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Abstract
Introduction: Cognitive function after mild traumatic brain injury (mTBI) is traditionally assessed using a seated computerized exam. Dual task (DT) gait assessments are also increasingly
employed in the assessment of motor-cognitive function after mTBI. Cognitive deficits are
common following mTBI, and it is unclear when these cognitive symptoms subside. Little is
known about DT gait and neurocognitive performance in an older and more chronically affected
(> 3 months post-injury) population. Herein, we compared people with chronic mTBI and subacute mTBI to healthy controls on DT gait and neurocognitive performance and explored the relationship between cognitive deficits, the method of cognitive evaluation, and time since injury.
Methods: A total of 47 subjects with chronic mTBI (> 3 months post injury), 47 subjects with
sub-acute mTBI (2-12 weeks post injury; < 3 months) and 59 age and sex matched healthy control subjects were used for analysis. Subjects completed a traditional computerized neurocognitive test - the Automated Neuropsychological Assessment Metrics (ANAM), and a motor-cognitive DT test which assessed both motor performance with a cognitive task as well as the cognitive task accuracy. The DT test consisted of subjects walking 13 meters while performing a cognitive auditory Stroop task. During these trials, subjects wore inertial measurement units that collected and calculated gait metrics. Auditory Stroop task accuracy was also recorded. Mann Whitney U tests and pairwise comparisons were used to evaluate group differences on the ANAM
cognitive composite score & subcategory scores, as well as the DT cognitive accuracy, and DT
gait speed.
Results: The ANAM composite score indicated that the healthy control populations significantly
outperformed the subacute and chronic mTBI populations, however there was no significant difference between the mean subacute and chronic scores. In both ST and DT cognitive task accuracy, the subacute mTBI group performance was significantly better than the chronic population,
and the healthy control population significantly outperformed the chronic group during the ST
activity. Regardless of task, the chronic mTBI population also suffered in gait function.
Discussion: For people with chronic mTBI, cognitive and gait deficits may still be present
months after the initial injury. These deficits can be detected using traditional neurocognitive
evaluations and through DT gait assessments. The ANAM is sufficiently accurate at assessing
cognitive deficits in individuals with mTBI, and the DT walking and auditory Stroop task’s gait
portion may indicate chronic cognitive impairment due to mTBI.
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Introduction
Mild traumatic brain injury (mTBI) causes a myriad of symptoms, including: cognitive
and emotional disruptions, headaches, general neurological deficits, balance impairments, behavioral changes, and sleep interference (McCrory et al., 2017). Of these symptoms, cognitive
deficits are difficult to evaluate in a clinical setting due to the lack of overt neurological symptoms (Avedesian et al., 2021). However, neurological impairments can often persist after all other symptoms have subsided, and require sensitive measurement tools for appropriate management (Miotto et al., 2010).
From a clinical symptom perspective, patients with mTBI typically recover within the
first month of injury (Broglio et al., 2021 & Nelson et al., 2019). New research has revealed,
however, that physiological and neurobiological recovery time may outlast current clinical measures of recovery time (Kamins et al., 2017, & Porter, S.J. & Johnson, D.E., 2020). This means
that an individual can be clinically cleared for returning to their activities (i.e. work, school,
sport, active duty service) before they are fully recovered. The consequences of returning prematurely to high risk activities could be the development of chronic symptoms such as ongoing
cognitive impairments, or emotional disruption (such as depression) (Maruta et al., 2016). Additional consequences of returning to activity before full physiological recovery include chronic
memory and concentration deficits, chronic migraines, and persistent balance impairments,
which makes individuals more susceptible to suffering another mTBI (Recovery | Concussion |
Traumatic Brain Injury | CDC Injury Center, 2020). For this reason, accurate and sensitive assessment measures of mTBI-related deficits are important for positive long-term outcomes for
patients.
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There is conflicting evidence on if the various cognitive domains that are typically assessed remain impaired chronically (> 3 months) when assessed using different cognitive assessments (Dean & Sterr, 2013). These domains include attention and concentration, working
memory, mental flexibility, spatial processing, cognitive processing efficiency, and memory recall. The prevailing view seems to be that most cognitive functioning is impaired following
mTBI, but improves throughout the first month of injury and is back to normal by 3 months post
injury (Karr et al., 2014, Kwok et al., 2008, & Levin et al.,1987, 1991). Nevertheless, there has
been a recent shift in that perspective as a number of studies have shown that at least half of individuals with mTBI display long term cognitive impairment (McInnes et al., 2017). Seated
comprehensive neuropsychological exams and motor-cognitive assessments are beginning to
provide evidence of longer-term deficits in cognitive functioning.
One post-mTBI cognitive assessment measure is the Automated Neuropsychological Assessment Metric (ANAM). The ANAM was originally developed for use in a military setting after service members received head injuries from training or during deployed active combat settings, but has since become integrated into mTBI assessment both in research and in civilian
clinical settings (Reeves et al., 2007). It consists of a battery of computerized tests designed to
assess attention and concentration, working memory, mental flexibility, spatial processing, cognitive processing efficiency, memory recall, mood, fatigue level, and psychomotor performance
