p =
0.0243; R2 from 0.084 to 0.111) and velocity (p= 0.0057; R2 from
0.18 to 0.16). In a second step, we finally removed four outlier
observations with TMT-B> 150 s. TMT-B remained a significant
predictor for STV (p = 0.0008; R2adj = 0.237) and SLV (p =

0.0244; R2adj= 0.092).
When controlling for age and gender, the main effects for 2-

month TMT-B on 12-month SP STV (β = 0.0118, SE = 0.0054,
and p = 0.0357), 12-month SP SLV (β = 0.0130, SE = 0.0059,
and p= 0.0337), and 12-month MP Velocity (β=−0.3682, SE=

0.1250, and p= 0.0055) remained significant. The main effects of
age and gender were not significant in any of the three models.

Figure 1 shows plots of the main effect of 2-month TMT-B
(sec) on (A) 12-Month SP, (B) 12-Month SP SLV, and (C) 12-
MonthMPVelocity. The regression lines are shown in black with
95% Confidence Interval (in gray). The R2 adjusted is reported in
the top right corner of each plot.

When controlling for age and gender, the main effects for 2-
month TMT-B on 12-month SP STV (β = 0.0118, SE = 0.0054,
and p = 0.0357), 12-month SP SLV (β = 0.0130, SE = 0.0059,
and p = 0.0337), and 12-month MP Velocity (β = −0.3682,
SE = 0.1250, and p = 0.0055) remained significant. The main
effects of age and gender were not significant in any of the
three models.

DISCUSSION

Traditionally, physical and cognitive impairments post-TBI have
been addressed separately, and therefore, their rehabilitation
processes have occurred independently (11). There is increasing
evidence suggesting that physical processes such as ambulation
require higher order cognitive inputs, including executive
function and attention (11). Therefore, it is imperative to
understand the relationship between cognitive function and gait
post-TBI in order to create effective rehabilitation protocols for
both cognitive and physical function. This study presents new
data to elucidate the relationship between cognitive functioning
and gait post-TBI with the aim to provide preliminary evidence
for the creation of effective rehabilitation protocols that addresses
cognitive and physical function in an integrated fashion. The
current investigation shows evidence for pre-rehabilitation
and post-rehabilitation correlations and predictions that exist
between measures of gait variability and gait velocity and
executive function and attention. The results offer several
key findings.

First, in the early stages of recovery, levels of cognitive
function and gait function seem closely correlated. TMT-B and
DS-F scores significantly correlated with both SP and MP gait
speed measures; and reductions in temporal stride variability, the
latter being a key indicator of gait control.

Second, long-range correlations persist between cognition
and gait at 2- and 12-months, respectively. Higher executive
function status in early recovery is associated with long-term
improvements in gait variability and higher attention function in
early recovery and is associated with long-term improvements in
gait velocity.

Finally, our regression analysis shows scores on the TMT-B
as a significant predictor of spatial and temporal gait control

variability as well as gait speed, even when controlled for
age, gender, and influence of outlier observations. Although
a predictive relationship was found between the independent
variables, the low adjusted R2 values require a cautionary
interpretation of the limited precision of the predictions.

Previous studies have shown connections between executive
and attention function and motor control, including gait
functions (3) [e.g., (20, 22, 44–46)]. While the connections
between cognition and motor function have been mostly
investigated in cohorts of healthy elderly persons and persons
with stroke and Parkinson’s disease, our study for the first time
shows similar connections in TBI recovery. Furthermore, we
were able to elucidate a predictive role for early positive cognitive
recovery, especially for executive function, for improvement
of critical kinematic gait variables in long-range gait control
after 1 year.

