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ABSTRACT

Objective The monitoring and diagnosis of sports-
related mild traumatic brain injury (SR-mTBI) remains a
challenge. This systematic review summarises the current
monitoring tools used for on-the-day assessment and
diagnosis of SR-mTBI and their performance.

Design Systematic review, using Quality Assessment of
Diagnostic Accuracy Studies assessment.

Data sources Embase via Ovid, [EEEXplore, Medline

via Ovid, Scopus and Web of Science were searched up to
June 2024.

Eligibility criteria Peer-reviewed English-language
journal articles which measured athletes using the index
test within a day of injury and provided a performance
measure for the method used. Studies of all designs were
accepted, and no reference methods were required.
Results 2534 unique records were retrieved, with

52 reports included in the review. Participants were

76% male, when reported, and the mean injury-to-
measurement time was reported in 10% of reports. 46
different methods were investigated. 38 different reference
methods were used, highlighting the lack of gold standard
within the field. Area under the curve (AUC), sensitivity

and specificity were the most frequent outcome metrics
provided. The most frequent index test was the King-
Devick (KD) test. However, there were large variations

in accuracy metrics between reports for the KD test, for
instance, the range of AUC: 0.51-0.92.

Conclusion Combinations of existing methods and the
KD test were most accurate in assessing SR-mTBI, despite
the inconsistent accuracy values related to the KD test. The
absence of a gold-standard measurement hampers our
ability to diagnose or monitor SR-mTBI. Further exploration
of the mechanisms and time-dependent pathophysiology
of SR-mTBI could result in more targeted diagnostic and
monitoring techniques. The Podium Institute for Sports
Medicine and Technology funded this work.

PROSPERO registration number CRD42022376560.

INTRODUCTION

Traumatic brain injury (TBI) occurs in a
variety of circumstances and has a myriad of
possible presentations. TBI severity is clas-
sified using the Glasgow Coma Scale, with
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WHAT IS ALREADY KNOWN

= Sports-related mild traumatic brain injury (SR-mTBI)
is a complex and multifaceted condition, which
lacks a true gold-standard diagnostic method.

WHAT THIS STUDY ADDS

= The lack of a gold-standard diagnostic method with-
in the field is highlighted by the 38 different refer-
ence methods used.

= The highest performing methods within this review
are combinations of index tests.

= The exact time between measurement and injury is
often poorly reported; as SR-mTBI and its symptoms
evolve over time, this is seen here as a significant
oversight which should be considered and docu-
mented in future studies.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= The time between measurement and injury should
be recorded and reported more precisely in future
studies.

a mild TBI (mTBI) scoring of 18-15." The
potential for structural and functional deficits
to present either simultaneously or separately
has led to a heated debate surrounding the
best way to diagnose mTBI, or whether it is
appropriate to diagnose it at all.

Sports-related  mTBI ~ (SR-mTBI) has
attracted particular interest as athletes have
begun to mount legal challenges against
governing bodiesin multiple contactsports for
misrepresenting the long-term consequences
of repeated head impacts or injuries.”” These
initiatives have caused governing bodies to
act, for example, by implementing new head
injury monitoring measures.

An established class of head injury
monitoring techniques is combined neuro-
psychological testing. However, some of the
most prominent neuropsychological tests,
such as the Sports Concussion Assessment
Tool 5 (SCATD) test, are not officially defined
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as diagnostic tests.” The de facto ‘gold standard’ in
SR-mTBI is a clinical diagnosis’; yet this is rarely immedi-
ately available for amateur athletes. Another prominent
class of monitoring tools is impact monitoring, which
aims to detect all impacts that a player experiences over
an extended period of time,” or classify injurious impacts
based on thresholding.®

Many existing reviews focus on SR-mTBI assessments
(eg, refs.” ). However, no review has explored the
performance of SR-mTBI assessment and monitoring
tools within a day of injury, which is their intended use.
Additionally, these reviews tend to focus on either moni-
toring or diagnostic measures and can be focused on an
individual category of monitoring technique rather than
the entire field.

This systematic review aims to identify the monitoring
and diagnostic methods that exist for SR-mTBI within
a day of injury, how they perform and how this perfor-
mance is quantified. The primary aim of the review is to
investigate the performance of sports monitoring tools
that assess and diagnose SR-mTBI during and shortly
after injury. The secondary aim is to determine the three
most frequently reported performance metrics within
the reports.