(Reeves et al., 2007, p. 1-2). However, a seated cognitive test like the ANAM might not accurately reflect the function required of an mTBI patient in everyday life due to its inability to
evaluate cognitive skills in conjunction with motor tasks such as walking. The external validity
(the extent to which test results are generalizable to real world situations) of this form of testing
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is therefore questionable (Czerniak et al., 2020). Additionally, some evidence suggests that the
test-retest reliability of the ANAM does not have adequate longevity to assess chronic mTBI patients, asserting that the results only maintain temporal stability within the first 2 weeks out from
injury (Coldren et al., 2012 & Dretsch et al., 2015).
Dual-task (DT) measures of cognitive and motor function may be able to uncover cognitive deficits in post mTBI populations with a higher sensitivity compared to seated, traditional
neurocognitive computerized tests. In fact, when compared to motor-cognitive DT measures,
neuropsychological tests have shown normal scores where DT tests show poor performance in
acute, subacute, and chronic mTBI populations (Kleiner et al., 2018). This may be because DT
assessments involve testing the cognitive ability of attentional allocation. Attention is a limited
resource and when attention is divided between two tasks, performance in either one or both of
the tasks will suffer (Plummer at al., 2015 & Lee et al., 2012). Importantly, executive components of attention can be impaired and persist following mTBI (Howell et al., 2013, McCrea et
al., 2003 Plummer et al., 2015). Although traditional cognitive tests like the ANAM measure attention similarly to DT activities, the test is conducted while sitting in a quiet room with no other
distractions. This begs the question of whether it tests attention in a way that is similar to realworld scenarios.
The motor aspect of DT activities may also allow for more comprehensive assessments
due to some evidence suggesting impaired gait performance and more cognitive errors in mTBI
populations when undergoing DT assessments. These gait deficits are present despite normal
scores on neuropsychological tests (Kleiner et al., 2018). Additionally, individuals with mTBI
have been shown to walk and turn slower on average than healthy controls (Martini et al., 2021
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& Büttner et al. 2020). This is especially prevalent in chronic mTBI populations, who typically
exhibit altered gait and worse gait performance, particularly when undergoing DT activities. This
further suggests that DT assessments may be capable of uncovering cognitive deficits in relation
to gait that seated neurocognitive tests are not assessing. Given these findings, clinicians who are
using seated neurocognitive tests (the standard practice) may be missing persistent neurological
shortfalls in their evaluations of mTBI patients, and clearing them as healthy when they are not
fully recovered.
The purpose of this thesis was to: 1) examine differences in cognitive abilities between
healthy controls, people with subacute mTBI symptoms (2 to 12 weeks), and chronic symptoms
(> 12 weeks), measured using traditional standardized computer cognitive testing (ANAM), and
2) examine differences in DT motor-cognitive function between healthy controls, subacute
mTBI, and chronic mTBI persons. It was hypothesized that there would be differences in cognitive function between healthy controls and the mTBI groups, and that all groups would demonstrate gait differences during dual task assessments but there would be larger differences for the
mTBI groups.
Methods
Participants
This thesis was a secondary data analysis on data collected from two separate studies that
measured neurocognitive and DT motor-cognitive performance on healthy controls and people
with sub-acute (2 – 12 week; < 3 months) and chronic (> 3months) mTBI. The chronic population included 47 mTBI and 59 healthy control subjects (NCT02748109) and the sub-acute mTBI
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population included data collected from 47 participants (NCT03479541). All participants were
age and sex matched in order to account for potential confounding demographic variables.
Participant recruitment took place in the greater Portland metropolitan area through Oregon Health and Science University (OHSU) and local clinics. Common inclusion criteria for the
mTBI populations included 1) being between 18 – 60 years old, 2) having an mTBI diagnosed or
confirmed by a physician using Veterans Affairs (VA)/Department of Defense criteria, and 3) no
more than minimal cognitive impairment (a score of ≤ 8 on the Short Blessed Test). Further inclusion criteria for the sub-acute population included participants being within 2 to 12 weeks
post-mTBI, exhibiting a graded symptom checklist total symptom severity score of > 15, and
endorsing any symptoms of headache, nausea, dizziness, blurred vision, or balance problems
from the Sport Concussion Assessment Tool version 5. For the chronic population, participants
had to be > 3 months post mTBI with non-resolving, self-reported balance complaints. Common
exclusion criteria for both healthy control and mTBI populations included 1) a previous or current musculoskeletal injury, surgery, medication, or neurological illness that would influence balance, 2) a reported substance-abuse in the past month, according to DSM-V classifications, 3)
reporting or displaying significant pain, 4) a history of pathological symptoms that affect the
musculoskeletal, peripheral vestibular, or ocular motor systems and, 5) being unable to refrain
from using balance impairing medications for 24 hours prior to testing sessions. Lastly for the
healthy control group, participants were excluded if they had a brain injury within the last year.
Each study was approved by the Joint Institutional Review Board Committee of OHSU and VA
Portland Health Care System.
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Table 1: Participant demographics for healthy control, subacute mild traumatic brain injury (mTBI), and chronic mTBI groups.
Healthy Controls
(n = 59)

