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Abstract

Background: Physical function remains a crucial component of mild traumatic brain injury (mTBI) assessment and
recovery. Traditional approaches to assess mTBI lack sensitivity to detect subtle deficits post-injury, which can impact
a patient’s quality of life, daily function and can lead to chronic issues. Inertial measurement units (IMU) provide an
opportunity for objective assessment of physical function and can be used in any environment. A single waist worn
IMU has the potential to provide broad/macro quantity characteristics to estimate gait mobility, as well as more high-
resolution micro spatial or temporal gait characteristics (herein, we refer to these as measures of quality). Our recent
work showed that quantity measures of mobility were less sensitive than measures of turning quality when compar-
ing the free-living physical function of chronic mTBI patients and healthy controls. However, no studies have exam-
ined whether measures of gait quality in free-living conditions can differentiate chronic mTBI patients and healthy
controls. This study aimed to determine whether measures of free-living gait quality can differentiate chronic mTBI
patients from controls.

Methods: Thirty-two patients with chronic self-reported balance symptoms after mTBI (age: 40.88 4 11.78 years,
median days post-injury: 440.68 days) and 23 healthy controls (age: 48.56 £ 22.56 years) were assessed for ~7 days
using a single IMU at the waist on a belt. Free-living gait quality metrics were evaluated for chronic mTBI patients and
controls using multi-variate analysis. Receiver operating characteristics (ROC) and Area Under the Curve (AUC) analysis
were used to determine outcome sensitivity to chronic mTBI.

Results: Free-living gait quality metrics were not different between chronic mTBI patients and controls (all p>0.05)
whilst controlling for age and sex. ROC and AUC analysis showed stride length (0.63) was the most sensitive measure
for differentiating chronic mTBI patients from controls.

Conclusions: Our results show that gait quality metrics determined through a free-living assessment were not sig-
nificantly different between chronic mTBI patients and controls. These results suggest that measures of free-living gait
quality were not impaired in our chronic mTBI patients, and/or, that the metrics chosen were not sensitive enough to
detect subtle impairments in our sample.
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Introduction

Traumatic brain injuries (TBI) can be broadly defined as
*Correspondence: sam.stuart@northumbria.ac.uk sudden trauma causing damage to the brain, with sever-
2 Department of Neurology, Oregon Health and Science University, Portland, ity ranging from mild TBI (mTBI; commonly known as
OR, USA concussion) to severe TBI [1]. An array of impairments
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and turning) [2, 3], psychological (cognitive impairments
and symptoms) [4], and sensory function (visual or ves-
tibular deficits) [5]. Such deficits can be subtle and dif-
ficult to detect in mTBI and may persist for long periods
after the initial injury (e.g.,>3 months). Chronic symp-
toms post-mTBI can significantly impact quality of life
and daily function, which can lead to prolonged issues/
symptoms [6]. Physical impairments are especially prev-
alent in mTBI, with eight out of ten people with acute
mTBI reporting balance impairments within a few days
of the injury and three out of ten reporting longer-term
(chronic) balance or gait impairments [5, 7, 8]. There-
fore, physical testing (balance and gait) remains a crucial
component of clinical assessment to quantify impair-
ment across various mTBI timelines [9—12]. Understand-
ing gait and balance deficits may provide targets for
rehabilitation.

Balance impairment is commonly assessed in the acute
stage following mTBI [13, 14], primarily using the Bal-
ance Error Scoring System (BESS). The BESS requires a
clinician to manually record errors each time the patient
fails to maintain a balance stance position. However, the
sensitivity of the BESS is highly variable due to consid-
erable subjectivity in error counting, which impacts the
replicability and validity of results [15-18]. Additionally,
subtle balance deficits may be visually undetectable by a
clinician’s subjective assessment and therefore unmeas-
urable. Other physical impairments, such as gait defi-
cits, are often not examined by clinicians following acute
mTBI. Tandem gait/walking may be done as part of the
Sports Concussion Assessment Tool (SCAT), however
clinician observation has been found to miss subtle gait
deficits that persist in chronic mTBI patients (i.e. due to
low ceiling effect of the test) [19]. To detect subtle gait
deficits following mTBI, assessment is typically con-
ducted in research settings with objective laboratory
equipment, such as force plates and 3D motion capture
[7, 20-23]. As such, there have been improvements in
objective and instrumented assessment which can yield
greater sensitivity than traditional qualitative methods of
assessment [14].

Results from laboratory-based objective gait assess-
ment have found pace-related deficits (stride length and
gait speed) in chronic mTBI patients compared with
healthy controls [24], suggesting gait may be a useful
diagnostic marker of mTBI. While laboratory studies pro-
vide a foundation for evaluating the differences between
healthy and impaired gait, laboratory-centric assess-
ment methods are prescriptive in nature, and may mask
subtle mTBI-related deficits that may otherwise occur
within habitual (free-living) environments. Accordingly,
monitoring gait beyond the laboratory may provide an
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opportunity to detect subtle and meaningful deficits fol-
lowing mTBL