There is a consistent body of research showing the
importance of physical ability for maintaining cognitive function.
However, our data show that there is also a reversed role
for cognitive function predicting long-term motor outcomes.
One challenge associated with TBI treatment and rehabilitation
is that unlike other neurological conditions, there is not one
common mechanism of injury (3). The many ways one can
obtain a TBI and present clinically lead to a plethora of
diverse symptoms. This study has shown that cognition is
predictive of gait, across a spectrum of TBI injuries. This
evidence may lead to a more holistic strategy in early TBI
rehabilitation to design rehabilitation exercises that integrate
appropriate cognitive and motor challenges in re-learning
protocols. Early studies examining dual task intervention
programs for individuals with acquired brain injury have
demonstrated a lack of generalizability (47). Further studies are
required to assess the efficacy of concurrent cognitive-motor
training regimes.

Our data confirm that at least at a functional and goal-directed
level, walking involves executive and attention capabilities,
and if those capabilities are better preserved post-injury,
they can be important predictors for long-term improvements
of walking ability. What mechanisms may account for the
associative and predictive relationship? Poor cognition is
typically associated with poor rehabilitation outcomes. One
of the suggested mechanisms borrows from stroke research
as a model for acquired brain injury and postulates that
poor cognition alters implicit and explicit learning abilities
which are important for recovery in stages of adaptation as
well as remediation on an impairment level (19, 48). This
mechanism may also underlie the outcomes in our present
TBI study. On the neural level, studies have pointed toward
possible pathways that link cognition and motor outcomes
at alterations in the neurochemical milieu (49). Thus, within
the context of shared pathways in neurotransmitter signaling,
recovery of cognitive impairment may also provide a more
favorable neurochemical milieu for functional recovery of motor
control, which in our case would specifically pertain to gait
mobility (50). Finally, our model data may suggest that they
share representations in the brain, e.g., in tertiary association
areas, or share a common network characterized by long-range
internetwork connectivity (51).
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CONCLUSIONS/IMPLICATIONS

Our study presents novel data in regard to significant associations
and predictions, however, with limited model fit, between
cognitive and motor recovery in TBI. These associations and
predictions have not been previously researched. Therefore,
as opposed to traditional approaches, we suggest that further
investigations address cognition and motor control in an
integrated fashion based on a “neural internetwork” model of
rehabilitating impaired brain function.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding author/s.

ETHICS STATEMENT

The studies involving human participants were reviewed
and approved by Toronto Rehabilitation Institute. The
patients/participants provided their written informed consent to
participate in this study.

AUTHOR CONTRIBUTIONS

VV: conceptualization, design/methodology, writing original
draft, data collection, and data analysis. KP: conceptualization,
design/methodology, and review and editing. LC and TH:
data analysis. CS: design/methodology and data collection. RG:
review and editing. MT: conceptualization, design/methodology,
writing original draft, data analysis, and supervision. All authors
contributed to the article and approved the submitted version.

REFERENCES

1. Roozenbeek B, Maas AIR, Menon DK. Changing patterns in the

epidemiology of traumatic brain injury. Nat Rev Neurol. (2013) 9:231–6.

doi: 10.1038/nrneurol.2013.22

2. Corrigan JD, Selassie AW, Orman JA. The epidemiology of

traumatic brain injury. J Head Trauma Rehabil. (2010) 25:72–80.

doi: 10.1097/HTR.0b013e3181ccc8b4

3. Williams G, Lai D, Schache A, Morris ME. Classification of gait disorders

following traumatic brain injury. J Head Trauma Rehabil. (2015) 30:E13–E23.

doi: 10.1097/HTR.0000000000000038

4. Langlois JA, Rutland-Brown W, Thomas KE, National Center for Injury

Prevention and Control. Traumatic Brain Injury in the United States;

Emergency Department Visits, Hospitalizations, and Deaths. Atlanta, GA:

Centers for Disease Control and Prevention, National Center for Injury

Prevention and Control (2004). 68 p.