Subacute mTBI
(n=47)

Chronic mTBI
(n= 47)

Age (years)

37.22 (12.83)

37.25(10.01)

37.56 (10.48)

Height (cm)

171.36 (9.78)

169.67 (8.23)

170.14 (9.62)

Mass (kg)

75.36 (19.38)

70.08 (12.05)

80.44 (20.12)

Body Mass Index (kg/m2)

25.43 (5.02)

24.34 (3.91)

27.60 (5.72)

Sex (M/F)

23 M / 36 F

13 M / 34 F

13 M / 34 F

NSI Total Score (out of 88)

3.93 (4.06)

40.78 (13.35)

36.30 (16.09)

36 (24, 56)

426 (191, 1023)

Bike

3 (6.4%)

0 (0%)

Blast

0 (0%)

1 (2.2%)

Fall

9 (19.1%)

6 (13%)

Motor Vehicle Accident

18 (38.3%

25 (54.3%)

Sport

8 (17%)

8 (13.5%)

Other

9 (19.1%)

10 (19.2%)

0 (0%)

1 (1.9%)

Days Since Injury
Injury Mechanism

Unknown

Means and standard deviations are presented except for days since injury- presented as
median with 1st and 3rd quartiles and injury mechanism – presented as number and
percent.; NSI – Neurobehavioral Symptom Inventory

Protocol and Data Collection
All participants completed neurocognitive assessments, as well as single task (ST) and
DT gait assessments at either OHSU or the VA. Participant demographic details and symptom

12
severity – assessed using the neurobehavioral symptom inventory – were collected for all participants. For the mTBI populations, the number of days post-mTBI and injury mechanism were
recorded.
All participants completed the ANAM, which assessed the cognitive state and psychomotor performance of individuals post-mTBI. As mentioned earlier, the test is comprised of a battery of tests that assess different aspects of neurocognition including simple reaction time, visual
memory (code substitution and delayed code substitution), processing speed (procedural reaction
time), working memory (mathematical processing), visuospatial ability (match to sample), and
impulsivity control (Go/ No-Go). Participants performed the ANAM alone on a computer and in
a quiet environment. The ANAM throughput scores, which represented a speed accuracy trade
off, Go/ No-Go reaction time, Go/ No-Go commissions, and ANAM composite scores were used
as the traditional cognitive computerized outcomes.

Figure 1: Schematic of a person performing the straight-line walking task and DT assessments. Participants walked back and
forth turning 180 degrees at the ends of the path for the specified duration of each population (subacute mTBI = 1 minute,
controls and chronic mTBI ~ 2 minutes). Inertial sensors collected gait parameters during walking.