Continuous gait monitoring in free-living environ-
ments is becoming more common, due to the widespread
use of discrete inertial-based measurement units (IMU),
which are the accepted standard for gathering continu-
ous, high-resolution data [25, 26]. IMUs can estimate
general mobility outcomes (e.g. measures of quantity
such as steps per day) or more refined balance, gait and
turning outcomes characterising quality of movement
within any environment (e.g. stride length or turning
speeds) [2, 14, 27-30]. Our recent work examined free-
living mobility quantity and turning quality measures
in chronic mTBI patients and controls. We found turn-
ing quality metrics to be more sensitive than mobility
quantity metrics to differentiate groups [3]. Specifically,
those with chronic mTBI had larger, slower and more
variable turns during daily life, but had a similar number
of steps per day compared with controls [3]. While that
study evaluated turning quality, it did not measure other
gait quality metrics such as stride velocity, step length,
or swing time. Additionally, while previous studies have
examined mTBI gait in research settings, no study to date
has comprehensively quantified free-living gait quality in
chronic mTBI patients and healthy controls. Therefore,
a gap remains as to whether measures of free-living gait
quality are impaired in chronic mTBI patients. Greater
understanding of how mobility is affected in free-living
environments may uncover useful markers for subtle def-
icits in chronic mTBI patients.

The aims of this study were therefore to; (1) explore if
free-living gait is impaired in people with chronic mTBI
compared with healthy controls, and (2) determine the
most sensitive free-living gait quality metrics that differ-
entiate chronic mTBI patients from controls. We hypoth-
esise that free-living mobility would be impaired in
chronic mTBI patients compared to controls, with selec-
tive gait quality characteristics sensitive to differentiate
chronic mTBL

Methods

Participants

Thirty-two symptomatic chronic mTBI patients and 23
healthy controls participated. Participants were recruited
as part of a larger study [31], through posters in ath-
letic facilities, physical therapy clinics, hospitals, con-
cussion clinics, community notice boards, and cafes in
and around the Portland, OR metropolitan area. Patient
demographics are shown in Table 1. Ethical approval was
granted by the Oregon Health and Science University
(OHSU) and Veterans Affairs Portland Health Care Sys-
tem (VAPORHCS) joint institutional review board with
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Table 1 Participant demographics

Controls mTBI P
(n=23) (n=32)
Age (years) 48.56 (22.56) 40.88 (11.78) 0.11
Sex (male or female) b M(6) F(17) M(6) F(26) 0.52
Height (cm) 165.46 (8.03) 168.51 (9.19) 022
Mass (kg) 68.03 (15.32) 76.17 (18.80) 0.25
NSl total score 35.88(13.9)
NSl vestibular 544 (2.22)
NSI somatosensory 10 (4.92)
NSI cognitive score 8.34 (3.89)
NSI affective score 10.34 (5.64)

Days since injury? 440.68 (700.63)

@ Median and interquartile range

b chi-squared, Mean and standard deviation reported unless otherwise stated.
mTBI, mild traumatic brain injury; NSl—neurobehavioral symptom inventory

participants providing written informed consent before
commencing the study.

Inclusion and exclusion criteria

Participants were included in the chronic mTBI group
if they had had a diagnosis of mTBI based upon Veteran
Health Administration (VHA)/Department of Defense
(DoD) [32] criteria and who were greater than three
months post mTBI with self-reported balance impair-
ments. The control group consisted of those who had
no history of brain injury in the last year. Additionally,
mTBI patients were required to have minimal to no cog-
nitive deficits as determined by the Short-Blessed Test
(score <8) [33] and no peripheral vestibular or oculomo-
tor pathology preceding their mTBI. Participants were
excluded if they had any musculoskeletal injury which
could impair their gait or balance or a recent history of
moderate or severe substance abuse.

Gait analysis

Participants were asked to wear an IMU for 7 days, and
participants with less than 3 days were excluded from
analysis, in line with previous studies [3, 34, 35]. Partici-
pants wore a compact (L x W x H: 43.7 x 39.7 x 13.7 mm,
128 Hz) and lightweight (<25 g) IMU (previously vali-
dated [36-38]) attached to a belt (128 Hz, Opal VI,
APDM Inc., Portland, OR) that contained an acceler-
ometer (£16 g,+200 g) and gyroscope (+2000 deg/s).
Participants wore the IMU around their waist for a mini-
mum of 5 h per day for up to 7 days using the protocol
described previously by Fino et al. 2017 [31] and Stuart
et al. 2020 [3]. Data were stored on the IMU internal stor-
age (8 Gb) and then downloaded via proprietary software
(MobilityLab, APDM Inc., Portland, OR) to a laptop.
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Free-living data were then processed using custom-made
and validated MATLAB® (MathWorks Inc, Massachu-
setts, USA) algorithms to estimate 12 free-living gait
quality metrics [34, 35, 39, 40].

Gait

Free-living measures of gait quality were calculated using
a bespoke MATLAB® algorithm as follows. The waist
worn IMU was used to examine orientation and peri-
ods of static and dynamic activity [39, 40]. Subsequently,
the latter were examined for initial and final foot contact
events within the gait cycle via the continuous wave-
let transform [41], where a bout/period of walking was
predefined by a time period of between 0.25 and 2.25 s
and > 3 steps [42]. For the purposes of this study, a move-
ment bout was classified as>10 s. Gait quality metrics
included mean; stance time (seconds, s), step time(s),
stride time (s), swing time (s), stride length (centimetres,
cm), stride velocity (cm/second, cms™!) and coefficient of
variation (CV) of these measures.