METHODOLOGY

Eligibility criteria

Participants in the study were required to have sustained
the injury in a sporting scenario and to have been assessed
using the index test within a day of the initial injury. The
selection criteria are presented in table 1. Studies of all
designs were accepted. Published journal articles that
assess injured athletes within 24 hours of SR-mTBI were
considered. Reference tests were not required to have
been performed within any specific time frame.

The primary outcome of this study is to define the
performance of SR-mTBI diagnostic and monitoring
tools used for on-the-day assessment and diagnosis of
injury. As the term ‘concussive’ is often poorly defined,
reports discussing ‘subconcussive’ impacts were not
discarded as long as they met the remainder of the inclu-
sion criteria. The performance measures related to the

primary outcome were defined by Simundi¢'”. The three
most frequently reported performance metrics were
identified. Permitted outcome metrics can be found in
online supplemental material 1.

Information sources

Searches were conducted in five electronic databases:
Embase via Ovid, IEEEXplore, Medline via Ovid, Scopus
and Web of Science. The final search included literature
up to 14 June 2024.

Search strategy

This review follows the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) guide-
lines.'* The completed PRISMA checklists (including
those for abstracts and searching) can be found in online
supplemental material 2. The review protocol is regis-
tered on PROSPERO (protocol ID: CRD42022376560").
Amendments to the protocol are provided in online
supplemental material 3.

The search terms comprised the keywords related to
the following concepts: (a) TBI, (b) sport, (c) monitor
and (d) diagnose. If available, search terms were mapped
to relevant MeSH terms or subject headings. The
concepts were connected by AND terms, and within-
concept keywords were connected by OR terms. Further
information about the search strategies can be found in
online supplemental material 1.

Study selection process

Both the title and abstract, and the full-text screening
were carried out in a blinded, standardised manner by
the first and second reviewers (PH and LdAeB) inde-
pendently. The first and second reviewers reviewed all
the records and reports against the inclusion and exclu-
sion screening criteria. Any disagreements were resolved
by consensus. Unresolvable disputes were resolved by the
third and fourth reviewers (AJ and JB). No automated
or semiautomated methods were used in the screening
process. Records where the abstract lacked sufficient
information to be assessed against the screening criteria

Table 1 Inclusion and exclusion criteria of systematic review
Inclusion criteria Exclusion criteria
Population Athletes with sports-related mild traumatic
brain injury or subconcussive injury
Intervention Measurement within 24 hours of injury Does not measure within 24 hours of injury
Comparator No requirement
Outcome Data used for diagnosis/prediction/
assessment
Quantitative outcome metric required
Setting Sport

Document type
Additional requirements

Peer-reviewed journal article
English language

Review, conference papers, extended abstracts
Reports from the same study using duplicate data sets
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passed to the full text stage. Authors of primary studies
were contacted to clarify eligibility when necessary.

Reports from the same study were considered in the
full-text screening stage. When reports were suspected
to be from the same study, the reports were manually
compared. If reports provided distinct information about
the study, they were included. Otherwise, the most recent
report from the study was included. Further informa-
tion about the screening process can be found in online
supplemental material 4.

Data extraction and synthesis

Data items collected from the reports were year of study,
country where the study was conducted, study design,
study population (including sex and age of participants
and the size of case/control groups), methodology, refer-
ence/comparator measurements, outcomes, source of
data, monitoring/diagnostic technique used, processing
techniques used, intra-study risk-of-bias assessment,
performance summary metrics and their values, study
setting (including the sport), the presence of baseline
measurements, the presence of recovery monitoring,
the underlying injury of interest for the study, whether
previous head injury was considered and the time between
injury and measurement. The first reviewer collected the
data, and the second reviewer cross-checked the results.
Data were extracted manually from the text, tables,
figures and supplementary materials of reports. Where
the data were not available or unclear, the study authors
were contacted for additional information.

Reports were grouped for synthesis according to popu-
lations, interventions, outcomes and study design for
each respective subheading. The included reports were
assessed using descriptive statistics. A meta-analysis was
not performed as the included reports were not suffi-
ciently heterogeneous in intervention or outcome, and
of varying quality. Therefore, no effect measures were
used. Forest plots were used to visually represent results,
along with a table of evidence.