Following the ANAM assessment, all participants completed ST activities of a cognitive
auditory Stroop task, an instrumented straight-line walking task, and the combined cognitive-motor DT gait assessment that combined these two tasks. During the cognitive auditory Stroop Test,
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participants listened to an audio recording of the words “high” or “low” spoken in high or low
pitches. Participants responded with “high” or “low” based on the pitch of the voice they heard
while they tried to ignore the actual spoken word. Participants sat in a quiet room listening to the
auditory Stroop assessment through headphones and the percentage of correct responses was
used as the outcome.
For the motor task, participants walked back and forth a predetermined path at a comfortable self-selected speed (Figure 1). All participants walked for at least 1 minute over a 13 m distance, which has been
shown as an appropriate length of time to collect and conclusively interpret steady state gait measurements (Lord et al., 2013; Kribus-Shmiel et
al., 2018; Kroneberg et al., 2018). During the DT condition all participants walked and concurrently responded to the auditory Stroop task.
Gait parameters were collected by 5 inertial sensors (Opals; APDM Inc.,
Figure 2: Inertial sensor
placement for gait assessment.

Portland, OR). The sensors were placed on the forehead, sternum, lumbar vertebrae, and on each foot (Figure 2). Over 40 gait parameters can

be calculated from the sensors. However, we limited our gait outcomes to 4 parameters: double
stance proportion of gait cycle variability, double stance proportion of gait cycle, stride length,
and turn duration (Stuart et al., 2020). Previous research has shown that these parameters represent 4 separate domains (1. Variability - double stance proportion of gait cycle variability, 2.
Rhythm - double stance proportion of gait cycle, 3. Pace - stride length, and 4. Turning - turn duration), that can characterize gait performance in non-acute mTBI, and these parameters had the
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highest loading component within each gait domain (component loadings > 0.813) (Stuart et al.,
2020).
Statistical analysis
Data were initially inspected for normality. Normality tests and inspection indicated a
normal distribution for the ANAM composite score, ANAM subcategory throughput scores,
ANAM Go/No-Go reaction time, and gait outcomes. Non-normal distribution was identified for
ANAM Go/No-Go number of commissions, seated ST Stroop accuracy, and DT Stroop Accuracy. We used a one-way ANOVA to determine demographic differences between healthy control,
subacute mTBI and chronic mTBI groups.
To evaluate group differences on the ANAM assessment, we fit a General Linear Model
(GLM) for the ANAM composite score and each ANAM subcategory throughput score. Each
GLM had a fixed factor of group with three levels: healthy control, subacute mTBI, and chronic
mTBI. The healthy control group served as the reference condition. We used Tukey’s HSD for
post hoc pairwise comparisons. Kruskal Wallis-H tests were used to determine group effects on
the outcomes of ANAM Go/No-Go number of commissions, seated ST Stroop accuracy, and DT
Stroop Accuracy. Post-hoc pairwise comparisons were performed with Dunn’s procedure with a
Bonferroni correction for multiple companions. Only the first minute of responses during the DT
auditory Stroop were used from the healthy control and chronic mTBI participants in the analysis.
To assess group differences across ST and DT conditions on gait outcomes, we fit separate linear mixed effects models (LME) for each gait outcome - double stance proportion of gait
cycle variability, double stance proportion of gait cycle, stride length, and turn duration. Each
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LME model contained fixed effects for group (3 levels with the healthy control group serving as
the reference), task (2 levels – single task and dual task with the single task condition serving as
the reference condition), the group x task interactions, covariates for any demographic characteristics identified as significantly different between groups, and random intercepts to account for
with-in subject correlations. Post hoc analyses were conducted to investigate significant group x
condition interactions using Tukey-Kramer adjusted p-values to account for multiple comparisons. Statistical significance for the GLM and LME models were set to p < 0.05. The GLM and
LME model analyses were performed in SAS (v9.4, Cary, NC) and Kruskal Wallis-H tests were
performed in SPSS Version 27 (IBM Corp).
Results
Traditional Neuropsychological Testing Between Group Differences
There was a significant effect of group on the ANAM composite scores (F2,153 = 12.40, p
< 0.001). Post hoc comparisons showed that the healthy control group had better ANAM composite scores relative to the subacute (mean difference [95% confidence interval]: 0.776 [0.298,
1.253]) and chronic (0.916 [0.439, 1.394]; Figure 3) mTBI groups. No differences existed between the subacute and chronic mTBI groups for the ANAM composite score (0.141 [-0.363,
0.644]).
Similar groups differences existed for the ANAM subcategories. The group effect was
significant for the ANAM simple reaction time (F2,153 = 7.39, p < 0.001), code substitution (F2,153
= 4.41, p = 0.014), procedural reaction time (F2,153 = 11.89, p < 0.001), mathematical processing
(F2,152 = 3.22, p = 0.043), match-to-sample (F2,153 = 3.85, p = 0.023), delayed code substitution
(F2,153 = 3.07, p = 0.049), and repeated simple reaction time (F2,153 = 10.01, p < 0.001) through-
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Figure 3: Box and whisker plots with means and standard deviations for
ANAM composite scores for controls (green), subacute mild traumatic brain
injury (mTBI - red), and chronic mTBI (black) groups.