Self-reported symptoms

Chronic mTBI patients completed the Neurobehavioral
Symptom Inventory (NSI) which is widely used in the
assessment of mTBI symptoms [24, 43]. The NSI is com-
posed of 22 items within the questionnaire and recorded
on a five-point Likert scale, with higher scores indicat-
ing more severe symptoms. The maximum a participant
can score is 88. The NSI and subscales [44] have accept-
able reliability in characterising presence and tracking
severity of symptoms in TBI [44, 45]. The NSI remains
the cornerstone of clinical symptom assessment and was
determined as the appropriate method to capture self-
reported impairments in the chronic mTBI patients.

Statistical analysis

Data were analysed in SPSS (v23, IBM) and R studio
(Boston, MA, USA). All data were normally distributed
as assessed with Shapiro-Wilks tests and therefore para-
metric tests were used. Independent t-tests were per-
formed comparing demographic information between
mTBI and control groups. To compare free-living gait
quality metrics between chronic mTBI patients and con-
trols, we used separate multivariate analysis of covari-
ance (MANCOVA). MANCOVA was used to control for
sex and age [4, 46].

To estimate which gait quality metrics differentiated
chronic mTBI patients from controls, we used receiver
operating characteristic (ROC) and area under the
curve (AUC) analysis. ROC analysis provides a trade-off
between specificity and sensitivity between the various
free-living gait quality metrics and binary classification
of either mTBI patients and healthy control. Statistical
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significance was determined at p<0.05 (two-tailed)
unless otherwise stated. Bonferroni corrected signifi-
cance values were applied for multiple comparisons in
free-living gait quality measures (p<0.002). Effect sizes
were interpreted as small (0.01), medium (0.06), and large
(0.14) as previously described [47].

Results

Demographics and clinical assessments

Demographic characteristics are presented in Table 1
for age (years), height (cm), mass (kg) and the number of
days since injury and NSI for the mTBI group only. In our
mTBI cohort, NSI total score was moderately high (5th to
9th percentile) compared to previously published norma-
tive mTBI scores, demonstrating that our chronic mTBI
group was still symptomatic at least more than 3 months
after injury [44].

Adherence to IMU device

Participants were asked to wear the IMU-based device for
7 days, but compliance was variable across both groups
with several mTBI (n=16) and control (n=13) partici-
pants wearing the sensor for less than 7 days. Specifically,
the mean number of days that the IMU was worn was 6.8
(£2.4) days in the mTBI group and 6.04 (£2.0) days in
the control group.

Group differences in free-living gait quality measures

When controlling for age and sex, there were no signifi-
cant differences in measures of free-living gait quality
between chronic mTBI patients (p>0.05) and controls.
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Descriptive data for free-living gait quality metrics are
provided in Table 2.

Sensitivity and specificity of free-living gait metrics

Figure 1 shows the receiver operating characteris-
tics (ROC) analysis for the top four gait quality metrics
(AUC>0.51). Free-living gait quality (mean AUC: 0.51)
was considered poor at differentiating chronic mTBI
patients from controls (AUC > 0.50, Table 2).

Discussion

This study progresses our previous work [3], which
examined free-living activity quantity and turning qual-
ity measured by a single IMU in those with chronic
mTBI compared to healthy controls. Free-living mobil-
ity assessment in mTBI is still an emerging research area,
but results from other neurological conditions (e.g. Par-
kinson’s disease) suggest that impaired gait occurs in par-
allel with neurological dysfunction [48]. However, results
in this study indicated that free-living gait quality was not
significantly different between our samples of chronic
mTBI patients and healthy controls (when controlling for
age and gender). The absence of significant differences
in this study are likely multifactorial and could involve
both inherent limitations of self-reporting of balance
issues, and the chronicity of this mTBI cohort. How-
ever, assessment of free-living mobility in chronic mTBI
may still allow for improved diagnostics and monitor-
ing of recovery within real-world environments, which
is unachievable using analog (non-digital) approaches or
laboratory-based assessments only, but further research

Table 2 Free-living gait quality metrics; group differences whilst controlling for age and sex, Area under the Curve (AUC)

Free-living gait metric mTBI (n=32) mean Controls (h=23) mean F p npz AUC
(S.D.) (S.D.)
Mean stance time (seconds, s) 0.83 (0.05) 0.85(0.09) 0.19 0.66 0.00 044
Mean step time (s) 0.70 (0.05) 0.73 (0.09) 0.21 0.65 0.00 0.44
Mean stride time (s) 1.41(0.10) 45(0.18) 0.21 0.65 0.00 0.44
Mean swing time (s) 0.58 (0.05) 0.60 (0.09) 022 0.64 0.00 0.44
Mean stride length (centimetres, cm) 74.01 (4.10) 72.68 (3.60) 2.84 0.10 0.05 0.63
Mean stride velocity (cms™") 105.59 (8.88) 101.34 (11.47) 137 0.25 0.03 0.60
Stance time variability CV (s) 0.20 (0.01) 0.21 (0.02) 0.03 0.87 0.00 049
Step time variability CV (s) 0.20(0.01) 0.20(0.02) 0.10 0.75 0.00 0.48
Stride time variability CV (s) 0.22 (0.01) 0.22 (0.01) 035 0.56 0.01 0.51
Swing time variability CV (s) 0.20 (0.01) 0.21(0.02) 013 0.72 0.00 047
Step length variability CV (s) 18.62 (1.18) 18.32 (0.96) 230 0.14 0.04 0.61
Step velocity variability CV (cms™ 3690 (3.11) 3548 (4.08) 1.18 0.28 0.02 0.60