Study risk-of-bias assessment

To identify the risk of bias in the studies of interest,
Quality Assessment of Diagnostic Accuracy Studies
(QUADAS-2) was chosen for its relevance to diagnostic
accuracy.'® QUADAS-2 assesses the applicability of the
study in addition to the risk of bias. It assesses qualitatively,
with scoring of ‘low’, ‘unclear’ or ‘high’ in four domains
of interest. The first reviewer completed the risk-of-bias
assessment independently due to time constraints on the
other reviewers.

Equity, diversity and inclusion statement

The author group consists of junior, mid-career and
senior researchers. Two authors are members of margin-
alised communities. Most studies within this review took
place in high-income countries, so results may not be
generalisable to low-income settings. An analysis of sex
of study participants has been undertaken, but none of

the reports studied addressed the difference between sex
and gender or mentioned non-cisgendered participants.

Patient and public involvement
No patients or members of the public were involved in
this work.

RESULTS

Study selection

The PRISMA flow diagram for the study can be seen
in figure 1. 5834 records were identified in the initial
search, 2534 of which were unique. The full texts of 177
reports were screened. 52 reports, from 50 studies, were
included in the final review. Online supplemental mate-
rial 6 contains examples of reports rejected at full-text
stage, and the entire list is available in the online repos-
itory provided in the data-sharing section of this review.
Quantities which were not consistently reported in paper
abstracts were the time between measurement and injury
or performance metrics.

Risk of bias in studies

Online supplemental material 5 shows the results of
the QUADAS-2 risk-of-bias assessment, along with an
example of an ideal study for the question of this review.
Both the highest risk of bias and the greatest concerns
regarding applicability were in the reference standard
domain, where 15% and 19% of studies were judged as
high risk, respectively. The index test domain contains
the signalling question (“Were the index test results inter-
preted without knowledge of the results of the reference
standard?’) which was negatively answered for 35% of
reports.

Study characteristics

43/52 reports (83%) collected their own data. Nine
reports (9/52, 17%) drew on existing databases. Three
(3/52, 6%) reports used a data set produced by the
Concussion Assessment, Research and Education (CARE)
consortium study, with variations on the exact data items
considered.'™ The year of publication of the reports in
this review ranges from 2001 to 2024.

Most reports were from studies performed in the USA
(33/52. 63%), with the next most frequent location
being Australia (5/52, 10%). 46/52 (88%) of the reports
were published in or after 2015. The majority of the study
designs within this review were prospective cohort studies
(37/50, 74%). Retrospective cohort studies were the
next most common (6/50, 12%). The remaining study
designs present were retrospective case-control (3/50,
6%), retrospective case series (2/50, 4%), prospective
case report (1/50, 2%) and randomised controlled trial
(1/50, 1%). Further details of study characteristics are
present in online supplemental materials 7 and 8.

Setting

All the studies focused on were related to sports. 40
(42/50, 84%) studies considered a single sport. Ten
(10/50, 20%) studies involved multiple sports. Overall,
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[ Identification of studies via databases and registers ]
Records identified from databases total:
5 (n = 5834)
= IEEEXplore: (n = 412)
P Embase:  (n = 1080)
c Medline: (n = 1164)
§ Scopus:  (n =1436)
Web of Science: (n = 1742) ~ ™~
— Records removed before
»> screening:
— v Duplicates : (n = 3300) y
Records screened (n = 2534)
- J ~
o > Records excluded (n = 2357)
'E y N J
8| N
3] Reports sought for retrieval and assessed /Reports excluded (n = 125): \
N s e _ . ;
for eligibility (n = 177) Injury-measure time >24hrs:
\ J (n=48)
No required outcome metric:
— (n=74)
’? Duplicate datasets in reports:
o . . (n=1)
o Reports of total included studies (n= 52) g S —
‘_Z Studies included in review (n = 50) \_Not set in sports: (n = 2) A
-

Figure 1
screening process.

American Football (17/50, 34%) and Rugby Union
(11/50, 22%) were the two most frequent sports in the
studies in this review.