put scores. In general, post hoc comparisons showed that the healthy control group had significantly better throughput scores relative to both subacute and chronic mTBI groups for simple
reaction time, procedural reaction time, code substitution, and repeated simple reaction time subcategories (Table 2). The healthy control group had significantly better mathematical processing
and delayed code substitution throughput scores relative to the subacute mTBI group (Table 2).
Additionally, the healthy control group had significantly better match-to-sample throughout
scores relative to the chronic mTBI group (Table 2). No significant differences existed between
subacute and chronic mTBI groups on the ANAM subcategories (p’s > 0.514). There was no
group effect on ANAM Go/No-Go reaction times (F2,153 = 0.73, p = 0.485). However, there were
significant group differences in the distribution of the number of Go/No-Go commissions (χ2(2)
= 17.06, p < 0.001), where the mean rank for the number of Go/No-Go commissions for the
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healthy control group (60.38) was significantly lower and better relative to the subacute mTBI
group (95.83; padj < 0.001).
Table 2: ANAM subcategory means (95% confidence intervals) for healthy control, subacute mild traumatic brain injury (mTBI) and chronic mTBI groups. ANAM subcategory
means are presented as throughput scores except for Go/No-Go reaction time.
ANAM Subcategory
Simple Reaction Time

Healthy Control

Subacute mTBI

Chronic mTBI

219.00
(209.09, 228.91)

193.55a
195.34a
(182.45, 204.65) (184.24, 206.44)

Code Substitution

54.80
(51.52, 58.07)

48.72a
(45.05, 52.39)

48.32a
(44.65, 51.90)

Procedural Reaction Time

104.22
(99.40, 109.04)

89.17a
(83.77, 94.57)

88.92a
(83.51, 94.32)

Mathematical Processing

25.46
(23.53, 27.39)

21.94a
(19.77, 24.10)

22.80
(20.62, 24.99)

Match-to-Sample

35.33
(32.32, 38.34)

31.26
(27.93, 35.60)

29.19a
(25.85, 32.53)

Delayed Code Substitution

45.56
(42.46, 50.66)

39.16a
(34.67, 43.66)

41.52
(36.98, 40.07)

Repeated Simple Reaction
Time

220.58
(210.95, 230.21)

197.87a
189.36a
(187.08, 208.66) (178.57, 200.51)

Go/No-Go Reaction Time (ms)

342.46
(331.46, 353.45)

349.47
352.06
(337.15, 361.79) (339.74, 364.38)

a – denotes a significant difference relative to healthy controls

Single Task and Dual Task Test Cognitive Group Differences
There were significant group differences in the distributions of seated ST auditory Stroop
accuracy (χ2(2) = 10.37, p = 0.006). Specifically, the mean rank for the seated ST Stoop accuracy
for the chronic mTBI group (65.68) was significantly lower and worse relative to both the
healthy control group (80.59; padj = 0.028) and the subacute mTBI group (83.81; padj = 0.008).
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There was no difference between the healthy control group and subacute mTBI group (padj =
1.00). Additionally, there were significant group differences in the distributions of DT Stroop
accuracy (χ2(2) = 11.88, p = 0.003). The mean rank for the DT Stroop accuracy for the subacute
mTBI group (91.77) was significantly higher and better relative to both the healthy control group
(73.99; padj = 0.044) and the chronic mTBI group (66.01; padj = 0.002). There was no difference
between the healthy control and chronic mTBI group on DT Stroop accuracy distributions (padj =
0.818).
Gait
Prior to implementing the LME models, a one-way ANOVA showed that the chronic
mTBI group weighed more relative to the subacute mTBI group (mean difference = 10.35 kg
[1.70 kg, 19.00 kg]; padj = 0.015). For this reason and the known relationship of height and mass
on gait, body mass index (BMI) was calculated for each participant and used as a covariate in the
LME models. The results for fixed effects and interactions of the LME models are presented after controlling for BMI.
There was no significant interaction (group x task) effect on the proportion spent in double support variability (F2,153 = 0.40, p = 0.6678). On average, all participants had less variability
of time spent in double support stance during the DT relative to the ST (F1,153 = 4.77, p = 0.0304;