Bolded p values; p <0.05 (Bonferroni corrected p value 0.002). Group analysis of covariance results controlling for age and sex. mTBI, mild traumatic brain injury; S.D.,
standard deviation; CV, coefficient of variation, np2 partial eta squared of effect size, F Wilks'\,

AUC>0.50 in italics and bold
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Receiver Operator Characteristic (ROC) Analysis

1.0

0.6

Sensitivity

0.4 [

0.2

0.0 0.2 0.4 0.6
Specificity

Curve Characteristics

Mean Length (meters)
~— Step Length Variability
Velocity variability
Mean Velocity (ms)
Reference Line

0.8 1.0

Fig. 1 Receiver operator character (ROC) analysis for the top gait quality metrics (AUC>0.51)

with longitudinal assessments following the initial injury
would be required.

Free-living gait quality measures are not impaired

in chronic mTBI patients

Our results show that free-living gait quality metrics
were not different between chronic mTBI and control
groups, which is surprising given this cohort had self-
reported balance deficits. Overall research into chronic
mTBI has yet to gain consensus on what specific meas-
ures can differentiate healthy people from those with
mTBI [24]. Indeed some laboratory-based studies have
found pace-related deficits (stride length and gait speed)
while other studies have found no differences outside
of the acute timeframe (>10 days) [2]. Laboratory gait
assessment does allow for more controlled assessment of
complex tasks (e.g. dual-task, obstacle avoidance, etc.),
which may be required to elicit or provoke gait deficits in
chronic mTBI [2, 49]. For example, dual-task laboratory
assessment in people with chronic mTBI can reveal gait
deficits in rhythm (stride time) [24]. However, complex
laboratory tasks fail to fully replicate free-living environ-
ments where motor, cognitive and sensory function are
continuously challenged [50]. Given these challenges
in free-living environments, we were surprised that our

measures of gait quality did not suggest impaired mobil-
ity in this chronic mTBI cohort.

The lack of significant differences and low effect sizes
in gait quality measures between chronic mTBI patients
and healthy controls may be related to the considerable
chronicity (median 1.2 years post-injury) of this mTBI
cohort. This duration may have resulted in the cohort
developing chronic compensatory strategies over time
to replicate ‘normal’ gait patterns during walking in their
daily life. To fully understand this, future research should
test participants in both the laboratory under complex
conditions (e.g., dual-task, obstacle walking, turns course
etc.) and in free-living environments longitudinally from
the time of initial injury to better understand how gait
changes acutely after mTBI and into more chronic stages.
Similarly incorporating assessment of turning, which is
a more complex task that is difficult to compensate for,
may also reveal subtle mobility deficits [24, 28, 51].Over-
all, there is no definitive way of objectively understanding
the reasons for lack of differences in free-living gait qual-
ity between our cohorts of chronic mTBI patients and
healthy controls. There are many unknown factors and
contexts that affect free-living assessments. For example,
here the environments participants were regularly walk-
ing in, the surfaces they walked on, or the types of terrain
encountered were all unknown and such heterogeneity
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could impact results [52]. Equally, it is not possible to
quantify the usual free-living mobility habits of the par-
ticipants or to determine if this chronic mTBI cohort
displayed any compensatory behaviour strategies (e.g.,
refraining from talking or performing other tasks whilst
walking) that could further impact results. The introduc-
tion of egocentric video recordings of free-living mobility
may enable greater insight and a robust reference to bet-
ter understand the context of environments [53]. If used
in conjunction with objective free-living IMU assess-
ment, video data could yield even greater contextual
understanding of free-living gait performance and any
compensatory behaviour mTBI patients display within an
environment.

Strengths and limitations

Digital technologies such as IMU’s have many advan-
tages over traditional methods of assessment including
objectivity and continuous data collection. The primary
strength of this study was the use of a single IMU to
objectively measure free-living gait quality in chronic
mTBI patients and controls; the use of a single device
and assessment within usual daily life means that sub-
jects had low research burden [54]. We also quantified
useful gait quality metrics from clinical-based concep-
tual models from neurological-based research. Although
use of a single IMU alone on the lower back facilitated
more rapid data collection and reduced burden, it fails
to quantify other useful gait characteristics which may
provide more insight to dynamic postural control and
environmental information i.e., step width and step width
variability arising from uneven terrain [55].Thus, future
research should investigate additional gait characteris-
tics (based on conceptual gait models) with e.g., multi-
ple IMU’s (on the feet) or a video-based wearable for a
more informed free-living assessment. While the authors
are not currently aware of any IMU-based technology to
quantify step width during free-living, a computer vision
approach has been suggested from a wearable camera
[53]. Additionally, the outcome measures presented are
primarily research-orientated, requiring a great deal of
time-consuming post-processing and checking, which is
based on prior experience of inertial data [56, 57]. There-
fore, there are needs to refine and deploy software that
clinicians and patients can easily navigate, which would
allow more widespread uptake and use by health profes-
sionals [57].