47 (47/50, 94%) studies used data from a live sporting
environment, with three exceptions (3/50, 6%). Kahou-
adji et al's study was carried out in a hospital’s emergency
department, and Wirsching et al’s study”' was conducted in
a controlled sporting environment. Rowson and Duma®
used a Head Impact Telemetry System (HITS) data set
from the National Football League (NFL) matches in
addition to laboratory-constructed impacts.

The setting for three (3/50, 68%) studies was entirely
amateur sports settings, and 14 (14/50, 28%) of the
studies were professional sports settings. Reyes et al”
incorporated both amateur and professional athletes
(2%), while two studies (2/50, 4%) had only semipro-
fessional athletes as participants. The setting of studies
with amateur athletes fell into two categories: community
settings (12/34, 32%) or settings related to education
(21/34, 62%). One study included both community
settings and settings related to education. Online supple-
mental materials 7 and 8 contain further information
about study settings.

Time of measurement

Though the selection criteria included the time of
measurement, 44 (44/50, 90%) studies did not precisely
measure the average time period between injury and
assessment. Two studies (2/50, 4%) noted the mean and
SD of the injury to assessment period. One study (1/50,

Preferred Reporting ltems for Systematic Reviews and Meta-Analyses (PRISMA) flow diagram demonstrating the

2%) provided the median time for a subset of participants.
In the final three (3/50, 6%) studies, measurement and
the injury were simultaneous. A further breakdown of
time of measurement is available in online supplemental
material 9.

Population

The total cohort size of this review was 117170 across 52
reports. However, the largest study® was an impact moni-
toring study which reported the total number of impacts
within the study rather than the number of participants.
Excluding this, 54101 subjects were included in this
review. Population statistics are stated without this large
study; however, a complete breakdown including it can
be found in online supplemental material 7.

The sex of athletes within the reports was predomi-
nantly male. 12 (12/51, 24%) reports did not mention
the sex of the participants; therefore, it was unspecified
in 4614 subjects (9% of the total subjects). 16 (16/51,
31%) reports only had male participants, in contrast to
the two (2/51, 4%) reports with only female participants.
Overall, 13407 females (25% of subjects) participated
in the included reports compared with 36 080 males
(67% of subjects). A preliminary analysis of a subset of
this review was presented at the International Research
Council on Biomechanics of Injury Conference.** 6904
injuries were monitored or diagnosed, with a mean of
135 cases per experiment, and a median of 28 cases. 11
studies (10/51, 20%) did not have any control subjects.
The total number of control participants was 7171, with
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a mean of 141 controls per paper, or a median of 31
controls.

Ten reports (10/52, 19%) did not provide information
pertaining to the age of the participants, while 37 (37/52,
71%) reports provided the mean ages of participants.
The combined mean age across all reports was 21.9 years
old.

Summary tables for the condition investigated, char-
acteristics of injury and demographics can be found in
online supplemental materials 8 and 9, respectively.

Intervention

46 methods of monitoring and diagnosing TBI were
implemented as the index test within this review. Over
two thirds (32/46, 70%) of these methods only appeared
once, while an eighth appeared twice (6/46, 13%). The
Standardized Assessment of Concussion (SAC), Neuro-
filament Light biomarkers and S100b biomarkers were
implemented four times (3/46, 7%). Versions of the
head injury assessment (HIA) were used five times.

The King-Devick (KD) test was used 18 times within the
reports. Versions of the SCAT test were used six times.
Two accelerometry devices were used: the X-Patch once,*
and HITS was used four times.

38 (38/52, 73%) reports used a single index test. Six
(6/52, 12%) reports used two. Four (4/52, 8%) reports
used three. Three reports (3/52, 6%) used four. One
report (1/52, 2%) used ten methods.'” Methods that
occurred twice or less and additional information can
be found in online supplemental material 7. Online
supplemental material 10 contains a report-by-report
breakdown of index and reference tests.

Comparators
36 different techniques were used as reference methods.
13/36 (36%) of the reference methods were also used as
index tests.