Figure 4: Distributions for non-normal cognitive data: A) Go/No-Go commissions, B) Single Task (ST) Stroop Accuracy, and C) Dual Task (DT) Stroop Accuracy for healthy control (green), subacute mild traumatic brain injury (mTBI; red), and chronic mTBI (black) groups.
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combined groups column of Table 3). There was a significant effect of group on variability of
time spent in double support stance (F2,153 = 3.17, p <0.0446), where the subacute mTBI participants had significantly more double support variability across both tasks relative to healthy control participants (t1,151 = 2.50, padj = 0.0360; combined tasks row Table 3).
Additionally, there was no significant interaction (group x task) effect on the proportion
of time in double support throughout the gait cycle (F2,153 = 1.83, p = 0.1636). All participants
spent a larger proportion of the gait cycle in double support during the DT relative to the ST
(F1,153 = 29.99, p <0.0001; combined groups column of Table 3). There was a significant group
effect (F2,153 = 7.02, p = 0.0012) on proportion of the gait cycle in double support. Specifically,
participants with chronic mTBI had a significantly larger proportion of the gait cycle spent in
double support relative to healthy control (t1,153 = 3.69, padj = 0.0009) and subacute participants
(t1,153 = 2.60, padj = 0.0278; combined tasks row Table 3).
There was no significant interaction (group x task) effect on participant stride length
(F2,153 = 0.33, p = 0.7175). All participants had a significantly shorter stride length during the DT
activity relative to the ST (F1,153 = 35.74, p <0.0001; combined groups column of Table 3). There
was a significant group effect (F2,153 = 9.64, p = 0.0001) on stride length as well. Specifically,
participants with chronic mTBI had a significantly shorter stride length relative to healthy control (t1,153 = 3.83, padj = 0.0005) and subacute participants (t1,153 = 3.90, padj = 0.0004; combined
tasks row Table 3) regardless of task.
Finally, there was a significant interaction (group x task) effect on the turn duration (F2,153
= 3.84, p = 0.0236). Specifically, participants with chronic mTBI had significantly longer turn
durations during the ST condition relative to the healthy control (t1,153 = 3.48, padj = 0.0019) and
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subacute participants (t1,153 = 4.98, padj < 0.0001), and had significantly longer turn durations
during the DT condition relative to the healthy control (t1,153 = 5.00, padj < 0.0001) and subacute
participants (t1,153 = 5.59, padj < 0.0001; Table 3). There were no differences between healthy
control and subacute participants within ST and DT conditions (padj’s > 0.1650).
Table 3: Gait outcome means (95% confidence intervals) for each group (healthy controls,
subacute mTBI, and chronic mTBI) and combined groups by single task (ST), dual task
(DT), and combined tasks after adjusting for body mass index.
Gait Outcome According to Task

Healthy Control

Subacute
mTBI

Chronic mTBI

Combined
Groups

Proportion in Double Support Variability
ST

0.973
(0.906, 1.039)

1.095
(1.021,1.169)

1.026
(0.951,1.101)

1.031
(0.990, 1.072)

DT

0.934
(0.867, 1.001

1.041
(0.967,1.114)

1.009
(0.934,1.084)

0.995*
(0.990, 1.072)

Combined Tasks

0.953
(0.892, 1.014)

1.068e
(1.001, 1.135)

1.018
(0.949, 1.087)

Proportion in Double Support (%)
ST

19.103
(18.499,
19.707)

19.432
(18.767,
20.098)

20.593
(19.910,
21.277)

19.710
(19.338,
20.081)

DT

19.350
(18.745,
19.954)

19.867
(19.204,
20.098)

21.203
(20.519,
21.866)

20.140*
(19.767,
20.512)

Combined Tasks

19.226
(18.635,
19.818)

19.651
(19.000,
20.301)

20.880c,d
(20.229,
21.567)

