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ABSTRACT
Objectives To systematically review the scientific 
literature regarding the acute assessment of sport- 
related concussion (SRC) and provide recommendations 
for improving the Sport Concussion Assessment Tool 
(SCAT6).
Data sources Systematic searches of seven databases 
from 2001 to 2022 using key words and controlled 
vocabulary relevant to concussion, sports, SCAT, and 
acute evaluation.
Eligibility criteria (1) Original research articles, 
cohort studies, case–control studies, and case series 
with a sample of >10; (2) ≥80% SRC; and (3) 
studies using a screening tool/technology to assess 
SRC acutely (<7 days), and/or studies containing 
psychometric/normative data for common tools used to 
assess SRC.
Data extraction Separate reviews were conducted 
involving six subdomains: Cognition, Balance/Postural 
Stability, Oculomotor/Cervical/Vestibular, Emerging 
Technologies, and Neurological Examination/Autonomic 
Dysfunction. Paediatric/Child studies were included in 
each subdomain. Risk of Bias and study quality were 
rated by coauthors using a modified SIGN (Scottish 
Intercollegiate Guidelines Network) tool.
Results Out of 12 192 articles screened, 612 were 
included (189 normative data and 423 SRC assessment 
studies). Of these, 183 focused on cognition, 126 
balance/postural stability, 76 oculomotor/cervical/
vestibular, 142 emerging technologies, 13 neurological 
examination/autonomic dysfunction, and 23 paediatric/
child SCAT. The SCAT discriminates between concussed 
and non- concussed athletes within 72 hours of injury 
with diminishing utility up to 7 days post injury. Ceiling 
effects were apparent on the 5- word list learning and 
concentration subtests. More challenging tests, including 
the 10- word list, were recommended. Test–retest data 

WHAT IS ALREADY KNOW ON THIS TOPIC
 ⇒ The Sport Concussion Assessment Tool (SCAT) 
tools are used worldwide to assist in the 
evaluation and management of sport- related 
concussion.

 ⇒ The SCAT tools have evolved over time based 
on clinical findings, clinician input, scientific 
investigations and systematic reviews of the 
literature.The SCAT tools are designed to be 
self- sufficient without the use of ancillary 
equipment.

WHAT THIS STUDY ADDS
 ⇒ The SCAT tools are effective in discriminating 
between concussed and non- concussed athletes 
within 72 hours of injury.

 ⇒ Except for the Symptom Scale, the SCAT tools 
have limited utility in return to play decisions 
beyond 7 days post injury.

 ⇒ The SCAT5 concentration subtests exhibit 
marked ceiling effects. Increasing task 
complexity would be beneficial.

 ⇒ The SCAT3 and SCAT5 5- item word lists have 
significant ceiling effects whereas the 10- item 
word list is normally distributed.

 ⇒ Increasing complexity of specific tasks (eg, 
months in reverse, tandem gait) will likely 
increase the clinical utility of these tools.

 ⇒ Empirical data are limited in pre- adolescent, 
women and para athletes, sport type, and in 
geographical and culturally diverse athletes.

 ⇒ Differences were found on demographic, 
social/cultural, and linguistic variables, which 
amplify the importance of developing robust 
multitiered, language and age- appropriate 
normative SCAT data, including in para athletes.
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revealed limitations in temporal stability. Studies primarily originated in 
North America with scant data on children.
Conclusion Support exists for using the SCAT within the acute 
phase of injury. Maximal utility occurs within the first 72 hours and 
then diminishes up to 7 days after injury. The SCAT has limited utility 
as a return to play tool beyond 7 days. Empirical data are limited in 
pre- adolescents, women, sport type, geographical and culturally diverse 
populations and para athletes.
PROSPERO registration number CRD42020154787.

INTRODUCTION
The recognition, evaluation, diagnosis and management of SRC 
is complex, dynamic, and multidimensional. The CISG intro-
duced the SCATTM primarily as a tool to assist clinicians by 
standardising the concussion assessment across several domains 
of function. It was first published alongside the 2004 Summary 
and Agreement Statement of the Second International Sympo-
sium on Concussion in Sport.1 The tools (SCAT, Child SCAT) 
evolved through several iterations prior to their current versions, 

SCAT51–3 and Child SCAT5.4 Historical information on the tools 
is available in the SCAT6 tools documents.5–7 The tools were 
intended to aid in the diagnosis of SRC but were not designed to 
be diagnostic tools per se. Table 1 provides the reader with acro-
nyms and their meaning that are used throughout the documents.

The current review is substantially more sizeable than the 
previous CISG SCAT5 review8 due to (1) an expanded review 
focus to include all literature covering domains, instruments or 
approaches relevant to acute phase SRC assessment and (2) the 
2- year pandemic- enforced extension of the consensus process 
that necessitated a second literature search. This systematic 
review evaluated the empirical literature regarding acute eval-
uation of SRC in children (ages 5–12 years), adolescents (ages 
13–18 years), and adults (>18) with a goal of improving the 
SCAT tools. The complexity and volume of research for this 
search necessitated a priori creation of six overlapping content 
subdomains: Cognition, Balance/Postural Stability, Oculomotor/
Cervical/Vestibular, Emerging Technologies, Neurological 
Examination/Autonomic Dysfunction, and Paediatric/Child. A 
seventh category, Symptoms, was added during the preparation 
stage of this manuscript. The assessment of children and adoles-
cents was included across each of these subdomains to under-
gird the age- appropriate development of the Child SCAT6. Also, 
the complexity and volume of articles identified in this review 
led to an a priori decision to separate studies that involved the 
collection of normative data or assessment of psychometric 
properties without examination of SRC athletes (n=204) from 
those studies that evaluated SRC outcomes (n=423). Only those 
studies that evaluated SRC will be presented here while findings 
from the remaining ‘normative’ studies will be presented in a 
subsequent paper.

Table 1 List of abbreviations and acronyms used in this review

AFL Australian Football League
OM
PCSS

Oculomotor
Post- Concussion Symptom Scale

AUC Area under curve PPV Positive predictive value

BESS Balance Error Scoring System PRISMA Preferred Reporting items for Systematic Reviews and Meta- Analyses

BFI Brain Function Index PRESS
RCI

Peer Review of Electronic Search Strategy
Reliable Change Index

CFE Cervical flexor endurance test RCT Randomised control trials

CFRT Cervical flexion rotation test REHO Regional homogeneity

CISG Concussion In Sport Group ROM Range of motion

DA Diagnostic accuracy rs- fMRI Resting state functional MRI

DVA Clinical dynamic visual acuity S100B S100 calcium- binding protein B

EEG Electroencephalography SAC Standardised Assessment of Concussion

FA Fractional anisotropy SCAT Sport Concussion Assessment Tool

GCS Glasgow Coma Score SIGN Scottish Intercollegiate Guidelines Network

GFAP Glial fibrillar acidic protein sncRNAs Small non- coding RNAs

HBI Health and Behaviour Inventory SNR Signal- to- noise ratio

HPT Head perturbation test SOT Sensory organisation test

HTT Head thrust test SRC Sport- related concussion

ImPACT Immediate Postconcussion Assessment and Cognitive Testing SSEVP Steady- state visual- evoked potentials

JPE Joint position error T- Tau Total Tau

KD King- Devick TBI Traumatic brain injury

LOC Loss of consciousness TUG Timed- up- and- go

mBESS Modified Balance Error Scoring System UCH- L1 Ubiquitin C- terminal hydrolase- L1

MRI Magnetic resonance imaging VOD Vestibulo- ocular dysfunction

NF- L Neurofilament light chain VOMS Vestibular ocular motor screen

NFL National Football League VOR Vestibulo- ocular reflex

NHL National Hockey League PCSS Post- Concussion Symptom Scale

NPC Near point convergence RCI Reliable Change Index

HOW THE STUDY MIGHT AFFECT RESEARCH, PRACTICE OR 
POLICY

 ⇒ This study provides evidence for changes to that SCAT 
tools that will directly impact clinical practice and spur 
new research that validate such changes and create new 
normative data.
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Due to the heterogeneity of outcomes, a narrative synthesis 
was completed for and across each of the seven domains listed. 
We present the systematic review process of the existing litera-
ture to guide an evidence- based modification of the SCAT tools. 
A guiding principle was to maintain continuity with previous 
SCAT tools whenever possible while making evidence- based 
improvements.

METHODS
This systematic review was conducted with guidance from the 
Cochrane handbook,9 reported per the PRISMA statement,10 
and pre- registered with PROSPERO. The review was designed 
and presented to inform the 6th International Consensus State-
ment on Concussion in Sport, with the details of the method-
ology in an accompanying paper.11

Search strategy and eligibility criteria
The following databases were searched (2001 to 25 March 
2022): MEDLINE(R) and Epub Ahead of Print, In- Process & 
Other Non- Indexed Citations and Daily (Ovid), Embase (Ovid), 
APA PsycInfo (Ovid), Cochrane Central Register of Controlled 
Trials (Ovid), CINAHL Plus with Full Text (EBSCO), SPORT-
Discus with Full Text (EBSCO), and Web of Science Core 
Collection (including SCI- Expanded, SSCI, A&HCI, CPCI- S, 
CPCI- SSH and ESCI).12

The search strategy (see online supplemental table A) was 
created by a health sciences librarian, using the standard sport 
and concussion concepts11 and adding a third concept: Sideline 
(defined as both the location of injury and the time frame imme-
diately post injury). The sideline search terms were created using 
relevant subject headings, and text words (keywords) searched 
within the title, abstract, and author- supplied keyword fields. The 
search strings used database operators and Boolean operators to 
create a highly sensitive search strategy. The primary search was 
created for MEDLINE and the search was peer- reviewed by a 
second health sciences librarian using the PRESS guidelines.13 
Suggestions were incorporated before the search was translated 
to all other databases. The records from the database searches 
were downloaded in .RIS or .txt format and uploaded to Covi-
dence for deduplication and screening (see online supplemental 
A).