32 (32/52, 62%) reports compared against assessments
by team doctors or certified athletic trainers. Two of these
32 reports (2/32, 6%) used the Military Acute Concus-
sion Evaluation (MACE) test. Two reports compared
against diagnoses by the subject’s own physicians (2/52,
4%). One study20 used CT scans (1/52, 4%), and 21
(21/52, 40%) reports used versions of the SCAT test. The
Rivermead Post Concussion Symptom Questionnaire
(RPQ) was used twice (2/32, 6%) in assessments by team
doctors or certified athletic trainers, with impacts also
being counted in one of the uses.”

21/52 (38%) reports compared against event moni-
toring methods. Five (5/21, 24%) were from the HIA
test, where the event/player is visually assessed, and a
video review takes place. Seven (7/21, 33%) used visual
event monitoring, one study as the sole comparator,
another along with a self-report loghook,”” two using the
RPQ,” two more studies used observation of the injury
along with physicians assessments and the final study
used MACE and the assessment of a physician.*’ Five
(5/21, 24%) studies used video review; three leveraging

video review to confirm impacts recorded by accelerom-
eters™ ***! and two studies used video to confirm loss of
consciousness or fight verdict.”

Eight (8/21, 41%) studies used accelerometry methods
as comparators. Notably, Rowson et al’® recategorised 207
subconcussive impacts as concussive impacts based on
prevalence statistics to combat under-reporting.*

Three studies used the same method as both index and
comparator; two using the KD test”** and the third using
clinical judgement within the HIAO1 test.”> Wirsching et
al’' conducted a study in a controlled sporting environ-
ment, and no comparator was used (1/49, 2%). CARE
Consortium Investigators et al noted that there was ‘no
gold standard to compare measurements to’.!” Addi-
tional comparator information can be found in online
supplemental materials 7 and 10.

Results of individual studies

Outcome

All reports considered head injury, 16 (16/52, 31%)
reports monitored injury, 32 (32/52, 61%) reports diag-
nosed injury and four (4/52, 8%) reports predicted
head injury. Additional information about the outcome
metrics can be found in online supplemental material 5.
The three most frequently provided metrics, which will
be discussed here, are the area under the receiver oper-
ating curve (AUC), sensitivity and specificity. The AUC,
sensitivity and specificity values provided in this report
are shown in table 2.

Area under the curve

19 reports within this sample provided the AUC statistics
for 23 methods. Additionally, Reyes et al ™ provided suffi-
cientinformation to infer the AUC figure (Mann-Whitney
U and population sizes). Figure 2a shows the forest plot
for the KD tests values provided. In Hecimovich et al,”
five statistics were provided for the subtests of KD/ET,
but no overall summary statistics were given. The highest
AUC statistic provided was 0.982, produced using HITS.

Sensitivity

Sensitivity was provided in 26 reports for 25 distinct
methods. These can be found in table 2 and figure 2b.
Hubbard et af’® only provided the range for the KD test
sensitivity (0.63-0.87) and was not included in the forest
plot. The highest sensitivity statistic provided was 1,
related to the KD test.”

Specificity
Specificity was provided in 24 reports for 29 separate
methods. Figure 2c contains the KD test statistics report

for specificity. The highest specificity statistic reported
was 0.972."

DISCUSSION

Summary of evidence

This systematic review explores the current state of the
field of sport monitoring tools used for on-the-day assess-
ment and diagnosis of SR-mTBI. The novel aspect of this
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Figure 2 Forest plots for accuracy metrics provided for the KD test. (a) AUC values; (b) sensitivity values; (c) specificity
values. AUC, area under the curve; HIA, head injury assessment; KD/ET, King-Devick eye tracking.

study is the consideration of the field in its entirety, along
with the time frame of interest and the evaluation of
study characteristics and performance.

It has captured a wide range of techniques used to
assess concussion and the diverse reporting of these tech-
niques. The performance of the tests within this review
varies considerably.

Study characteristics

The studies within this sample were relatively recent, with
88% of the reports published in the last ten years. Amer-
ican Football, Ice Hockey and Rugby Union were the
most frequent sports occurring in the sample. However,
athletes in these sports wear different levels of protective
equipment; for instance, Ice Hockey helmets and Amer-
ican Football helmets are designed differently, and no

helmets are worn in rugby. This should be considered in
biomechanical investigations conducted between sports
as the variation in protective equipment may affect the
mechanics of collisions.