ST

1.305
(1.274, 1.335)

1.315
(1.281, 1.348)

1.218
1.279
(1.184, 1.253) (1.260, 1.298)

DT

1.289
(1.259, 1.320)

1.293
(1.260, 1.326)

1.200
1.261*
(1.165, 1.234) (1.242, 1.279)

Stride Length (m)
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Combined Tasks

1.297
(1.267, 1.327)

1.304
(1.271, 1.337)

1.209c,d
(1.175, 1.243)

ST

2.059
(1.973, 2.145)

1.942
(1.847, 2.036)

2.288a,b
2.096
(2.191, 2.385) ( 2.043, 2.149)

DT

2.056
(1.970, 2.142)

1.997c
(1.903, 2.091)

2.385a,b,c
2.146
(2.288, 2.482) ( 2.094, 2.199)

Combined Tasks

2.058
(1.975, 2.140)

1.969
(1.879, 2.060)

2.337
(2.243, 2.430)

Turn Duration (s)

a – denotes a significant difference relative to the healthy control group within task type; b – denotes a significant difference relative to subacute mTBI group within task type; c – denotes a significant difference relative to the healthy control
group for combined tasks; e – denotes a significant difference relative to the healthy controll group for combined tasks; *
- denotes a significant difference relative to single task.

Discussion
The most important finding from this study is that people with subacute and chronic
symptoms of mTBI demonstrate cognitive deficits, as assessed by the ANAM, weeks to even
years after the initial injury. For our auditory Stroop task, both ST and DT assessments produced
mixed results. The chronic mTBI group performed significantly worse than the subacute and
control groups in the ST seated assessment, meaning that they responded with more errors on
average than the other groups. The subacute mTBI group outperformed both the healthy control
and chronic mTBI groups in the DT auditory Stroop task. This help supports that there are lingering cognitive deficits relative to healthy individuals that are still present for people with chronic
symptoms of mTBI. While DT conditions had a significant effect on all groups’ performance in
proportion of gait cycle spent in double stance and stride length, the chronic mTBI population
consistently demonstrated a more conservative gait pattern regardless of task type.
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The results of this study emphasize the importance of comprehensive neuropsychological
assessments in cases of mTBI, utilizing both traditional computerized tests such as the ANAM,
and DT motor-cognitive tests. By evaluating cognitive function in relation to motor function, we
are further able to assess the recovery process of cognition at multiple points in time. This is vital, seeing as our results have indicated prolonged cognitive and functional deficits in the chronic
mTBI population, who are often thought to be recovered by the time that they are > 3 months
post injury (Karr et al., 2014, Kwok et al., 2008, & Levin et al.,1987, 1991). Additionally, this
study has confirmed the presence of cognitive deficits in the subacute mTBI population as well.
Future research in this area should further evaluate these cognitive and gait deficits in order to
determine the average amount of time it takes individuals with mTBI to no longer present with
symptoms.
The rationale behind conducting this study comes from the conflicting evidence of cognitive deficit presence in the months following mTBI (Dean & Sterr, 2013). This could be due to
the variability in how the field assesses cognitive deficits: computerized seated tests, or more
functional motor-cognitive tests. We therefore set out to examine differences in cognitive abilities between healthy controls and people with mTBI using traditional standardized computer
cognitive testing (ANAM), and DT motor-cognitive tasks. The extent to which cognitive deficits
are still prevalent in chronic mTBI populations is also disputed due to conflicting evidence on
when neurological symptoms are thought to resolve (Broglio et al, 2009 & Tellier et al., 2009).
The mTBI participants included in this study were at varying timepoints post-injury in order to
gain a more nuanced understanding of cognitive function and gait differences during dual task
assessments in relation to time since injury.
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In general both mTBI groups displayed cognitive deficits relative to healthy controls in
simple reaction time, visual memory (code substitution and delayed code substitution), processing speed (procedural reaction time), working memory (mathematical processing), visuospatial
ability (match to sample), and impulsivity control (Go/ No-Go number of commissions) after
mTBI. Evidence suggests a positive correlation between high mTBI symptomology (determined
by the Glasgow Coma Scale) and poor performance on the ANAM, when investigating people <
one month from their mTBI (Sours et al., 2015). Thus, the high symptom severities reported for
our subacute and chronic mTBI groups in this study could be related to the lowered cognitive
function. Although this study was not intending to establish relationships between mTBI symptom severity with cognitive function, future studies could investigate this relationship.
Using other traditional neuropsychological tests that assess different cognitive processes
than the ANAM, evidence has also suggested deficits in episodic memory (personal experience