Inclusion criteria for all articles: (1) publication date from 
2001 to 2022; (2) original research articles (ie, diagnostic accu-
racy studies, cohort studies, RCTs, case–control studies, and 
case series with a sample of >10); (3) ≥80% SRC as mechanism 
of injury; and (4) studies using a screening tool/technology to 
assess suspected concussion in the acute period (<7 days) and/
or a study containing psychometric and normative baseline data 
for common instruments used to assess concussion. Articles 
were excluded if they did not use any tools or outcome measures 
to assess concussion and/or were commentaries, conference 
proceedings, or review articles.

Study selection
Rapid screening was performed by AMB on all included arti-
cles to remove any abstracts that did not assess concussion in 
humans (regardless of the mechanism of injury) or were not 
original studies. Three authors completed inter- rater reli-
ability on 50 randomly selected citations prior to the title and 
abstract screen (RJE, AMB, KJS). Remaining title and abstract 
screening was completed (RJE, KJS, AMB) independently, with 
authors resolving conflicts by consensus. Full- text screening 
was completed independently by two coauthors, with a third 

reviewer resolving conflicts. The final inclusion list was circu-
lated to all authors to scan and provide any references that may 
have been missed by the search.

Data extraction, Risk of Bias and Strength of 
Recommendation Taxonomy
Data extraction tables were created a priori, reviewed and 
piloted by the project team. Risk of Bias (ROB) assessments 
and data extraction were completed by two authors (methods 
author and a coauthor). Modified versions of the SIGN check-
lists14 based on study design were used for the ROB assessments, 
which assigned study ratings as high- quality, acceptable or inad-
missible. Conflicts were resolved either by consensus or a third 
reviewer. Grading the evidence was conducted by each domain 
lead author using the Strength of Recommendation Taxonomy 
(SORT.15

Online supplemental table B contains an expanded narrative 
review of papers by domain, ROB assessment is presented in 
online supplemental table C, study demographics can be found 
in online supplemental table D, the data extraction table can be 
found in online supplemental table E, and the PRISMA checklist 
may be found in online supplemental table F.

RESULTS
Figure 1 presents a modified 2020 PRISMA flow diagram.

Figure 2 presents the studies grouped by study design, loca-
tion of study, demographics, year of publication, and clinical 
domains. Most studies were identified as prospective cohort 
designs followed by diagnostic accuracy and cross- sectional 
designs. Most studies originated in North America (USA and 
Canada) comprising approximately 84% of the studies. The 
remaining seven countries accounted for 16% of the studies.

Most studies were published between 2015 and 2022 with 
a notable trend towards year- over- year increasing publication 
numbers. The age distribution of study participants reveals 
most participants were 18 years of age or older. Only one study 
focused solely on children (ages 5–12), although mixed samples 
including children, adolescents, and adults were identified. On 
average, studies included approximately 24% female partici-
pants. Most studies focused on the SCAT cognitive domain (eg, 
the SAC), followed by emergent technologies, postural control 
assessments, oculomotor/cervical/vestibular function, and neuro-
logical examination/screening.

Figure 3 depicts the results of the ROB quality ratings. Of the 
423 included SRC studies, approximately 21% were judged to 
be inadmissible or representing an unacceptably high ROB. In 
contrast, less than 9% of the studies were rated as high quality, 
with the remaining 70% identified as acceptable.

Data synthesis by domain
Findings from each article were organised into seven domains. 
Given the heterogeneity of outcomes, and complexity of the 
overlapping domains, a narrative synthesis was completed for 
and across each of the domains. Due to space limitations, a trun-
cated narrative of each of the domains is presented below. A 
detailed data synthesis for each domain is presented in the online 
supplemental materials.

Of note, the SCAT6 guidelines included instructions against 
adding measures that include instrumentation other than items 
that are readily available (eg, athletic tape for tandem gait). In 
some instances, instruments that do not meet this guideline are 
included in the domain narratives below due to the prominence 
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of the measure in the literature and the fact that instrumentation 
was not an exclusion criterion for the review.

Symptoms
ROB: Of the 241 papers reporting symptoms, 36 (15%) were 
inadmissible, 183 (76%) were rated acceptable, and 22 (9%) 
were high quality. Using the SORT taxonomy, the symptoms 
papers largely fell at the B level.

Of the included high- quality and acceptable studies, 100% 
noted elevated symptoms within 24 hours and 48 hours. When 
symptoms were assessed within 3 days, 4 days, 5 days and 7 days 
post concussion, symptoms were elevated compared with base-
line and/or control values in 97%, 93%, 76%, and 64% of the 
articles, respectively.

Several studies have examined face validity and empirically 
derived domain- based index scores for the PCSS. Most studies 
settle on some variant of physical (eg, balance problems, head-
ache), emotional (eg, sadness), cognitive (eg, difficulty remem-
bering), and sleep (eg, fatigue or low energy) subscales.16–19 
Endorsement of specific symptoms differs according to recovery 
trajectory, with cognitive and physical symptoms being most 
predominant immediately following injury.20

Abbreviated self- report scales administered acutely may offer a 
near equivalent ability to discriminate between athletes diagnosed 
with concussion and controls, and may be useful for screening 
purposes when time is limited.21 22 Several studies examined 
normative values and base rates of PCSS scores, confirming 
that concussion symptoms are non- specific to concussion and 

vary depending in part on socio- demographic factors, as well as 
physical and emotional health.23–31 Although use of the PCSS as 
a baseline wellness screener in non- concussed athletic popula-
tions has shown promise at the collegiate level,16 17 more work 
is needed in diverse populations. In populations that have estab-
lished PCSS normative data, clinicians should review player 
baseline symptom report, and in cases with elevated or atypical 
symptom patterns follow- up with additional assessment and/or 
treatment as clinically indicated.

The Child SCAT incorporates a different symptom assess-
ment, using the Child- report and Parent- report of the Health 
and Behaviour Inventory (HBI).32 The HBI component of the 
Child SCAT has been shown to be reliable.33 34 In 5–13 years 
old children, younger children self- reported more symptoms 
than older children, but parents rated more severe symptoms 
for older than younger children.34 In 9–12 years old females, the 
Child- report demonstrated good test–retest reliability (Interclass 
Correlation Coefficient (ICC) ≥0.80) both pre- exercise and 
post- exercise.33 The HBI symptom scale differentiates concussed 
from non- concussed children (both uninjured controls, and chil-
dren with orthopaedic injury).35 With child development over 
time, baseline symptom evaluation in children may be unreli-
able, unless the baseline is re- assessed at regular intervals (eg, 
every 3–6 months). The method of administering the symptom 
scale in children may influence the results, with fewer symp-
toms reported when administered verbally than with written 
responses.35 Using the SORT taxonomy, the Child Symptoms 
papers largely fell at the B level.

Figure 1 Modified PRISMA flow diagram. PRISMA, Preferred reporting items for systematic review and meta- analysis.
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Cognition
ROB: Of the 238 included studies within the Cognition domain, 
approximately 19% (n=44) were deemed inadmissible, 73% 
(n=174) were acceptable, and 8% (n=20) were of high quality. 
Using the SORT taxonomy, the body of evidence generated by 
these papers fell at the B level.

Ability to discriminate between concussed athletes and 
controls—Both computerised and paper- and- pencil cogni-
tive tests differentiated athletes diagnosed with concussion 
from controls with medium to large effects during the first 
24–48 hours post injury.36–42 Figure 4 depicts a forest plot of the 
acceptable and high- quality studies that compared overall SAC 
scores between acute concussed athletes and controls or baseline 
values. Inadmissible studies and/or those that did not report an 
overall SAC score, were not included. The standardised mean 
difference (SMD) was calculated for various time points across 

the first week of injury, including an overall score for all time 
points. The data show that while the overall SMD was lower 
when collapsed across time points, the greatest differences can be 
seen within the first 48- hours post- injury. Twenty studies using 
baseline/post- injury paradigms and including matched controls 
examined the ability of various iterations of the SAC to assist 
with the diagnosis of SRC.42–61 Large effects were found when 
the SAC was administered immediately following concussion.42 
One study using the SCAT2 found that SAC scores significantly 
differentiated concussed collegiate athletes and controls approx-
imately 1 day following injury.59 One study found that the SAC 
(SCAT3) did not discriminate between concussed athletes and 
controls 3–5 days post injury.56 The SCAT5 introduced the 
option of using a 10- item immediate memory word list, rather 
than a 5- item word list. The 10- item word list, but not concen-
tration (digits backward plus months in reverse), differentiated 