No power calculation was used in this study as it
was based as an exploratory study with opportunis-
tic sampling. This may have limited the strength of any
conclusions drawn and should be taken with caution.
Future research should aim to utilise power calcula-
tions to ensure sufficient sample size and ability to detect
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small differences in results. Participants were assessed
for ~7 days using a single IMU attached to a waist belt.
However variation in the exact length of time partici-
pants wore wearables (minimum three days) could intro-
duce differences and therefore not reflect true habitual
free-living mobility as used in other studies [48, 58].
Using multiple IMUs may provide more detailed spatial
and temporal data for turning, balance and gait as used
in previous studies [24], but this carries different limita-
tions; such as longer data download, processing complex-
ity and increased wearer burden, limiting the practical
or clinical application. This trade-off should be consid-
ered in future studies as a potential improvement to the
assessment protocol. [59, 60].

There were some additional limitations to this study.
First, a more detailed demographic profile could be
reported in future studies to derive further inferences
about the free-living mobility results or underlying
physiological mechanisms for persistent symptom and
mobility deficits [24]. For example, the symptom ques-
tionnaires were limited to NSI that were only completed
by the mTBI cohort, which limited any useful compari-
sons and inference on the relationship between groups
[3]. Second, balance problems in the chronic mTBI group
were self-reported with no baseline or robust analysis
done to quantify the magnitude of impairment [3], with
the many factors such as the previous history of mTBI
and evidence of abnormal neuroimaging omitted [4, 61].
Third, the differences in this mTBI cohort’s chronicity
are likely to limit the direct comparison with other stud-
ies. Our study’s cohort was chronic with a median post-
injury time greater than 1-year, which compared to other
studies examining people post-mTBI is a longer time
since injury [24, 62].

Conclusions

Our results demonstrate that free-living IMU-based gait
quality metrics were not significantly different between
patients with chronic mTBI and healthy aged-matched
controls. Despite a lack of significant findings herein, we
feel that there is value in undertaking free-living mobility
assessments. This study has highlighted that a single IMU
can obtain a wealth of continuous free-living gait quality
measures in people with symptomatic chronic mTBI and
healthy controls. While this exploratory study indicated
no between group differences, we feel that this work pro-
vides a foundation for future work in this area, where
a-priori power and sample size are controlled. When
considering the results of this study with our previous
findings [3], we advocate that assessments of free-living
mobility should include both measures of gait and turn-
ing quality. Future research should also focus on (i) addi-
tional gait characteristics from conceptual gait models
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and (ii) longitudinal analysis of chronic mTBI patients
during different stages of recovery (acute to chronic) to
holistically monitor mobility impairments and recovery.
Improving objectivity in mTBI assessment will result in
greater understanding of injury progression, recovery,
and rehabilitation across a variety of clinical settings.

Acknowledgements
The authors would like to that all those who volunteered for the study.

Author contributions

DP was responsible for writing the manuscript, editing, statistical and data
analysis. AG was responsible for data analysis, editing and reviewing the
manuscript. LP, KRC and LAK were responsible for data collection and review-
ing the manuscript. SS was responsible for data analysis, writing, statistical
analysis and reviewing the manuscript. All authors read and approved the final
manuscript.

Funding

This work was supported by the Assistant Secretary of Defense for Health
Affairs under Award No. W81XWH-15-1-0620. Opinions, interpretations,
conclusions and recommendations are those of the author and are not
necessarily endorsed by the Department of Defense. D Powell is supported by
a Northumbria University doctoral research programme and the Private Physi-
otherapy Education Foundation (Pl Powell: PPEF#349, RPJ03732) and (Pl Stuart
PPEF#368). Dr Stuart is supported by research funding from the Parkinson’s
Foundation via a post-doctoral fellowship and clinical research award (PF-
FBS-1898, PF-CRA-2073).

Availability of data and materials
De-identified data generated from this study will be deposited into the Fed-
eral Interagency Traumatic Brain Injury Research (FITBIR) Informatics System.

Declarations

Ethics approval and consent to participate

Ethical approval was granted by the Oregon Health and Science University
(OHSU) and Veterans Affairs Portland Health Care System (VAPORHCS) joint
institutional review board with participants providing written informed con-
sent before commencing the study.

Consent for publication
Not applicable.

Competing interests
All authors declare that they have no competing interests.

Author details

'Department of Computer and Information Sciences, Northumbria University,
Newcastle-upon-Tyne, UK. ?Department of Neurology, Oregon Health and Sci-
ence University, Portland, OR, USA. >Department of Dietetics, Human Nutrition
and Sport, La Trobe University, Victoria, Australia. 4Department of Sport, Exer-
cise and Rehabilitation, Northumbria University, Newcastle-upon-Tyne NE1
8ST, UK. >North Tyneside Hospital, Northumbria Healthcare NHS Foundation
Trust, North Shields, UK.

Received: 21 July 2021 Accepted: 18 May 2022
Published online: 26 May 2022

References

1. National Institute of Neurological Disorders. Traumatic Brain Injury
Information Page|National Institute of Neurological Disorders and Stroke.
2019. https://www.ninds.nih.gov/Disorders/All-Disorders/Traumatic-
Brain-Injury-Information-Page

(2022) 19:49

20.

21

22.

23.

24.

Page 7 of 8

Fino PC, Parrington L, Pitt W, Martini DN, Chesnutt JC, Chou LS, et al.
Detecting gait abnormalities after concussion or mild traumatic brain
injury: a systematic review of single-task, dual-task, and complex gait.
Gait Posture. 2018;157-66

Stuart S, Parrington L, Martini DN, Kreter N, Chesnutt JC, Fino PC, et al.
Analysis of free-living mobility in people with mild traumatic brain injury
and healthy controls: quality over quantity. J Neurotrauma. 2020;37:139-
45, https://doi.org/10.1089/neu.2019.6450.