5. Maas AI, Stocchetti N, Bullock R. Moderate and severe

traumatic brain injury in adults. Lancet Neurol. (2008) 7:728–41.

doi: 10.1016/S1474-4422(08)70164-9

6. Walker WC, Pickett TC. Motor impairment after severe traumatic brain

injury: a longitudinal multicenter study. J Rehabil Res Dev. (2007) 44:975–82.

doi: 10.1682/JRRD.2006.12.0158

7. Perry SB, Woollard J, Little S, Shroyer K. Relationships among measures of

balance, gait, and community integration in people with brain injury. J Head

Trauma Rehabil. (2014) 2:117–24. doi: 10.1097/HTR.0b013e3182864f2f

8. Finkelstein E, Corso PS, Miller TR. The Incidence and Economic Burden of

Injuries in the United States. New York, NY: Oxford University Press (2006).

208 p.

9. Maas AI, Menon DK, Adelson PD, Andelic N, Bell MJ, Belli A, et al.

Traumatic brain injury: integrated approaches to improve prevention,

clinical care, and research. Lancet Neurol. (2017) 16:987–1048.

doi: 10.1016/S1474-4422(17)30371-X

10. Chou L-S, Kaufman KR, Walker-Rabatin AE, Brey RH, Basford JR. Dynamic

instability during obstacle crossing following traumatic brain injury. Gait

Posture. (2004) 20:245–54. doi: 10.1016/j.gaitpost.2003.09.007

11. Williams G, Galna B, Morris ME, Olver J. Spatiotemporal deficits and

kinematic classification of gait following a traumatic brain injury:

a systematic review. J Head Trauma Rehabil. (2010) 25:366–74.

doi: 10.1097/HTR.0b013e3181cd3600

12. McFadyen BJ, Swaine B, Dumas D, Durand A. Residual effects of a traumatic

brain injury on locomotor capacity: a first study of spatiotemporal patterns

during unobstructed and obstructed walking. J Head Trauma Rehabil. (2003)

18:512–25. doi: 10.1097/00001199-200311000-00005

13. Niechwiej-Szwedo E, Inness EL, Howe JA, Jaglal S, McIlroy WE, Verrier

MC. Changes in gait variability during different challenges to mobility

in patients with traumatic brain injury. Gait Posture. (2007) 25:70–7.

doi: 10.1016/j.gaitpost.2006.01.002

14. Belluscio V, Bergamini E, Tramontano M, Bustos AO, Allevi G, Formisano R,

et al. Gait quality assessment in survivors from severe traumatic brain injury:

an instrumented approach based on inertial sensors. Sensors. (2019) 19:1–14.

doi: 10.3390/s19235315

15. Tsyben A, Guilfoyle M, Timofeev I, Anwar F, Allanson J, Outtrim J, et al.

Spectrum of outcomes following traumatic brain injury-relationship between

functional impairment and health-related quality of life. Acta Neurochir

(Wien). (2018) 160:107–15. doi: 10.1007/s00701-017-3334-6

16. Draper K, Ponsford J. Cognitive functioning ten years following traumatic

brain injury and rehabilitation. Neuropsychology. (2008) 22:618–25.

doi: 10.1037/0894-4105.22.5.618

17. Miyake A, Friedman NP, Emerson MJ, Witzki AH, Howerter A, Wager TD.

The unity and diversity of executive functions and their contributions to

complex “frontal lobe” tasks: a latent variable analysis. Cognit Psychol. (2000)

41:49–100. doi: 10.1006/cogp.1999.0734

18. Riddle CN, Edgley SA, Baker SN. Direct and indirect connections with upper

limb motoneurons from the primate reticulospinal tract. J Neurosci. (2009)

29:4993–9. doi: 10.1523/JNEUROSCI.3720-08.2009

19. Hallett M, Pascual-Leone A, Topka H. Adaptation and skill learning: evidence

for different neural substrates. In: Bloedel J, Ebner T, Wise S, editors. The

Acquisition of Motor Behavior in Vertebrates. Cambridge, MA: MIT Press

(1996). p. 289–302.