recall), immediate and delayed verbal memory recall, verbal recognition, general recall, object
recognition, verbal fluency, and information processing speed up to 19 months after mTBI
(Miotto et al., 2010, Mathias & Wheaton, 2007, & O’Jile et al., 2006). Due to our findings and
additional evidence that physiological symptom resolution predates neurocognitive symptoms,
the ANAM may be a useful tool in evaluating cognitive deficits from mTBI in both subacute and
chronic populations (Porter, S.J. & Johnson, D.E., 2020).
People experiencing mTBI symptoms more sub-acutely may not have similar levels of
cognitive deficits in inhibiting a predetermined response and selecting the relevant sensory information to make the correct response (i.e. suppressing the natural response of “high” when the
word high is spoken in a low pitch). The Stroop task has traditionally shown differences between
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healthy controls and people with mTBI but previous research has more often involved more visual Stroop tasks as opposed to auditory Stroop. Therefore, the seated auditory Stroop task may
not be detecting cognitive changes following mTBI relative to healthy controls. In the DT assessment, the subacute mTBI group performed significantly better (higher response accuracy
rate) than both the control group and the chronic group, which was unexpected. Methodological
differences in the way that the groups were assessed may have influenced this result. Specifically, the subacute mTBI group had the opportunity to perform the DT auditory Stroop Test during a
custom clinical turns course before performing the auditory Stroop Test during the DT straightline walking task. This additional trial performing the Auditory Stroop during a DT condition
may have produced a learning effect. Additionally, response time was not recorded during seated
ST and DT Stroop assessments. This may have given us a more accurate metric of DT effects
than accuracy of responses, and has been used in the past when assessing DT deficits (Lee et al.,
2012).
From a gait perspective, DT conditions had a significant effect on all groups’ performance in regards to proportion of gait cycle spend in double stance and stride length, and the
chronic mTBI population had a more conservative gait pattern regardless of task type (ST or
DT). This indicates that individuals with chronic mTBI symptoms have movement deficits when
walking regardless of whether they are performing a ST or DT activity. Similar results have been
found in regards to mTBI populations exhibiting a slower gait speed than healthy controls for up
to two months post injury (Büttner et. al, 2020). One of the novel aspects of our study is that we
used parameters that characterize different aspects of gait (Rhythm, Variability, Pace, and Turning) rather than focusing only on speed. This choice was made due to previous research showing
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these parameters are independent from one another and are better able to characterize gait profile
in people with mTBI (Stuart et al., 2020).
Limitations
One limitation of this study is that we did not control for subjects’ prior mTBI, which
may have influenced overall cognitive function. However, self-reported mTBI history can be difficult to capture because a number of potential mTBI can go undiagnosed (McCrea et al., 2015).
We are limited in the conclusions we can make on cognitive deficits and recovery following
mTBI in our mTBI groups with longer symptom durations because of the cross-sectional study
design. Another limitation is that due to the fact that this is a secondary analysis, the data collection sessions were structured slightly differently between mTBI- although the outcome measures
were identical. Our study captured people at various timepoints after injury. Future studies could
employ a longitudinal design to characterize change in cognitive and motor deficits over time
following mTBI.
Conclusion
All in all, cognitive testing is a vital component of mTBI evaluations and should be used
in comprehensive clinical assessments. When used in conjunction with other clinical metrics of
appraisal, traditional neuropsychological exams and motor-cognitive assessments can indicate
the presence of neurological deficits not otherwise detected by physiological clinical exams. This
is true for both the subacute and chronic mTBI populations.
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Appendix A
Traditional Neuropsychological Testing Between Group Differences

Figure A1: Box and whisker plots with means and standard deviations for ANAM A) simple reaction time, B) code
substitution, C) procedural reaction time, and D) mathematical processing throughput scores for healthy controls
(green), subacute mild traumatic brain injury (mTBI), and chronic mTBI groups.
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Figure A2: Box and whisker plots with means and standard deviations for ANAM A) match to sample, B) code substitution delayed, and C) repeated simple reaction time throughput scores and D) Go/No-Go reaction time for
healthy controls (green), subacute mild traumatic brain injury (mTBI), and chronic mTBI groups.
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