33% of all studies took place in professional or semi-
professional sports settings, 27% were conducted in
American college sports environments, while 23% of
studies were conducted in community settings. As many
factors, such as athlete conditioning, resources available
and concussion education, can vary between settings, it is
important that methods are validated in the environment
where they are going to be used.

Risk of bias was judged to be ‘low’ (42%) or ‘unclear’
(50%) within the ‘flow and timing’ domain of the risk
assessment. The high percentage of “‘unclear’ risk of bias
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is due to the lack of reporting as 90% of reports did not
precisely give the average period between injury and
assessment, despite all reports providing a minimum time
period to measurement. Additionally, the time period
between the index and reference standard was unclear
in 29% of reports.

Concussive injuries and their symptoms are known to
evolve over time.* At different time points, the injured
subject will be at a different point within the neurometa-
bolic cascade of SR-mTBI, a series of acute physiological
changes within the brain in response to the injury. These
physiological changes are significant within a day of injury
and have been linked to symptom burden and cognitive
performance.” Consequently, this review recommends
that the time point of each measurement of the subject
relative to the time of injury should be precisely reported
in future reports.

Population

A key result from this review is that the sex of participants
of studies is not reported in all the studies and, where
sex was reported, only 25% of participants were female.
Preliminary evidence indicates a sex-related disparity in
heart rate variability, symptom burden, neurocognitive
performances and recovery time.* Koerte et al* suggest
that the response of the brain to concussive injuries differs
between males and females due to neck size, strength
and other biological and hormonal differences.* Due to
these differences, it is important that authors of future
studies report the sex of the participants and ensure that
females are appropriately represented when assessing
the performance of SR-mTBI assessment and diagnostic
methods.

Where age was provided, a wide age range was present
within the included studies. However, the mean ages of
participants were not reported in 30% of reports, and
the SD not reported in 40% of reports. A third of the
studies was conducted in American college settings, and
college-age participants may still be physically developing,
which could influence test results. It is recommended
that the distribution of ages of participants should be
reported in future studies.

20% of reports did not have any control subjects. It is
important to ensure that studies have control subjects,
when considering diagnostic or monitoring methods, to
optimise reliability and reduce bias in studies.*!

Interventions

A wide variety of interventions was implemented in this
review, which fell under the index test domain in the
quality assessment. Only 9% of reports were judged to
have a ‘high’ risk of bias. Similarly, concerns regarding
applicability were mostly judged to be ‘low’ or ‘unclear’.
The QUADAS-2 signalling question with the highest
percentage of ‘no’ answers (35%) fell within this
domain: ‘Were the index test results interpreted without
knowledge of the results of the reference standard?’.
In populations of SR-mTBI studies, athletes have often

been identified as sustaining a head impact and conse-
quently been removed from the field, at which point the
index test is performed. Proper blinding of this process
may allow for studies which are more suited to validate
SR-mTBI monitoring and assessment methods.

Comparators

A pervasive issue in this field is the lack of true diagnostic
gold standard method for concussions, which was explic-
itly identified by CARE Consortium Investigators.'” This
is evident from the large number of reference methods
used within this review, and the crossover between
reference and index tests examined. The medical defi-
nition of concussion is a ‘traumatically induced transient
disturbance of brain function’.* However, this is not an
explicit mechanical criterion. It is thus difficult to mech-
anistically differentiate what is a concussion, or TBI, from
what is not. Studies have sought to define a mechanical
criterion for concussion; however, accelerometry-based
methods are subject to high error.” Even with this error,
these studies aim to measure the motion of the skull,
not the brain within the skull. Brain modelling has also
attempted to define biomechanical injury criteria, but
the validation of brain models has proven difficult.**

The reference standard domain had the largest
proportion of reports that were judged to have a ‘high’
risk of bias and ‘high’ concerns regarding applicability
within the quality assessment. The nebulous definition of
concussion influences this; without a gold standard it is
extremely difficult to quantify what reference standard is
or is not acceptable. The de facto gold standard within
the SR-mTBI field is an assessment by a medical doctor,
which was used by most studies investigating concussion
in this review.

The lack of clarity surrounding this debate makes it
difficult to judge whether studies are using the appro-
priate index tests. This ambiguity allows some studies to
use the same tests as both index and reference. Future
investigations should consider how this impacts the
validity of their outcomes.