20. Yogev-Seligmann G, Hausdorff JM, Giladi N. The role of executive function

and attention in gait.Mov Disord. (2008) 23:329–42. doi: 10.1002/mds.21720

21. Hausdorff JM, Schweiger A, Herman T, Yogev-Seligmann G, Giladi

N. Dual-task decrements in gait: contributing factors among healthy

older adults. J Gerontol A Biol Sci Med Sci. (2008) 63:1335–43.

doi: 10.1093/gerona/63.12.1335

22. Beauchet O, Annweiler C, Montero-Odasso M, Fantino B, Herrmann FR,

Allali G. Gait control: a specific subdomain of executive function? J Neuro

Eng Rehabil. (2012) 9:1–5. doi: 10.1186/1743-0003-9-12

23. Rapport LJ, Hanks RA, Millis SR, Deshpande SA. Executive functioning and

predictors of falls in the rehabilitation setting. Arch Phys Med Rehabil. (1998)

79:629–33. doi: 10.1016/S0003-9993(98)90035-1

24. Persad CC, Jones JL, Ashton-Miller JA, Alexander NB, Giordani B. Executive

function and gait in older adults with cognitive impairment. J Gerontol A Biol

Sci Med Sci. (2008) 63:1350–55. doi: 10.1093/gerona/63.12.1350

25. Allali G, Assal F, Kressig RW, Dubost V, Herrmann FR, Beauchet O. Impact

of impaired executive function on gait stability. Dement Geriatr Cogn Disord.

(2008) 26:364–9. doi: 10.1159/000162358

26. Vallée M, McFadyen BJ, Swaine B, Doyon J, Cantin J-F, Dumas D. Effects

of environmental demands on locomotion after traumatic brain injury. Arch

Phys Med Rehabil. (2006) 87:806–13. doi: 10.1016/j.apmr.2006.02.031

Frontiers in Rehabilitation Sciences | www.frontiersin.org 8 November 2021 | Volume 2 | Article 726452

https://doi.org/10.1038/nrneurol.2013.22
https://doi.org/10.1097/HTR.0b013e3181ccc8b4
https://doi.org/10.1097/HTR.0000000000000038
https://doi.org/10.1016/S1474-4422(08)70164-9
https://doi.org/10.1682/JRRD.2006.12.0158
https://doi.org/10.1097/HTR.0b013e3182864f2f
https://doi.org/10.1016/S1474-4422(17)30371-X
https://doi.org/10.1016/j.gaitpost.2003.09.007
https://doi.org/10.1097/HTR.0b013e3181cd3600
https://doi.org/10.1097/00001199-200311000-00005
https://doi.org/10.1016/j.gaitpost.2006.01.002
https://doi.org/10.3390/s19235315
https://doi.org/10.1007/s00701-017-3334-6
https://doi.org/10.1037/0894-4105.22.5.618
https://doi.org/10.1006/cogp.1999.0734
https://doi.org/10.1523/JNEUROSCI.3720-08.2009
https://doi.org/10.1002/mds.21720
https://doi.org/10.1093/gerona/63.12.1335
https://doi.org/10.1186/1743-0003-9-12
https://doi.org/10.1016/S0003-9993(98)90035-1
https://doi.org/10.1093/gerona/63.12.1350
https://doi.org/10.1159/000162358
https://doi.org/10.1016/j.apmr.2006.02.031
https://www.frontiersin.org/journals/rehabilitation-sciences
https://www.frontiersin.org
https://www.frontiersin.org/journals/rehabilitation-sciences#articles


Vuong et al. Cognition Predicts TBI Motor Recovery

27. Dikmen SS, Machamer JE, Winn HR, Temkin NR. Neuropsychological

outcome at 1-year post head injury. Neuropsych. (1995) 9:80–90.

doi: 10.1037/0894-4105.9.1.80

28. Mullick AA, Subramanian SK, Levin MF. Emerging evidence of the

association between cognitive deficits and arm motor recovery after

stroke: a meta-analysis. Restor Neurol Neurosci. (2015) 33:389–403.

doi: 10.3233/RNN-150510

29. Graves DE, Green RE. Special issue on traumatic brain injury from the

Toronto Rehabilitation Institute TBI Recovery Study: patterns, predictors, and

mechanisms of recovery plus directions for treatment research.Arch PhysMed

Rehabil. (2008) 89:A1–A8:S1–S92. doi: 10.1016/S0003-9993(08)01598-0

30. Blair JR, Spreen O. Predicting premorbid IQ: a revision of the

National Adult Reading Test. Clin Neuropsychol. (1989) 3:129–36.

doi: 10.1080/13854048908403285

31. Wechsler D. Wechsler Test of Adult Reading: WTAR. Psychological

Corporation (2001).