Kenzie ES, Parks EL, Bigler ED, Wright DW, Lim MM, Chesnutt JC, et al. The
dynamics of concussion: Mapping pathophysiology, persistence, and
recovery with causal-loop diagramming. Front Neurol. 2018;9:1.
Alsalaheen BA, Mucha A, Morris LO, Whitney SL, Furman JM, Camiolo-
Reddy CE, et al. Vestibular rehabilitation for dizziness and balance disor-
ders after concussion. J Neurol Phys Ther. 2010;87-93

Chu SY, Tsai YH, Xiao SH, Huang SJ, Yang CC. Quality of return to work in
patients with mild traumatic brain injury: a prospective investigation of
associations among post-concussion symptoms, neuropsychological
functions, working status and stability. Brain Inj. 2017;31:1674-82.
Basford JR, Chou LS, Kaufman KR, Brey RH, Walker A, Malec JF, et al. An
assessment of gait and balance deficits after traumatic brain injury. Arch
Phys Med Rehabil. 2003;84:343-9.

Kleffelgaard I, Roe C, Soberg HL, Bergland A. Associations among
self-reported balance problems, post-concussion symptoms and
performance-based tests: a longitudinal follow-up study. Disabil Rehabil.
2012;34:788-94.

Godfrey A, Lara J, Del Din S, Hickey A, Munro CA, Wiuff C, et al.

iCap: instrumented assessment of physical capability. Maturitas.
2015;82:116-22.

Alberts JL, Hirsch JR, Koop MM, Schindler DD, Kana DE, Linder SM, et al.
Using accelerometer and gyroscopic measures to quantify postural
stability. J Athl Train. 2015;50:578-88.

. McCrory P, Meeuwisse W, Dvorak J, Aubry M, Bailes J, Broglio S, et al. Con-

sensus statement on concussion in sport—the 5th international confer-
ence on concussion in sport held in Berlin, October 2016. Br J Sport Med.
2017;12:6-11. https://doi.org/10.1136/bjsports-2017-097699.

Stuart S, Hickey A, Morris R, O'Donovan K, Godfrey A. Concussion in con-
tact sport: a challenging area to tackle. J Sport Heal Sci. 2017;6:299-301.
Bell DR, Guskiewicz KM, Clark MA, Padua DA. Systematic review of the bal-
ance error scoring system. Sports Health. 2011,287-95.

King LA, Mancini M, Fino PC, Chesnutt J, Swanson CW, Markwardt S,

et al. Sensor-based balance measures outperform modified balance
error scoring system in identifying acute concussion. Ann Biomed Eng.
2017:45:2135-45.

Cooper R, Kuh D, Hardy R. Objectively measured physical capability levels
and mortality: systematic review and meta-analysis. BMJ. 2010;341:639.
Cooper R, Kuh D, Cooper C, Gale CR, Lawlor DA, Matthews F, et al. Objec-
tive measures of physical capability and subsequent health: a systematic
review. Age Ageing 2011;14-23

Finnoff JT, Peterson VJ, Hollman JH, Smith J. Intrarater and interrater reli-
ability of the balance error scoring system (BESS). PM R. 2009;1:50-4.
Powell D, Stuart S, Godfrey A. Sports related concussion: an emerging era
in digital sports technology. NPJ Digit Med. 2021;4:1-8.

Howell DR, Osternig LR, Chou LS. Single-task and dual-task tandem gait
test performance after concussion. J Sci Med Sport. 2017,20:622-6.
Chesnutt J, King L, Parrington L, Fino P, Stuart S. Turning the tide:
real-world turns are more sensitive to mTBI deficits than daily activity
measures. Arch Phys Med Rehabil. 2018;99:2181.

King LA, Horak FB, Mancini M, Pierce D, Priest KC, Chesnutt J, et al. Instru-
menting the balance error scoring system for use with patients reporting
persistent balance problems after mild traumatic brain injury. Arch Phys
Med Rehabil. 2014;95:353-9. https://doi.org/10.1016/j.apmr.2013.10.015.
Lee H, Sullivan SJ, Schneiders AG. The use of the dual-task paradigm in
detecting gait performance deficits following a sports-related concus-
sion: a systematic review and meta-analysis. J Sci Med Sport 2013;2-7
Schneiders AG, Sullivan SJ, Handcock P, Gray A, McCrory PR. Sports con-
cussion assessment: the effect of exercise on dynamic and static balance.
Scand J Med Sci Sport. 2012;22:85-90.

Martini DN, Parrington L, Stuart S, Fino PC, King LA. Gait performance in
people with symptomatic, chronic mild traumatic brain injury. J Neuro-
trauma. 2021;38:218-24. https://doi.org/10.1089/neu.2020.6986.


https://www.ninds.nih.gov/Disorders/All-Disorders/Traumatic-Brain-Injury-Information-Page
https://www.ninds.nih.gov/Disorders/All-Disorders/Traumatic-Brain-Injury-Information-Page
https://doi.org/10.1089/neu.2019.6450
https://doi.org/10.1136/bjsports-2017-097699
https://doi.org/10.1016/j.apmr.2013.10.015
https://doi.org/10.1089/neu.2020.6986

Powell et al. Journal of NeuroEngineering and Rehabilitation

25.