Figure 2 Characteristics of included studies. Note: Some included articles contained more than one study design, were conducted in more than 
one country, and/or included tests within more than one domain. Therefore, the total value of articles within the study design, location of study, and 
domain panels exceeds the total number of references included. SCAT, Sport Concussion Assessment Tool.
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concussed and non- concussed professional hockey players 
within 1 day of injury.60 The 10- item word list version of the SAC 
composite similarly differentiated concussed collegiate athletes 
and controls shortly after injury.62 In both studies, SCAT5 cogni-
tive subtests accounted for unique variance in concussion diag-
nosis above symptom report alone. In contrast, a separate study 
using the 10- item word list did not differentiate concussed and 
control collegiate athletes tested within 7 days post injury.63

Test characteristics/psychometrics—Eight studies examining 
SRC also presented normative data on the SCAT5 in colle-
giate,27 62 64 high school,65 and professional athletes,66–69 and 
found differences based on age, sex, health status, and language 
preference—underscoring the importance of using well- 
developed stratified norms. The 10- item word list of the SCAT5 
exhibits improved psychometric properties over the 5- item 
word list, which shows ceiling effects.70 The 10- item list scores 
approximately a normal distribution at baseline.67 However, 
differences were found among the three forms of the list learning 
task,68 suggesting that the forms are not equivalent in difficulty. 
Five studies published test–retest reliability for SCAT5 subtests. 
Test–retest reliability for component and total SAC scores was 
poor, ranging between 0.22 and 0.52.61 62 71–73 Base rates enable 
the quantitative interpretation of multiple tests simultaneously, 
reducing the risk of false- positive results. One study examined 
base rates of decline on the SCAT5 using reliable change indices.71 
Findings showed that decline at the 0.80 CI (32.3% of sample) 

or 0.90 CI (20.7% of sample) level on only one of three consid-
ered SCAT5 subtests was relatively common in a non- concussed 
sample.71 In contrast, decline on one SCAT5 test at the 0.95 CI 
(12.9% of sample) or two or more tests at the 0.80 CI (8.3% of 
sample) is sufficiently rare to warrant clinical concern supporting 
possible concussion diagnosis. Documented methods for 
improving the reliability/accuracy of cognitive measures in sports 
included: use of multiple baselines74 75; development of cognitive 
composite scores76–79; use of tests that minimise test ceiling/floor 
effects; and incorporating measures/procedures to ensure perfor-
mance validity at baseline.80–85As noted above, a comprehensive 
article on SCAT normative data will be forthcoming.

Value of baseline testing—Seven papers examined the value 
of baseline testing using the SCAT. In four studies, neither the 
SCAT2, SCAT3, nor SCAT5 showed an increased value of 
baseline testing over standard normative and clinical evalua-
tion.52 56 59 60 One paper did show that for the 5- item word list 
delayed recall portion of the SCAT2, control athletes improved 
their performance significantly over baseline (consistent with a 
practice effect), whereas the concussed group did not show an 
improvement.20 One paper found that using SCAT5 SAC reli-
able change metrics improved diagnostic sensitivity over the use 
of normative data alone62 and another study applying machine 
learning algorithms found that using SAC baseline data outper-
formed the use of SAC normative cut- offs when classifying 
athletes diagnosed with concussion.55

Figure 3 Risk of Bias quality ratings by domain. Note: Some included articles were included in more than one domain. Therefore, the sum of the 
seven domains exceeds the total number of articles. SCAT, Sport Concussion Assessment Tool.
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Postural control
ROB: Of the 133 included studies that examined postural 
control, 23% (n=30) were inadmissible, 66% (n=88) were 
acceptable, and 11% (n=15) were high quality. Using the SORT 
taxonomy, the evidence largely fell at the B level.

Postural control tests employed within the first week of SRC, 
including examiner- rated balance performance (eg, mBESS),86–95 
instrumented balance measures (eg, inertial sensors, force 
plates),87 91 96–106 and measures of tandem, steady- state or other 
forms of overground walking gait (eg, walking on a tread-
mill)91 93 107–116 are useful in discriminating between concussed 
and non- concussed athletes. At the time of this review, there 

were limited or no empirical data to inform widespread recom-
mendations for postural control among individuals with physical 
disabilities.

Balance: Although likely cost- prohibitive in many settings and 
not suitable for inclusion in the SCAT6, the instrumented SOT 
appears to have the strongest overall ability to detect concussion- 
related impairment in the acute phase.97 100 102 104–106 Among 
examiner- rated measures of balance, the BESS and mBESS can 
each adequately assist in differentiating concussed and non- 
concussed adolescent and adult athletes with limited evidence 
in child athletes.86–91 93 94 Studies have also reported no group 
differences between concussed and non- concussed adolescent 

Figure 4 Acute total Standardised Assessment of Concussion scores by group. Note: Only studies with acceptable and high quality Risk of Bias are 
included. SRC, sport- related concussion; SMD, standardised mean difference.
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and adult athletes within 72 hours of injury for both the BESS 
and mBESS.87 91 The BESS and mBESS have reported sensitivities 
of 60% and 71%, respectively, during the first week following 
SRC when compared with baseline values86 and area under the 
receiver operating curve (AUC (95%)) has been reported at 0.71 
(0.62 to 0.79).93 Inter- rater reliability for the mBESS appears 
to be fair to strong (Cronbach’s α between 0.78 and 0.98).117 
For baseline BESS testing with child athletes, test- retest (ICC 
(95% CI) = 0.90 (0.88 to 0.92)), intra- rater (0.96 (0.95 to 0.97)) 
and inter- rater reliability (0.93 (0.79 to 0.97)) appear to be high 
according to one study with four raters.118 For adults, BESS 
intra- rater reliability has been reported as good (ICC=0.86) 
and inter- rater reliability as moderate (ICC=0.75).95 However, 
reported intra- rater minimum detectable change scores for the 
BESS ranged from 3.9 to 8.6 errors, and inter- rater minimum 
detectable change scores ranged from 11.3 to 12.6 errors,95 118 
suggesting the importance of having the same clinician evaluate 
both pre- injury and post- concussion BESS test performances. 
Other estimates of intra- tester reliability have also been reported 
as high (ICC=0.86 to 0.97) when rating adult and adolescent 
athletes, respectively, with a moderate accompanying inter- rater 
reliability (ICC=0.75) among adult athletes.95 119 Athlete gender/
sex and sport may be associated with mBESS test performance, 
but age, prior concussion history and preferred language do not 
appear to be associated with mBESS or BESS test performance 
among the included studies.68 120–122

Gait: Time to complete the tandem gait test discriminates 
among child, adolescent,

and adult concussed athletes.93 107 109 110 115 116 Further, a dual- 
task tandem gait testing paradigm including a simple cogni-
tive task such as counting backward by a specified integer, and 
repeating months of the calendar year (or days of the week in 
child athletes) may provide important added complexity to 
acute concussion assessment.93 109 114–116 Incorporating measures 
of cognitive task accuracy (eg, per cent correct) and processing 
speed (number of cognitive tasks completed during a trial) 
within dual- task paradigms may improve testing efficiency, but 
this requires further research. Although not an included study 
in the review due to exceeding the post- injury time frame, the 
single- task tandem gait test yielded 87.5% sensitivity, 72.4% 
specificity and correctly classified 82.4% of adolescents within 
10 days of SRC (most participants were within 7 days post injury) 
as concussed or control using a cut- point of 16 s.93 In the same 
study, the dual- task tandem gait test, using a cut- point of 22 s, 
was observed to have 84.8% sensitivity, 72.4% specificity and 
correctly classified 80.6% of patients as concussed or control.

Value of baseline testing—At the time of this review, there was 
insufficient evidence to support the need for pre- injury baseline 
testing for measures of postural control; however, clinicians 
may choose to conduct baseline balance and gait assessments if 
resources are available. Those who have the means to incorpo-
rate baseline testing should replicate the baseline testing condi-
tions when performing post- injury evaluations, including having 
the same clinician perform the evaluations at each time point 
when possible. Additionally, clinicians should consider athlete 
sport and height when comparing a concussed athlete to norma-
tive data.

Relevance to the SCAT6: At the time of this review, there 
was not enough empirical evidence to inform the replacement 
of the mBESS/BESS tasks as easily administered and deployable 
measures of balance within the SCAT6. As previously stated, one 
of the guiding factors in modifying the SCAT5 for the SCAT6 
was that no additional instrumentation should be necessary in 
any domain. Instrumented balance measures (eg, SOT, wearable 

inertial sensors) were identified in the literature search and met 
inclusion criteria for this study; however, they require time, 
cost and training resources that may not be widely available or 
feasible in many settings, and they were not considered for inclu-
sion in the SCAT6.

There was sufficient evidence to consider tandem gait measures 
of dynamic postural control as meaningful additions to the acute 
assessment paradigm and within the SCAT6. An approach to 
postural control assessment that increases in task complexity as 
clinically indicated to inform the acute assessment of concussion 
is recommended, including beginning with a measure of static 
balance (eg, mBESS) and progressing to single- task and dual- task 
tandem gait measures, when feasible and clinically indicated. 
Additionally, if baseline testing is used for clinical decision- 
making, we recommend that the same examiner performs both 
the pre- injury and post- injury postural control assessments, 
when possible, as detailed above. It is not recommended that the 
mBESS be used while wearing skates.123

Oculomotor/cervical/vestibular
ROB: Of the 77 included studies, approximately 30% (n=23) 
were deemed inadmissible, 57% (n=44) were acceptable, and 
13% (n=10) were of high quality.