32. Hirsch MA, Williams K, Norton HJ, Hammond F. Reliability of the

timed 10-metre walk test during inpatient rehabilitation in ambulatory

adults with traumatic brain injury. Brain Inj. (2014) 28:1115–20.

doi: 10.3109/02699052.2014.910701

33. van Loo MA, Moseley AM, Bosman JM, de Bie RA, Hassett L. Test-re-

test reliability of walking speed, step length and step width measurement

after traumatic brain injury: a pilot study. Brain Inj. (2004) 18:1041–8.

doi: 10.1080/02699050410001672314

34. Middleton A, Fritz SL, Lusardi M. Walking speed: the functional vital sign. J

Aging Phys Act. (2015) 23:314–22. doi: 10.1123/japa.2013-0236

35. Fritz S, LusardiM.White paper: “Walking speed: the sixth vital sign”. J Geriatr

Phys Ther. (2009) 32:2–5. doi: 10.1519/00139143-200932020-00002

36. Maki BE. Gait changes in older adults: predictors of falls or indicators of fear?

J Am Geriat Soc. (1997) 45:313–20. doi: 10.1111/j.1532-5415.1997.tb00946.x

37. Reitan RM, Wolfson D. The Halstead-Reitan Neuropsycholgical Test Battery:

Therapy and Clinical Interpretation. Tucson, AZ: Neuropsychological Press

(1985). 486 p.

38. Wechsler D.Wechsler Adult Intelligence Scale-Fourth Edition (WAIS-IV). San

Antonio, TX: NCS Pearson (2008).

39. Arbuthnott K, Frank J. Trail Making Test, Part B as a measure of executive

control: validation using a set-switching paradigm. J Clin Exp Neuropsychol.

(2000) 22:518–28. doi: 10.1076/1380-3395(200008)22:4;1-0;FT518

40. Bell-McGinty S, Podell K, Franzen M, Baird AD, Williams MJ. Standard

measures of executive function in predicting instrumental activities of

daily living in older adults. Int J Geriatr Psychiatry. (2002) 17:828–34.

doi: 10.1002/gps.646

41. Carlson MC, Fried LP, Xue QL, Bandeen-Roche K, Zeger SL, Brandt J.

Association between executive attention and physical functional performance

in community-dwelling older women. J Gerontol B Psychol Sci Soc Sci. (1999)

54:S262–S70. doi: 10.1093/geronb/54B.5.S262

42. Holm S. A simple sequentially rejective multiple test procedure. Scand J Stat.

(1979) 6:65–70.

43. Harrell FE. Rms: Regression Modeling Strategies. (2016). Available online

at: https://CRAN.R-project.org/package=rms (accessed October 27, 2020).

44. Sarajuuri J, Pasanen M, Rinne M, Vartiainen M, Lehto T, Alaranta H.

Relationship between cognitive and motor performance in physically well-

recovered men with traumatic brain injury. J Rehabil Med. (2013) 45:38–46.

doi: 10.2340/16501977-1060

45. Lingo VanGilder J, Hooyman A, Peterson DS, Schaefer SY. Post-stroke

cognitive impairments and responsiveness to motor rehabilitation: a review.

Curr Phys Med Rehabil Rep. (2020) 8:461–8. doi: 10.1007/s40141-020-

00283-3

46. Nóbrega-Sousa P, Gobbi LTB, Orcioli-Silva D, Conceição NR da,

Beretta VS, Vitório R. Prefrontal cortex activity during walking:

effects of aging and associations with gait and executive function.