26.

27.

28.

29.

30.

31

32.

33.

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Seshadri DR, Li RT, Voos JE, Rowbottom JR, Alfes CM, Zorman CA, et al.
Wearable sensors for monitoring the internal and external workload of
the athlete. NPJ Digit Med. 2019;2.

Powell D, Stuart S, Godfrey A. Wearables in rugby union: a protocol for
multimodal digital sports-related concussion assessment. PLoS ONE.
2021;16:20261616. https://doi.org/10.1371/journal.pone.0261616.

Pitt W, Chen SH, Chou LS. Using IMU-based kinematic markers to monitor
dual-task gait balance control recovery in acutely concussed individuals.
Clin Biomech. 2020;80:105145.

Stuart S, Parrington L, Morris R, Martini DN, Fino PC, King LA. Gait meas-
urement in chronic mild traumatic brain injury: a model approach. Hum
Mov Sci 2020;69

Howell D, Osternig L, Chou L-SS. Monitoring recovery of gait balance
control following concussion using an accelerometer. J Biomech.
2015;48:3364-8.

Del Din S, Godfrey A, Galna B, Lord S, Rochester L. Free-living gait char-
acteristics in ageing and Parkinson’s disease: impact of environment and
ambulatory bout length. J Neuroeng Rehabil. 2016;13:1-12. https://doi.
0rg/10.1186/512984-016-0154-5.

Fino PC, Peterka RJ, Hullar TE, Murchison C, Horak FB, Chesnutt JC, et al.
Assessment and rehabilitation of central sensory impairments for balance
in mTBI using auditory biofeedback: a randomized clinical trial. BMC
Neurol. 2017;17:41. https://doi.org/10.1186/512883-017-0812-7.

Veterans Affairs/Department of Defense. Management of concussion-
mild traumatic brain injury (mTBI) clinical practice guidelines. 2016.
https://www.healthquality.va.gov/guidelines/rehab/mtbi/

Katzman R, Brown T, Fuld P, Peck A, Schechter R, Schimmel H. Validation of
a short orientation-memory-concentration test of congestive impair-
ment. Am J Psychiatry. 1983;140:734-9.

Mancini M, EI-Gohary M, Pearson S, Mcnames J, Schlueter H, Nutt JG, et al.
Continuous monitoring of turning in Parkinson’s disease: rehabilitation
potential. NeuroRehabilitation. 2015;37:3-10.

El-Gohary M, Pearson S, McNames J, Mancini M, Horak F, Mellone S, et al.
Continuous monitoring of turning in patients with movement disability.
Sensors (Switzerland). 2014;14:356-69.

Washabaugh EP, Kalyanaraman T, Adamczyk PG, Claflin ES, Krishnan C.
Validity and repeatability of inertial measurement units for measuring
gait parameters. Gait Posture. 2017;55:87-93.

Taylor L, Miller E, Kaufman KR. Static and dynamic validation of inertial
measurement units. Gait Posture. 2017;57:80-4.

Schmitz-Hibsch T, Brandt AU, Pfueller C, Zange L, Seidel A, Kiihn AA, et al.
Accuracy and repeatability of two methods of gait analysis—GaitRite™
und mobility Lab™—in subjects with cerebellar ataxia. Gait Posture.
2016;48:194-201.

Hickey A, Del Din S, Rochester L, Godfrey A. Detecting free-living steps
and walking bouts: validating an algorithm for macro gait analysis.
Physiol Meas. 2017;38:N1-15. https://doi.org/10.1088/1361-6579/38/1/N1.
Godfrey A, Del Din S, Barry G, Mathers JC, Rochester L. Instrumenting gait
with an accelerometer: a system and algorithm examination. Med Eng
Phys. 2015;37:400-7.

McCamley J, Donati M, Grimpampi E, Mazza C. An enhanced estimate of
initial contact and final contact instants of time using lower trunk inertial
sensor data. Gait Posture. 2012;36:316-8.

Najafi B, Aminian K, Paraschiv-lonescu A, Loew F, Bula CJ, Robert P
Ambulatory system for human motion analysis using a kinematic sensor:
Monitoring of daily physical activity in the elderly. IEEE Trans Biomed Eng.
2003;50:711-23.

Belanger HG, Silva MA, Donnell AJ, McKenzie-Hartman T, Lamberty GJ,
Vanderploeg RD. Utility of the neurobehavioral symptom inventory as an
outcome measure: a VA TBI model systems study. J Head Trauma Rehabil.
2017,32:46-54.

Vanderploeg RD, Silva MA, Soble JR, Curtiss G, Belanger HG, Donnell AJ,
et al. The structure of postconcussion symptoms on the neurobehavioral
symptom inventory: a comparison of alternative models. J Head Trauma
Rehabil. 2015;30:1-11.

Black AM, Miutz LN, Warriyar VK, Schneider KJ, Owen Yeates K, Emery CA.
Baseline performance of high school rugby players on the sport concus-
sion assessment tool 5. J Athl Train. 2020;55:116-23.

Anto-Ocrah M, Tiffany K, Hasman L, Van Wijngaarden E. Mild trau-

matic brain injury/concussion and female sexuality, a scoping review

(2022) 19:49

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Page 8 of 8

of the literature. Inj Epidemiol. 2020;7:1. https://doi.org/10.1186/
$40621-020-0232-9.