Of the 77 studies included, only six studies focused on the 
cervical spine.112 124–128 Findings were heterogeneous and eval-
uated a variety of cervical spine outcomes (cervical spine range 
of motion, tenderness on palpation, muscle spasm, joint position 
sense, cervical flexion rotation test, cervical flexor endurance, 
cervical spine strength, and head perturbation test) either as part 
of an overall clinical evaluation,124 125 independently112 126 127 or 
evaluated changes with physical exertion.128 One cohort study of 
acceptable quality identified that cervical spine testing (cervical 
flexion rotation test, cervical flexor endurance, cervical spine 
strength, and a head perturbation test) were significantly worse 
following concussion compared with preseason.112 Using the 
SORT criteria,15 inclusion of cervical spine outcomes following 
concussion was rated as B.

Fifteen studies evaluated oculomotor function employing clini-
cian observed tests of smooth pursuit, saccades or accommoda-
tion,61 124 using eye trackers including pursuits, saccades, saccade 
latency, optokinetic nystagmus129–131 or KD.55 73 131–133 Studies 
including eye tracking presented variable results, but suggest 
that saccade latency and amplitude may be altered following 
concussion.134 There was discrepancy in the literature regarding 
the ability of the KD test to differentiate between concussion 
and controls with reported diagnostic accuracy statistics varying 
widely across studies, with some showing strong discriminative 
ability and others not.61 135–139

The VOMS was evaluated in 22 studies, including four high 
quality studies. The VOMS was usually administered as per 
Mucha et al,140 and was found to (1) discriminate concussion 
from no concussion with high levels of sensitivity, particularly 
in the acute phase of injury (ie, <24 hours), and (2) identified 
increased total VOMS symptom scores and/or greater propor-
tion of the sample with scores above the cut- point post concus-
sion52 141–143 even in the absence of baseline testing.52 Seven 
studies evaluated the function of the VOR with variable results 
and used several different outcomes. The KD test and near point 
of convergence (NPC, cm) were found to have lower levels of 
sensitivity than the VOMS (21–39% and 9–64%)55 in collegiate 
athletes. A recommendation for the VOMS as a screening tool 
for concussion in the acute and subacute time period was rated 
as SORT A.15

P
ro

tected
 b

y co
p

yrig
h

t, in
clu

d
in

g
 fo

r u
ses related

 to
 text an

d
 d

ata m
in

in
g

, A
I train

in
g

, an
d

 sim
ilar tech

n
o

lo
g

ies. 
. 

E
rasm

u
sh

o
g

esch
o

o
l

at D
ep

artm
en

t G
E

Z
-L

T
A

 
o

n
 M

ay 22, 2025
 

h
ttp

://b
jsm

.b
m

j.co
m

/
D

o
w

n
lo

ad
ed

 fro
m

 
14 Ju

n
e 2023. 

10.1136/b
jsp

o
rts-2022-106661 o

n
 

B
r J S

p
o

rts M
ed

: first p
u

b
lish

ed
 as 

http://bjsm.bmj.com/


9 of 18Echemendia RJ, et al. Br J Sports Med 2023;57:722–735. doi:10.1136/bjsports-2022-106661

Systematic review

Neurological examination/screen
ROB: Of the 18 included studies that examined the neurological 
examination, 22% (n=4) were inadmissible, 72% (n=13) were 
acceptable, and 6% (n=1) were high quality. Using the SORT 
taxonomy,15 the evidence was rated at the B level.

The principal role of the acute neurological examination has 
generally been to identify signs of structural intracranial injury 
(moderate–severe TBI) or cervical spine injury necessitating 
hospitalisation and possible surgical intervention. Some neuro-
logical examination components have been incorporated into 
the SCAT and Child SCAT.2 4 Observable neurological signs 
may be identified during an in- person examination or by video 
review (see below).144 At times, these observations may portend 
more serious injury and along with the ‘Red Flags’6 necessitate 
immediate assessment and possible emergency transport to a 
hospital. Cervical spine assessment (including pain, tenderness, 
range of motion, strength, and sensation testing) is also included 
to identify potential cervical cord and spine injury.

Other components of the SCAT contribute to the neurolog-
ical examination. Orientation is assessed by the Maddocks ques-
tions,145 cognitive screening is provided by the SAC,2 42 balance 
is assessed by the mBESS and tandem gait146 and the neurolog-
ical screen component assesses active cervical spine movement, 
extraocular movements, finger- nose- finger and tandem gait. Of 
the current neurological examination components in the SCAT 
tools, only the SAC and BESS have been evaluated with regards 
to their diagnostic utility for acute SRC.

Combination of tests/measures
One acceptable quality prospective cohort study evaluated a 
combination of physical examination findings among university 
athletes approximately 4 days post injury.124 At the first visit, 
abnormal physical exam (PE) signs were significantly greater in 
concussed versus control athletes.124 A combination of measures 
including symptoms, mBESS, and SAC total score had a sensitivity 
of 61% within 1 hour, 67% 1–24 hours, and 55% 24–72 hours 
post injury55 when compared with pre- injury data. A separate 
study with collegiate athletes49 demonstrated individual sensi-
tivities of 55.0%, 95.0%, and 97.5% for the SOT, ImPACT, and 
symptom reports, respectively, with a combined 100% sensi-
tivity in detecting concussion within 24 hours of concussion.105 
In an acceptable quality cohort study of 13–17 years old elite 
ice hockey players, a battery completed at preseason and post 
concussion (median of 4 days) identified significant worsening 
of cervical spine outcomes and divided attention following 
concussion.112 When incorporating the VOMS with the full 
SCAT3, sensitivity was reported to increase 9% and the AUC 
was improved 4.4% to 0.85 up to 48 hours post- concussion in 
a high- quality study including collegiate athletes.142 An accept-
able quality cross- sectional study evaluated symptoms, ImPACT 
and VOMS on testing in adolescent athletes and found the 
three- component model accounted for 69.2% of the variance 
observed.147 Overall, the literature is consistent and a combina-
tion of tests and outcomes received a SORT A recommendation.

Emerging technologies
ROB: Of the 144 included studies within the emerging tech-
nology domain, approximately 17% (n=25) were deemed 
inadmissible, 71% (n=102) were admissible, and 12% (n=17) 
were of high quality. Using the SORT taxonomy,15 the body of 
evidence in this domain fell at the B level.

Accelerometers were examined in 12 papers148–159; post- 
impact accelerations alone have limited utility when used 

independently to diagnose concussion.154 Impact density exam-
ines impact magnitude and adjusts for time before previous 
impacts. Concussed athletes showed significantly more head 
impacts in the 3 hours prior to the final impact that led to a 
concussion (p<0.03) and showed significantly higher linear 
(p=0.016) and rotational (p=0.029) impact values compared 
with controls. The authors concluded that there is a higher prob-
ability of concussion when considering both the magnitude of 
the impact and timing between impacts when compared with 
magnitude alone.154

Blood biomarkers were the focus of 18 papers and showed 
potential utility in aiding SRC diagnosis when blood is collected 
within hours post injury.46 160–176 S100 calcium- binding protein, 
serum Tau- C, T- Tau, interleukin- 6 have shown elevations within 
6 hours of injury.162 163 No included studies conducted point of 
care testing, thereby limiting diagnostic utility. Studies have also 
supported the analyses of sets of biomarkers given that concus-
sion is a heterogeneous injury that reflects various pathological 
processes.

The literature on metabolomics and saliva biomarkers included 
a limited number of papers (10) with small sample sizes.48 177–185 
Future studies will need to identify the most sensitive and 
specific metabolites for concussion diagnosis178 and isolate perti-
nent miRNA markers at point of care.183 184

Neuroimaging was the focus of 46 papers.43 44 47 50 51 174 185–222 
Conventional MRI revealed limited utility in the diagnosis of 
concussion.206 In contrast, advanced sequences reflecting various 
aspects of brain function and physiology were shown to be sensi-
tive to the effects of acute concussion at the group level, including 
functional MRI,47 198 diffusion MRI,44 174 199 relaxometry (for 
myelin volume),207 proton magnetic resonance spectroscopy,203 
cerebral blood flow, and quantitative susceptibility mapping.187

EEG showed promise in distinguishing concussed athletes 
from controls. However, a standardised approach is needed 
regarding electrode placement, data processing, and task(s) 
completed by athletes.45 96 223–229

Video- based observable signs of concussion were examined in 
19 papers.70 157 230–245 Among professional athletes, visible signs 
were identified in 53%–78.9% of concussions. Visible signs with 
the highest specificity include, tonic posturing (97%), impact 
seizure (96%), suspected loss of consciousness (93%), ataxia/
motor incoordination with difficulty getting up (81%), abnormal 
behaviour (55%), and blank/vacant/dazed look (62%). Specificity 
also increased when more visible signs were present, increasing 
from 0.22 to 0.90 when two vs four signs were present.

Child/paediatric
ROB: 25 studies examined children and/or adolescents. Of these, 
28% (n=7) were inadmissible, 64% (n=16) were acceptable, 
and 8% (n=2) were high quality. Using the SORT taxonomy,15 
the body of evidence was B.

The need for a developmentally appropriate concussion eval-
uation tool for children (ages 5–12 years) in the acute stage is 
apparent.80 246 Only five studies28 33–35 247 were included relevant 
to the clinical utility of the Child SCAT tool in the acute stage 
and no studies examined the outcome of SRC. Additional studies 
exist for specific subcomponents of the Child SCAT including 
the symptom scale35 and balance exam118 in child samples.