Neurorehabil Neural Repair. (2020) 34:915–24. doi: 10.1177/154596832095

3824

47. Evans J, Greenfield E, Wilson B, Bateman A. Walking and talking

therapy: improving cognitive-motor dual-tasking in neurological illness. J Int

Neuropsychol Soc. (2009) 15:112–20. doi: 10.1017/S1355617708090152

48. Cirstea CM, Ptito A, Levin MF. Feedback and cognition in arm

motor skill reacquisition after stroke. Stroke. (2006) 37:1237–42.

doi: 10.1161/01.STR.0000217417.89347.63

49. Whyte E, Skidmore E, Aizenstein H, Ricker J, Butters M. Cognitive

impairment in acquired brain injury: a predictor of rehabilitation outcomes

and an opportunity for novel interventions. PM&R. (2011) 3:S45–S51.

doi: 10.1016/j.pmrj.2011.05.007

50. Berends H, Nijlant J, Movig K, van Putten M, Jannink M, Ijzerman MJ. The

clinical use of drugs influencing neurotransmitters in the brain to promote

motor recovery after stroke: a Cochrane systematic review. Eur J Phys Rehabil

Med. (2009) 45:621–30.

51. Poole VN, Lo O-Y, Wooten T, Iloputaife I, Lipsitz LA, Esterman M.

Motor-cognitive neural network communication underlies walking speed

in community-dwelling older adults. Front Aging Neurosci. (2019) 11:159.

doi: 10.3389/fnagi.2019.00159

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.

Copyright © 2021 Vuong, Patterson, Cole, Henechowicz, Sheridan, Green and Thaut.

This is an open-access article distributed under the terms of the Creative Commons

Attribution License (CC BY). The use, distribution or reproduction in other forums

is permitted, provided the original author(s) and the copyright owner(s) are credited

and that the original publication in this journal is cited, in accordance with accepted

academic practice. No use, distribution or reproduction is permitted which does not

comply with these terms.

Frontiers in Rehabilitation Sciences | www.frontiersin.org 9 November 2021 | Volume 2 | Article 726452

https://doi.org/10.1037/0894-4105.9.1.80
https://doi.org/10.3233/RNN-150510
https://doi.org/10.1016/S0003-9993(08)01598-0
https://doi.org/10.1080/13854048908403285
https://doi.org/10.3109/02699052.2014.910701
https://doi.org/10.1080/02699050410001672314
https://doi.org/10.1123/japa.2013-0236
https://doi.org/10.1519/00139143-200932020-00002
https://doi.org/10.1111/j.1532-5415.1997.tb00946.x
https://doi.org/10.1076/1380-3395(200008)22:4;1-0;FT518
https://doi.org/10.1002/gps.646
https://doi.org/10.1093/geronb/54B.5.S262
https://CRAN.R-project.org/package=rms
https://doi.org/10.2340/16501977-1060
https://doi.org/10.1007/s40141-020-00283-3
https://doi.org/10.1177/1545968320953824
https://doi.org/10.1017/S1355617708090152
https://doi.org/10.1161/01.STR.0000217417.89347.63
https://doi.org/10.1016/j.pmrj.2011.05.007
https://doi.org/10.3389/fnagi.2019.00159
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/rehabilitation-sciences
https://www.frontiersin.org
https://www.frontiersin.org/journals/rehabilitation-sciences#articles

	Relationship Between Cognition and Gait at 2- and 12-Months Post-Traumatic Brain Injury
	Introduction
	Materials and Methods
	Participants
	Measures
	Gait Variables
	Neuropsychological Test Variables

	Design
	Data Analysis

	Results
	Descriptive Statistics
	Correlations
	Concurrent Timepoint Analysis—Spearman's Correlations Between Cognition and Gait at 2-Months Post
	Concurrent Timepoint Analysis—Spearman's Correlations Between Cognition and Gait at 12-Months Post-admittance
	Spearman's Correlations Between Cognition 2-Months and Gait 12-Months

	Regression

	Discussion
	Conclusions/Implications
	Data Availability Statement
	Ethics Statement
	Author Contributions
	References