Kontos AP, Eagle SR, Mucha A, Kochick V, Reichard J, Moldolvan C, et al.

A randomized controlled trial of precision vestibular rehabilitation

in adolescents following concussion: preliminary findings. J Pediatr.
2021;239:193-9.

Del Din S, Galna B, Godfrey A, Bekkers EMJ, Pelosin E, Nieuwhof F, et al.
Analysis of free-living gait in older adults with and without Parkinson'’s
disease and with and without a history of falls: identifying generic and
disease-specific characteristics. Journals Gerontol - Ser A Biol Sci Med Sci.
2019;74:500-6.

Parrington L, Fino PC, Swanson CW, Murchison CF, Chesnutt J, King LA.
Longitudinal assessment of balance and gait after concussion and return
to play in collegiate athletes. J Athl Train. 2019;54:429-38.

Takakusaki K. Functional neuroanatomy for posture and gait control. J
Mov Disord. 2017;10:1-17.

Martini DN, Broglio SP. Long-term effects of sport concussion on
cognitive and motor performance: a review. Int J Psychophysiol.
2018;132:25-30.

Celik Y, Stuart S, Woo WL, Godfrey A. Gait analysis in neurological popula-
tions: progression in the use of wearables. Med. Eng. Phys. 2021,9-29.
Nouredanesh M, Li AW, Godfrey A, Hoey J, Tung J. Chasing feet in the
wild: a proposed egocentric motion-aware gait assessment tool. Lect
Notes Comput Sci (including Subser Lect Notes Artif Intell Lect Notes
Bioinformatics). 2019. https://doi.org/10.1007/978-3-030-11024-6_12.
Lord S, Galna B, Rochester L. Moving forward on gait measurement:
toward a more refined approach. Mov Disord. 2013;28:1534-43. https://
doi.org/10.1002/mds.25545.

Morris R, Hickey A, Del Din S, Godfrey A, Lord S, Rochester L. A model

of free-living gait: a factor analysis in Parkinson's disease. Gait Posture.
2017,52:68-71.

Godfrey A, Goldsack JC, Tenaerts P, Coravos A, Aranda C, Hussain A, et al.
BioMeT and algorithm challenges: a proposed digital standardized evalu-
ation framework. IEEE J Transl Eng Heal Med. 2020;8.

Godfrey A, Vandendriessche B, Bakker JP, Fitzer-Attas C, Gujar N, Hobbs M,
et al. Fit-for-purpose biometric monitoring technologies: leveraging the
laboratory biomarker experience. Clin Transl Sci. 2021. https://doi.org/10.
1111/cts.12865.

Del Din S, Godfrey A, Mazza C, Lord S, Rochester L. Free-living monitoring
of Parkinson’s disease: lessons from the field. Mov Disord. 2016;31:1293—
313. https://doi.org/10.1002/mds.26718.

Trojaniello D, Cereatti A, Della Croce U. Accuracy, sensitivity and robust-
ness of five different methods for the estimation of gait temporal
parameters using a single inertial sensor mounted on the lower trunk.
Gait Posture. 2014;40:487-92.

Goldsack JC, Coravos A, Bakker JP, Bent B, Dowling AV, Fitzer-Attas C, et al.
Verification, analytical validation, and clinical validation (V3): the founda-
tion of determining fit-for-purpose for Biometric Monitoring Technolo-
gies (BioMeTs). NPJ Digit Med Nat Res. 2020;3:1-15. https://doi.org/10.
1038/541746-020-0260-4.

MacDonald SWS, Nyberg L, Backman L. Intra-individual variability in
behavior: links to brain structure, neurotransmission and neuronal activ-
ity. Trends Neurosci. 2006,29:474-80.

Fino PC, Parrington L, Walls M, Sippel E, Hullar TE, Chesnutt JC, et al.
Abnormal turning and its association with self-reported symptoms in
chronic mild traumatic brain injury. J Neurotrauma. 2018;35:1167-77.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.1371/journal.pone.0261616
https://doi.org/10.1186/s12984-016-0154-5
https://doi.org/10.1186/s12984-016-0154-5
https://doi.org/10.1186/s12883-017-0812-7
https://www.healthquality.va.gov/guidelines/rehab/mtbi/
https://doi.org/10.1088/1361-6579/38/1/N1
https://doi.org/10.1186/s40621-020-0232-9
https://doi.org/10.1186/s40621-020-0232-9
https://doi.org/10.1007/978-3-030-11024-6_12
https://doi.org/10.1002/mds.25545
https://doi.org/10.1002/mds.25545
https://doi.org/10.1111/cts.12865
https://doi.org/10.1111/cts.12865
https://doi.org/10.1002/mds.26718
https://doi.org/10.1038/s41746-020-0260-4
https://doi.org/10.1038/s41746-020-0260-4

	Free-living gait does not differentiate chronic mTBI patients compared to healthy controls
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Methods
	Participants
	Inclusion and exclusion criteria
	Gait analysis
	Gait

	Self-reported symptoms
	Statistical analysis

	Results
	Demographics and clinical assessments
	Adherence to IMU device
	Group differences in free-living gait quality measures
	Sensitivity and specificity of free-living gait metrics

	Discussion
	Free-living gait quality measures are not impaired in chronic mTBI patients
	Strengths and limitations

	Conclusions
	Acknowledgements
	References