Overall, the child and parent symptom scales demonstrate 
the most robust evidence of internal consistency and stability 
over time,33 34 differentiation of concussed from controls,35 and 
consistent relationships to age, sex, and history of concussion 
or other developmental/medical disorders.28 34 248 The mBESS 
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exhibits variability in its underlying psychometric character-
istics.33 118 The cognitive measure of the Child SCAT had low 
test–retest stability33 with a single study showing low clinical 
discrimination of injured/uninjured in child athletes to date.249

Implications for the SCAT tools
The systematic review presented above identified SCAT6 areas/
components that may be improved for identifying, evaluating, 
and managing the concussed athlete. Box 1 presents the recom-
mendations that were submitted to the expert panel for review 
and discussion. These recommendations arose from the data 
extracted in this review, which were used to inform the develop-
ment of the tools. The discussions at the expert panel meeting 
highlighted the importance of considering the scientific evidence 
and recommendations from the SR as well as pragmatic consid-
erations for development and utility of the tools. For example, 
there was hesitancy among expert panel members to make 
changes that would invalidate existing normative data. Also, 
changes to the SCAT6 and Child SCAT6 must be considered 
in the context of the broader SCAT tools, including the Sport 
Concussion Office Assessment Tool (SCOAT) and the Concus-
sion Recognition Tool (CRT). For example, the addition of an 
oculomotor measure such as the VOMS may be a better option 
for inclusion in the SCOAT rather than the SCAT6 due to the 
time constraints that exist during the acute evaluation. The deci-
sions made by the expert panel were then the subject of detailed 
discussions during the ‘tools day’, which focused on the prag-
matics involved in creating the actual tools.

DISCUSSION
This review systematically identified and evaluated the literature 
related to the assessment of SRC in the acute phase of injury and 
used this information to generate recommendations for modification 
of the SCAT tools. Key guiding principles included: (1) continuity 
with prior versions of the tools; (2) maintaining the tools free of 
ancillary equipment; (3) administration of tools in a reasonably short 
time; and (4) creation of paper and electronic versions of the tools 
that are freely and widely available.

Considerable support exists for using the SCAT tools within 
the first 72 hours of injury to differentiate concussed versus non- 
concussed athletes, but after 7 days its clinical utility diminishes. The 
diminished sensitivity of these tasks may result from ceiling effects, 
low test–retest reliability, and/or other psychometric issues. Each 
of these, alone or in combination, affects the ability of a measure 
to detect subtle functional changes. The clinical manifestations of 
SRC can be quite varied but generally resolve quickly, which leaves 
a very weak signal to track.250 The pathophysiology of concussion 
also changes dynamically,251 creating a ‘moving target’ that may 
require different tools at different points throughout recovery. We 
have reported on the role of baseline testing in those areas where 
empirical data exist, namely cognitive measures and balance/postural 
stability. Additional research is needed to examine the utility of base-
line testing in all other components of the SCAT tools not only across 
functional domains but across populations and subpopulations. 
Lastly, since SRC is a clinical diagnosis that presents with a broad 
array of signs and symptoms, it is unlikely that a unitary signal exists. 
It is unlikely that a single measure can capture the full complexity of 
concussion, thereby underscoring the need to assess multiple func-
tional domains. Accordingly, the SCAT is one component of the 
diagnostic process and not a singular diagnostic tool. Understanding 
the diagnostic ‘accuracy’ of each component enhances the clinical 
utility of the tool but does not make it a diagnostic tool per se.

Consistent with our prior review,8 the PCSS is the best measure 
for distinguishing concussed players from non- concussed controls 
acutely and throughout a typical period of recovery. This finding 
is not surprising since symptoms are the cornerstone of most diag-
nostic frameworks of concussion. The reviewed body of literature 

Box 1 Key recommendations for Sport Concussion 
Assessment Tool (SCAT6) and Child SCAT6 tools 
modifications

SCAT6:
 ⇒ Create both paper and electronic formats.
 ⇒ Explore the development of alternate forms for serial 
evaluation.

 ⇒ Improve psychometric properties by including only the 10- 
item word list and eliminating the 5- item word option.

 ⇒ Develop a cognitive composite score to improve test–retest 
reliability and reduce the number of false positives.

 ⇒ Due to differences found among the existing 10- item word 
list forms consider regression- based norms to equate versions 
(particularly for an electronic version).

 ⇒ Increase complexity of the digit backward subtest to reduce 
ceiling effects.

 ⇒ Revise months in reverse to include a component of timed 
information processing.

 ⇒ Consider addition of other tasks where speed is measured 
(eg, timed serial 7’s).

 ⇒ Add ‘time to complete’ in tandem gait.
 ⇒ Add a dual- task paradigm (ie, counting backward by a 
specified integer).

 ⇒ Consider tests and/or procedures to assess performance 
validity of baseline testing.

 ⇒ Consider mobile Post- Concussion Symptom Scale symptom 
option (particularly Child SCAT).

 ⇒ Add a more robust set of visible signs to the SCAT/Child 
SCAT/CRT including:

 ⇒Falling with no protective action.
 ⇒Tonic posturing.
 ⇒Impact seizure.
 ⇒Ataxia/motor incoordination.
 ⇒Altered mental status.
 ⇒Blank/vacant/dazed look.

 ⇒ Create stratified normative databases that include age, 
education, cultural background, para- athletes.

 ⇒ Consider adding Vestibular Ocular Motor Screen as an 
optional task.

Child SCAT6:
 ⇒ Consider re- examination of subcomponents of the cognitive 
measures and removal if non- discriminating between 
concussion and controls (eg, reverse order of days), or in 
the absence of data, clinical consensus suggests removal/
replacement.

 ⇒ Consider adding standardised symptom ratings before and 
after the Child SCAT battery to assess exertional effects of 
cognitive activity (ie, worsening symptoms).257

 ⇒ With respect to the Modified Balance Error Scoring System 
balance examination, examine and possibly incorporate 
the scoring methods of Hansen et al,118 258 given the 
demonstrated test–retest stability.

 ⇒ Symptom scale: Examine the wording of the symptoms 
and possibly the number of items, particularly for younger 
children.
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consistently finds significant sample- based differences in symptom 
reporting if athletes are assessed within 4 days post injury, with 
reduced likelihood of significant group findings by 1 week. Research 
now shows that abbreviated symptom scales may also be useful when 
diagnosing acute concussion in time limited contexts. However, 
symptom expression may change during recovery. As such, symptom 
scales should be monitored over time and should represent a breadth 
of common symptoms, including emotional, cognitive, physical, and 
sleep difficulties. Additionally, a careful balance needs to be struck 
regarding the frequent post- injury use of the symptom scales since 
repetitive use may inadvertently reinforce a hyperfocus on somatic 
complaints and disability.

Clinically, it is important to emphasise that the use of total scores 
for symptoms and symptom severity may mask the pattern and 
severity of individual symptoms. For example, it is possible for two 
individuals to have a total symptom score of 10 with markedly 
different symptoms being endorsed. Similarly, a symptom severity 
score of 12 may represent scores of 6 on headache and 6 on neck 
pain for one person, while an identical symptom severity score of 12 
is obtained by someone scoring 1 on 12 different symptoms. As such, 
when norms and validation studies are available, PCSS subscales may 
be useful as both a behavioural health screener during baseline eval-
uation and for treatment planning and monitoring during recovery.

As was the case in the 2017 review,8 the need for baseline 
neurocognitive testing, whether using computer- administered or 
examiner- administered, neuropsychological tests and/or the SCAT 
tools, remains a topic of discussion. Generally, when well- developed 
normative data are available, the absolute need for individual neuro-
cognitive baseline data is less supported. Quality normative data, 
however, may not be available for a broad range of athletes, and 
particularly those with psychiatric/neurologic history, learning 
disabilities (LD)/ attention defici hyperactivity disorder (ADHD), 
giftedness, cultural/linguistic differences, or para athletes.252 253 In 
these situations, neuropsychological testing with regression- based 
models incorporating both baseline testing and demographic data 
may represent the most robust and reliable diagnostic approach.71 75 
In sum, widespread baseline testing may be useful when resources 
(eg, financial, personnel, time) permit, such as at the professional 
or elite level, but the evidence does not support across- the- board 
mandatory use at other levels of sport, such as at the child and 
adolescent level.

Postural control measures, including BESS/mBESS, and timed 
tandem gait can adequately discriminate between concussed and 
non- concussed adolescent and adult athletes acutely and should 
be included in a multimodal concussion assessment battery. Dual- 
task tandem gait testing paradigms, including simple cognitive 
tasks, show promise of providing an additional approach with 
moderately high diagnostic accuracy. More research is required 
to identify which cognitive tasks provide the best discriminative 
ability, especially among different age groups. Sufficient evidence 
now exists to add single and dual- task tandem gait assessments as 
time efficient tests in multimodal assessment batteries.

The acute neurological examination is critical for aiding in 
the identification of intracranial and cervical spine injuries (ie, 
‘red flags’) necessitating emergency transport and possible hospi-
talisation among all age groups. The role of these components 
in the diagnosis of SRC is less clear. Although the neurological 
examination is beneficial among adolescents, the paucity of data 
related to the acute evaluation of children with SRC compli-
cates the development of evidence- based recommendations for 
the Child SCAT tool. With respect to the 5–12 years age group, 
consideration in developing future systematic reviews should 
be given to broadening the scope to include non- sports related 
injury and the setting (ie, sideline vs emergency department (ED) 

vs primary care)) given vastly different medical resources avail-
able in children’s sports.