Outcomes

The variation in the outcome of interest for each report
was reflected in the outcome reporting, as a wide range
of metrics was provided. The highest AUC statistic was
related to using accelerometry to collect kinematic
data.”? However, this study reclassified 207/244 concus-
sive impacts based on prevalence without additional
evidence, casting doubt on the validity of this result. The
next highest AUC statistic, 0.97, was for the SAC, KD and
timed tandem gait test combined using a Classification
and Regression Tree analysis.”” The highest sensitivity
value was related to the KD test, which was provided by
King et al.***® The highest specificity statistic reported was
for the SCAT, SAC and BESS tests combined."” Therefore,
the highest performance summary statistics were related
to either the use of the KD test or combinations of other

10 Haste P, et al. BMJ Open Sp Ex Med 2025;11:¢001904. doi:10.1136/bmjsem-2024-001904



index tests. This indicates the wider trend of combining
tests in order to create more accurate, multimodal tests.

These multimodal tests, such as the HIAO1, have been
thoroughlyinvestigated within this review and are deemed
to generally have good accuracy. However, the practical-
ities of performing such test batteries limit their utility
in low-resource environments. Two of the reports which
analysed data from the CARE Consortium used methods
such as decision trees to search for the most significant
indicators of concussion.'” '® However, this search may be
impaired by a lack of consideration of the physiological
mechanisms of concussion. Leveraging machine learning
techniques alongside physiological considerations could
provide further insight into the mechanisms of concus-
sive injury. With improved insight, the selection of tests
for use in low-resource environments could also be
improved, and even in high-performance environments,
where the under-reporting of concussions persists.*®

The KD test was the most frequently used, potentially
due to the ease of implementation in low-resource envi-
ronments. While a wide range of sensitivity, specificity and
AUC statistics were reported across the reports, measures
of range, for example, 95% CIs, were not consistently
reported. It is recommended that CIs should be consis-
tently reported in future reports as they provide a more
complete description of the performance of the testin a
given sample, which is necessary if the test performance
is exhibiting inter- and intra-study variations.

Limitations

Limitations of evidence

A slight complication of this review is that many of the
interventions were not distinct but often encapsulated
within each other. This is demonstrated in online supple-
mental material 12. Moreover, several methods were used
as both index tests and gold standards within this review.

Limitations of review

This review only considered published journal arti-
cles; therefore, publication bias exists, and the analysis
excludes preprints, conference proceedings and may
exclude commercial projects. However, with the variation
in quality evident even within this report, the conservative
approach to selection taken here is justified. Language
bias is also present within this work as only reports
published in English were included. Additionally, only
the first reviewer performed the risk of bias assessment,
which reduces the reliability of the QUADAS-2 results.

The inclusion and exclusion criteria were altered for
clarity and consistency through discussion between the
first and second reviewers. This is a potential source of
bias within the review as it is reviewer dependent. The
finalised document describing these criteria can be
found in online supplemental material 4.

The inclusion criteria which required that measure-
ments were taken within a day of injury may have led to
some distortion, in that reports which poorly reported
the average time of injury measurements were included.

This could lead to a bias in the included studies. This
criterion was implemented to isolate methods which
could be used in live sporting environments. This review
is specific to the field of monitoring, assessing, diagnosing
and predicting SR-mTBI. However, within this scope, the
recommendations from this review are generalisable.

CONCLUSION
This review found that current sideline assessments to
monitor and diagnose SR-mTBI are diverse. However, the
average time between injury and measurement was not
given in 90% of reports and female athletes are under-
represented within the studies. Performance varied
considerably between different studies of the same test.
The most frequently used performance summary metrics
were all accuracy-related metrics (AUC, sensitivity and
specificity). Overall, the validity of the results of these
studies is hampered by poor and inconsistent reporting.
This analysis suggests that the field is moving towards
using multimodal assessments which are combinations
of previously existing assessments as these provide the
optimal accuracy measures. Yet, these assessments can
be resource intensive to implement and do not improve
existing understanding of SR-mTBI, which is a key
limitation in both diagnosis and the implementation of
effective preventative measures. Providing additional
insight into the mechanism of injury, both physiolog-
ical and mechanical, could support the development of
better assessment methods, and eventually a true gold
standard for SR-mTBI.
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