Our previous review8 suggested that ocular- motor measures 
showed promise as additional components for evaluation of 
acute SRC. This review more fully shows that the VOMS has 
been shown to discriminate between concussed and healthy 
athletes and could be a useful addition to SRC tools, although 
this tool is based on symptom report and flexibility may be 
necessary in the selection of components for administration 
(ie, some vs all the components given time constraints), and in 
the timing of administration. As with the PCSS, the relatively 
favourable findings of the VOMS in discriminating between 
athletes with and without a diagnosis of concussion may be due 
to the heavy role that symptoms play in this outcome measure. 
The KD in isolation was not found to be sensitive to acute SRC. 
Eye tracking devices may be useful in identifying changes post 
concussion, but research is limited, particularly with respect to 
their clinical application. Objective clinical assessments of the 
VOR appear to be useful as part of a multifaceted examination 
to inform diagnosis, but on their own do not appear to add 
much unique information.

Emerging technologies show promise at the group level with 
SRC, but few studies have examined their diagnostic accuracy 
at the individual athlete level, limiting their clinical utility. The 
use of accelerometers to discriminate concussive from non- 
concussive impacts has generated mixed findings, limiting their 
utility to independently identify concussion. Although routine 
clinical MRI has not been found to be helpful in diagnosing SRC, 
advanced imaging techniques show promise for use in acute SRC, 
but data represent heterogeneous methodological approaches, 
are limited at the individual athlete level, and present significant 
resource and accessibility challenges. Advanced imaging tech-
niques remain a research tool at this time.

Limited data exist on the Child SCAT and its components 
with no studies examining children with SRC relative to a 
control sample. Overall, the child and parent symptom scales 
demonstrate the most consistent and robust psychometric char-
acteristics with appropriate evidence of internal consistency and 
stability over time. The cognitive measures had limitations in 
both reliability of the scores over time and diagnostic accuracy. 
Similarly, the balance measures exhibited mixed reliability and 
limited efficacy beyond 5 days post injury.

Overall, most studies were from North America. While this 
robust research productivity is encouraging, such dispropor-
tionate geographical representation limits the generalisability of 
the study findings and hinders the ability to produce represen-
tative, clinically useful normative data. Efforts to increase global 
representation in research studies is warranted. Science has 
helped us understand that culture plays a critical role in cogni-
tive performance—underscoring that the relationship between 
culture and cognition is as significant as it is complex.254 
Although a detailed discussion of these factors is beyond the 
scope of this review, culture and an individual’s level of accul-
turation to a majority culture have multilayered influence on 
cognitive test performance. These influences range from sharing 
a common language, to basic nutrition, education and quality 
of education, and racial differences, to arguably more complex 
yet less obvious factors such as access to technology (eg, use of 
a mouse), environmental differences, the meaning of time (eg, 
work as fast you can), relationship to authority (eg, subordi-
nate vs dominant, trust vs distrust) and interpersonal relation-
ships (teammates, coaches, medical staff, staff). Understanding 
the inter- relationships among these factors and their impact on 
the data obtained, and behaviours observed, will lead to a more 
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complete understanding of players diagnosed and recovering 
from SRC.255

This review is largely consistent with the findings of our 
previous review.8 Both reviews concluded that the SCAT tools 
are useful in identifying differences between concussed and non- 
concussed adolescent and adult athletes in the acute phase of 
injury. The current review found more evidence for differences 
among several performance measures relating to demographic 
(eg, age, sex, education) and cultural/and linguistic differences. 
Similar differences are expected for para athletes who may 
require modification of standard test items256 and mode of 
administration of tools. These differences underscore the impor-
tance of using robust multitiered and age- appropriate normative 
data in the interpretation of measures included in the SCAT, and 
acute measurement tools in general.

The acute phase of injury was defined as <7 days for this 
review. Although consistent with the existing literature, such a 
demarcation point is admittedly arbitrary and reflects hetero-
geneous clinical presentation and performance on outcome 
measures. It is well known, and further demonstrated in this 
review, that behavioural outcomes at 24 hours are likely quite 
different than at 7 days. Future studies would benefit from a more 
granular approach that tracks functioning in each of the domains 
listed above across the first 7 or even 14 days post injury. Such 
an approach may not only reveal the natural recovery patterns 
within domains but may also more fully identify variability 
across domains at any given time point.

It is recommended that any future modification of the SCAT 
tools beyond this review be subject to review and approval by 
coauthor representatives to best ensure validation of these modi-
fied tools and consistency with the scientific foundations of the 
tools. To this end, it is also important for clinicians to under-
stand that simple translations of the SCAT tools are not adequate 
nor permitted. Translation coupled with cultural/linguistic adap-
tations of the tools is imperative.

Limitations
Although comprehensive, this systematic review is not without 
limitations. There are notable limitations in methodology, study 
design and quality of data among the included studies. Total 
ROB data found approximately 21% of the included articles 
to be inadmissible while only 9% were deemed to be of high 
quality. Limitations of study quality included mixed method-
ologies, small sample sizes, non- existent or inadequate control 
groups, limited psychometric and diagnostic accuracy data, 
poor to modest temporal stability of measures, markedly limited 
diversity of samples/populations in age, ethnicity, race, sport, 
sex, linguistic, and language representation. Although many of 
these limitations may be related to the complexity and dynamic 
features of this injury, the field will be better served by devel-
oping unified efforts for improving the basis by which we iden-
tify, manage, and treat this injury across all groups.

Most studies that examined the SCAT were limited in 
geographical and cultural/linguistic diversity, which may be due 
in part to restricting the search strategy to English- language popu-
lations only. Nonetheless, concerted efforts need to be made to 
promote/encourage global data collection and analysis. Also, by 
limiting the scope of the review to empirical studies we may have 
narrowed our ability to identify novel or emerging approaches to 
identifying and evaluating SRC in the acute setting. The review 
was also restricted to sport- related mechanisms of injury, which 
caused us to exclude significant studies that employed the SCAT 
among individuals injured outside of sports, particularly within 

the paediatric population. These limitations should be carefully 
considered in future iterations of these papers.

CONCLUSION
Review of the scientific literature regarding the acute assessment 
of SRC yielded 612 (189 normative and 423 SRC) included 
publications across seven subdomains involving child, adoles-
cent and adult athletes. Designed to assist in the multimodal 
examination of athletes, the SCAT tools are most effective in 
discriminating between concussed and non- concussed athletes 
within 72 hours of injury and up to 7 days post injury, although 
their clinical utility appears to diminish after 72 hours. Except 
for the PCSS, these findings suggest that the SCAT tools may not 
be appropriate for use in the Return- to- Sport (RTS) decision- 
making process beyond 7 days post injury. Empirical data are 
limited in pre- adolescent, women and para athletes, sport type 
and in geographical and culturally diverse athletes. Despite the 
limited data, differences were found on demographic, and social/
cultural and linguistic variables, which amplify the importance 
of developing robust multitiered and age- appropriate normative 
SCAT data that include these factors and para athlete popu-
lations. The data support modifications to the SCAT with the 
intention of standardising clinical examinations and increasing 
diagnostic utility among children, adolescents, and adults while 
maintaining its wide implementation with the need for minimal 
equipment. Taken together, the components of the SCAT tools 
are effective in their intended use but exhibit limitations that can 
be improved on to better serve the broad range of athletes that 
seek care and guidance before and after SRC.

Author affiliations
1Concussion Care Clinic, University Orthopedics, State College, Pennsylvania, USA
2University of Missouri Kansas City, Kansas City, Missouri, USA
3Faculty of Kinesiology, University of Calgary, Calgary, Alberta, Canada
4Biomedical and Health Informatics, University of Missouri - Kansas City, Kansas City, 
Missouri, USA
5Murdoch Children’s Research Institute, Parkville, Victoria, Australia
6Cabrini Health, Malvern, Victoria, Australia
7Neurosurgery, UCLA Steve Tisch BrainSPORT Program, Los Angeles, California, USA
8Pediatrics/Pediatric Neurology, Mattel Children’s Hospital UCLA, Los Angeles, 
California, USA
9Matthew Gfeller Center, University of North Carolina at Chapel Hill, Chapel Hill, 
North Carolina, USA
10Medicine, University of Alberta, Edmonton, Alberta, Canada
11Michigan Concussion Center, University of Michigan, Ann Arbor, Michigan, USA
12Sports Medicine, Rugby Football Union, London, UK
13Wits Sport and Health (WiSH), School of Clinical Medicine, Faculty of Health 
Sciences, University of the Witwatersrand, Johannesburg- Braamfontein, South Africa
14Major League Soccer, New York, New York, USA
15Children’s Hospital of Eastern Ontario Research Institute, Ottawa, Ontario, Canada
16Department of Pediatrics, University of Ottawa, Ottawa, Ontario, Canada
17Department of Psychology, Virginia Commonwealth University, Richmond, Virginia, 
USA
18Neurology, University Hospitals Cleveland Medical Center, Cleveland, Ohio, USA
19Neurology, Case Western Reserve University School of Medicine, Cleveland, Ohio, 
USA
20Neurosurgery/ Neurology, Medical College of Wisconsin, Milwaukee, Wisconsin, 
USA
21Psychiary, UTSW Medical Center, Dallas, Texas, USA
22Depts of Pediatrics and Psychiatry & Behavioral Sciences, Children’s National 
Health System, Washington, District of Columbia, USA
23Department of Rehabilitation Medicine, Orthopaedics and Sports Medicine, and 
Neurological Surgery, University of Washington, Seattle, Washington, USA
24Orthopedics, Sports Medicine Center, Children’s Hospital Colorado, Aurora, 
Colorado, USA
25University of Pennsylvania, Philadelphia, Pennsylvania, USA
26Department of Athletic Training and School of Osteopathic Medicine in Arizona, A.T. 
Still University, Mesa, Arizona, USA
27Sports Medicine, Children’s Hospital Boston, Boston, Massachusetts, USA
28Emergency Medicine, Children’s Hospital Boston, Boston, Massachusetts, USA
29Libraries, University of Victoria, Victoria, British Columbia, Canada

P
ro

tected
 b

y co
p

yrig
h

t, in
clu

d
in

g
 fo

r u
ses related

 to
 text an

d
 d

ata m
in

in
g

, A
I train

in
g

, an
d

 sim
ilar tech

n
o

lo
g

ies. 
. 

E
rasm

u
sh

o
g

esch
o

o
l

at D
ep

artm
en

t G
E

Z
-L

T
A

 
o

n
 M

ay 22, 2025
 

h
ttp

://b
jsm

.b
m

j.co
m

/
D

o
w

n
lo

ad
ed

 fro
m

 
14 Ju

n
e 2023. 

10.1136/b
jsp

o
rts-2022-106661 o

n
 

B
r J S

p
o

rts M
ed

: first p
u

b
lish

ed
 as 

http://bjsm.bmj.com/


13 of 18Echemendia RJ, et al. Br J Sports Med 2023;57:722–735. doi:10.1136/bjsports-2022-106661

Systematic review

30World Rugby Limited, Dublin, Ireland
31UCLA Health Steve Tisch BrainSPORT Program, Los Angeles, California, USA
32Florey Institute of Neuroscience and Mental Health - Austin Campus, Heidelberg, 
Victoria, Australia
33La Trobe Sport and Exercise Medicine Research Centre, Melbourne, Victoria, 
Australia
34Department of Physical Medicine and Rehabilitation, School of Medicine, 
Richmond, Virginia, USA
35Dept of Family Medicine, University of Ottawa, Ottawa, Ontario, Canada
36Departments of Internal Medicine and Neurology, University of Arizona College of 
Medicine, Phoenix, Arizona, USA
37Sport Injury Prevention Research Centre, Faculty of Kinesiology, University of 
Calgary, Calgary, Alberta, Canada

Twitter Christopher C Giza @griz1, Amanda Marie Black @aacademic, Simon 
Kemp @drsimonkemp, Jon S Patricios @jonpatricios, Margot Putukian @Mputukian, 
Benjamin L Brett @BenjaminBrett1, Nyaz Didehbani @DidehbaniNyaz, David 
Howell @HowellDR, Christina L Master @drtinamaster, Tamara C Valovich 
McLeod @TamaraCVMcLeod, Zahra Premji @ZapTheLibrarian, Samuel R Walton 
@SammoWalton and Kathryn J Schneider @Kat_Schneider7

Acknowledgements The authors gratefully acknowledge the assistance of 
librarians Alix Hayden and Heather Ganshorn, and Corson Johnson, Candice Goerger, 
Shauna Rutherford, Kenzie Vaandering, Stacy Sick and Kirsten Holte for their help 
with various aspects of this project.

Contributors RJE served as the primary author and guarantor. He accepts full 
responsibility for the work and/or the conduct of the study, had access to the data, 
and controlled the decision to publish. for all aspects of the review, including initial 
preparation of the manuscript. Domain team leaders (JMB, GAD, KMG, KJS, DN, 
CCG) were responsible for coordinating and overseeing the review process for their 
respective domains and coauthors, including screening, data extraction and Risk of 
Bias (ROB) determinations, and contributed to the preparation of the manuscript. 
JSB, AMB and KJS were our methods authors who guided/completed the title, 
abstract and full text screenings, data extraction and ROB. ZP served as the reference 
librarian who developed, tested and executed the search strategy. Each coauthor 
contributed to data extraction/ROB determinations. All authors were responsible for 
critical review of the manuscript and approved the final version of the manuscript.

Funding Education grant from the Concussion in Sport International Consensus 
Conference Organizing Committee through Publi Creations for partial administrative 
and operational costs associated with the writing of the systematic reviews.

Competing interests CMB reports affiliations with the Cleveland Browns 
(National Football League) and Cleveland Monsters (American Hockey League), a 
board position in the Sports Neuropsychology Society, and occasional expert 
consulting fees. AMB reports receiving an honorarium for administrative aspects of 
the concussion consensus reviews and grant funding from Social Sciences and 
Humanities Research Council. She is also a Sport Information Resource Centre board 
member and Canadian Athletic Therapists Association committee member. BLB 
reports grants from the National Institute on Aging and National Institute of 
Neurological Disorders and Stroke and travel support for professional conferences. 
JMB reports is a part- time employee of the National Hockey League and a member 
of the NHL/NHLPA Concussion subcommittee. He is the neuropsychology consultant 
to Major League Soccer’s Sporting KC and has served as a consultant to EyeGuide. 
JSB is supported by the University of Calgary, the Natural Sciences and Engineering 
Research Council (CGSD3- 559333- 2021), and an honorarium for the methods 
author work associated with Reviews two and four. GAD is a member of the 
Scientific Committee of the 6th International Consensus Conference on Concussion 
in Sport; an honorary member of the AFL Concussion Scientific Committee; Section 
Editor, Sport and Rehabilitation, NEUROSURGERY; and has attended meetings 
organised by sporting organisations including the NFL, NRL, IIHF, IOC and FIFA; 
however has not received any payment, research funding or other monies from these 
groups other than for travel costs. RJE is a paid consultant for the National Hockey 
League and co- chair of the National Hockey League/National Hockey League Players’ 
Association Concussion Subcommittee, Major League Soccer’s Concussion 
Committee and the US Soccer Federation. He provides expert testimony in matters 
related to mild traumatic brain injury and reports a grant from Boston Children’s 
Hospital (subaward from the National Football League) and travel support for the CIS 
conference and other professional conferences, an unpaid board member of CISG 
and a member of the Scientific Committee of the 6th International Consensus 
Conference on Concussion in Sport. He has served in leadership roles (unpaid) in 
professional organisations. CCG discloses the following: Grants/Research Support: 
Hit- IQ (2022- 2023); NIH NINDS (R01 NS110757 2019- 2024); NINDS (U54 
NS121688 2021- 2026); UCLA Brain Injury Research Center, UCLA Steve Tisch 
BrainSPORT program, Easton Clinic for Brain Health Clinical Consultant (provide 
clinical care to athletes): NBA, NFL- Neurological Care Program, NHL/NHLPA, Los 
Angeles Lakers Advisory Board (non- compensated): Major League Soccer, National 
Basketball Association, US Soccer Federation. Advisory Board (compensated): 
Highmark Interactive; Medicolegal: One or two cases annually. Stock Shareholder: 

Highmark Interactive stock options (2018). Book royalties – Blackwell/Wiley 
Publishing: Prioritized Neurological Differential Diagnosis. GG Reports grant funding 
from CDC TEAM and OnTRACK grants, NIMH APNA grant, royalties from PAR, 
consulting fees from NFL Baltimore Ravens, Zogenix International and Global 
Pharma Consultancy, and travel support for professional meetings. He is a member 
of USA Football Medical Advisory Panel. KMG reports compensation from National 
Collegiate Athletic Association for other services and grants from Boston Children’s 
Hospital (subaward from the National Football League). SH is co- founder and senior 
advisor, The Sports Institute at UW Medicine (unpaid), Centers for Disease Control 
and Prevention and National Center for Injury Prevention and Control Board 
Pediatric Mild Traumatic Brain Injury Guideline Workgroup (unpaid), CISG (travel 
support), NCAA Concussion Safety Advisory Group (unpaid), Team Physician, Seattle 
Mariners, Former Team Physician, Seattle Seahawks, occasional payment for expert 
testimony, travel support for professional meetings. DH reports research support 
from the Eunice Kennedy Shriver National Institute of Child Health & Human 
Development, the National Institute of Neurological Disorders And Stroke, the 
National Institute of Arthritis and Musculoskeletal and Skin Diseases, 59th Medical 
Wing Department of the Air Force, MINDSOURCE Brain Injury Network, the Tai 
Foundation and the Colorado Clinical and Translational Sciences Institute (UL1 
TR002535-05) and he serves on the Scientific/Medical Advisory Board of Synaptek. 
Concussion research grant support from Football Research. MM reports grants/
contracts from Florey Institute of Neuroscience and Mental Health, consulting fees 
from AFL, Olympic Park Sports Medicine Centre, Cabrini and Epworth Health, World 
Rugby, Hawthorn Football Club and AFL Doctors Association. He has received travel 
support for attending professional conferences, has/had leadership roles in CISG, 
International Consensus Conference in Sport meeting and Australian Rugby Union, a 
shareholder in Olympic Park Sports Medicine Centre, and honorary research 
associations with several university groups. SK reports that he is Medical Services 
Director, Rugby Football Union. CLM reports no financial COI. She holds leadership 
positions with several organisations: American College of Sports Medicine, American 
Medical Society for Sports Medicine, Pediatric Research in Sports Medicine, Council 
on Sports Medicine and Fitness, American Academy of Pediatrics, Untold Foundation, 
Pink Concussions, Headway Foundation and the editorial boards of Journal of 
Adolescent Health, Frontiers in Neuroergonomics, Exercise, Sport and Movement. 
WPM receives royalties from ABC- Clio publishing, Springer International and Wolters 
Kluwer. His research is funded by philanthropic support from the National Hockey 
League Alumni Association through the Corey C. Griffin Pro- Am Tournament and a 
grant from the National Football League. DN receives consulting fees from the CFL 
and travel support for professional conferences. He is a team physician for the NHL 
and CFL. He is CMO for the CFL and a member of NHL and CFL committees. JP 
Editor BJSM (honorarium). Member of World Rugby Concussion Advisory Group 
(unpaid). Independent Concussion Consultant for World Rugby (fee per consultation) 
Medical consultant to South African Rugby (unpaid). Co- chair of the Scientific 
Committee, 6th International Conference on Concussion in Sport (unpaid). Board 
member of the Concussion in Sport Group (unpaid). Scientific Board member, 
EyeGuideTM (unpaid). MP reports receiving a travel stipend for attending CIS 
meeting and other professional conferences, grant funds from NCAA- CARE 2.0, 
royalties from Netters’ Sports Medicine, consulting fees from Major League Soccer as 
CMO and occasional expert testimony. She is a member of several professional 
boards and advisory panels. KJS has received grant funding from the Canadian 
Institutes of Health Research, National Football League Scientific Advisory Board, 
International Olympic Committee Medical and Scientific Research Fund, World 
Rugby, Mitacs Accelerate, University of Calgary with funds paid to her institution and 
not to her personally. She is an Associate Editor of BJSM (unpaid) and has received 
travel and accommodation support for meetings where she has presented. She is 
coordinating the writing of the systematic reviews that will inform the 6th 
International Consensus on Concussion in Sport, for which she has received an 
educational grant to assist with the administrative costs associated with the writing 
of the reviews. She is a member of the AFL Concussion Scientific Committee (unpaid 
position) and Brain Canada (unpaid positions). She works as a physiotherapy 
consultant and treats athletes of all levels of sport from grass roots to professional. 
JvI reports CIHR Postdoctoral Fellowship Award, UOMBRI Grant, travel stipend from 
CTRC and Founder of R2P Concussion Management. TCVM is a paid member of the 
NFL Head, Neck and Spine Committee and an unpaid member of the USA Swimming 
Concussion Task Force. SRW reports honoraria and travel support for professional 
meetings and leadership positions in World Federation of Athletic Training and 
Therapy and Outcomes, International Traumatic Brain Injury Research Initiative. DS 
reports grants from World Rugby, New Zealand Rugby Foundation and Otago 
Science into Action. JK, NB, JCA- L, ZP: None declared.

Patient consent for publication Not applicable.

Ethics approval Not applicable.

Provenance and peer review Not commissioned; externally peer reviewed.

Data availability statement No data are available. Not applicable.

Supplemental material This content has been supplied by the author(s). It 
has not been vetted by BMJ Publishing Group Limited (BMJ) and may not have 

P
ro

tected
 b

y co
p

yrig
h

t, in
clu

d
in

g
 fo

r u
ses related

 to
 text an

d
 d

ata m
in

in
g

, A
I train

in
g

, an
d

 sim
ilar tech

n
o

lo
g

ies. 
. 

E
rasm

u
sh

o
g

esch
o

o
l

at D
ep

artm
en

t G
E

Z
-L

T
A

 
o

n
 M

ay 22, 2025
 

h
ttp

://b
jsm

.b
m

j.co
m

/
D

o
w

n
lo

ad
ed

 fro
m

 
14 Ju

n
e 2023. 

10.1136/b
jsp

o
rts-2022-106661 o

n
 

B
r J S

p
o

rts M
ed

: first p
u

b
lish

ed
 as 

https://twitter.com/griz1
https://twitter.com/aacademic
https://twitter.com/drsimonkemp
https://twitter.com/jonpatricios
https://twitter.com/Mputukian
https://twitter.com/BenjaminBrett1
https://twitter.com/DidehbaniNyaz
https://twitter.com/HowellDR
https://twitter.com/drtinamaster
https://twitter.com/TamaraCVMcLeod
https://twitter.com/ZapTheLibrarian
https://twitter.com/SammoWalton
https://twitter.com/Kat_Schneider7
http://bjsm.bmj.com/


14 of 18 Echemendia RJ, et al. Br J Sports Med 2023;57:722–735. doi:10.1136/bjsports-2022-106661

Systematic review

been peer- reviewed. Any opinions or recommendations discussed are solely those 
of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability and 
responsibility arising from any reliance placed on the content. Where the content 
includes any translated material, BMJ does not warrant the accuracy and reliability 
of the translations (including but not limited to local regulations, clinical guidelines, 
terminology, drug names and drug dosages), and is not responsible for any error 
and/or omissions arising from translation and adaptation or otherwise.

ORCID iDs
Ruben J Echemendia http://orcid.org/0000-0001-6116-8462
Joel S Burma http://orcid.org/0000-0001-9756-5793
Jared M Bruce http://orcid.org/0000-0001-9115-5048
Gavin A Davis http://orcid.org/0000-0001-8293-4496
Amanda Marie Black http://orcid.org/0000-0001-5668-9706
Steven Broglio http://orcid.org/0000-0002-2282-9325
Simon Kemp http://orcid.org/0000-0002-3250-2713
Jon S Patricios http://orcid.org/0000-0002-6829-4098
Margot Putukian http://orcid.org/0000-0002-1478-8068
Roger Zemek http://orcid.org/0000-0001-7807-2459
Benjamin L Brett http://orcid.org/0000-0003-2849-4658
Nyaz Didehbani http://orcid.org/0000-0001-6121-5759
Christina L Master http://orcid.org/0000-0002-6717-4270
Tamara C Valovich McLeod http://orcid.org/0000-0001-9082-8722
Zahra Premji http://orcid.org/0000-0002-6899-0528
Jacqueline van Ierssel http://orcid.org/0000-0001-5519-8526
Kathryn J Schneider http://orcid.org/0000-0002-5951-5899

REFERENCES
 1 McCrory P. Summary and agreement statement of the 2ND international 

conference on concussion in sport, Prague 2004. British Journal of Sports Medicine 
2005;39(Supplement 1):i78–86. 

 2 Echemendia RJ, Meeuwisse W, McCrory P, et al. The sport concussion 
assessment tool 5th edition (Scat5): background and rationale. Br J Sports Med 
2017;51:bjsports–2017 

 3 Guskiewicz KM, Register- Mihalik J, McCrory P, et al. Evidence- based approach to 
revising the Scat2: introducing the Scat3. Br J Sports Med 2013;47:289–93. 

 4 Davis GA, Purcell L, Schneider KJ, et al. The child sport concussion assessment 
tool 5th edition (child Scat5): background and rationale. Br J Sports Med 
2017;51:bjsports–2017 

 5 Davis G. Child SCAT. Br J Sports Med 2023. 
 6 Echemendia RJ. Introducing the Sport Concussion Assessment Tool 6 (SCAT6). Br J 

Sports Med 2023. 
 7 Echemendia RJ. Introducing the Concussionc Recognition Tool (CRT6). Br J Sports 

Med 2023. 
 8 Echemendia RJ, Broglio SP, Davis GA, et al. What tests and measures should be 

added to the Scat3 and related tests to improve their reliability, sensitivity and/or 
specificity in sideline concussion diagnosis? A systematic review. Br J Sports Med 
2017;51:895–901. 

 9 Higgins J, Thomas J, Chandler J, et al. Cochrane Handbook for Systematic Reviews of 
Interventions version 6.3. Cochrane, 2022.

 10 Page MJ, McKenzie JE, Bossuyt PM, et al. The PRISMA 2020 statement: an updated 
guideline for reporting systematic reviews. BMJ 2021;372:n71. 

 11 Schneider KJ. Amsterdam 2022 process: A summary of the methodology for the 
Amsterdam International Consensus on Concussion in Sport. Br J Sports Med 2023. 

 12 Cooper C, Dawson S, Peters J, et al. Revisiting the need for a literature search 
narrative: A brief methodological NOTE. Res Synth Methods 2018;9:361–5. 

 13 McGowan J, Sampson M, Salzwedel DM, et al. PRESS peer review of electronic 
search strategies: 2015 guideline statement. Journal of Clinical Epidemiology 
2016;75:40–6. 

 14 Cancelliere C, Cassidy JD, Li A, et al. Systematic search and review procedures: 
results of the International collaboration on mild traumatic brain injury prognosis. 
Archives of Physical Medicine and Rehabilitation 2014;95:S101–31. 

 15 Ebell MH, Siwek J, Weiss BD, et al. Strength of recommendation Taxonomy (SORT): a 
patient- centered approach to grading evidence in the medical literature. The Journal 
of the American Board of Family Medicine 2004;17:59–67. 

 16 Merritt VC, Arnett PA. Premorbid predictors of Postconcussion symptoms in collegiate 
athletes. J Clin Exp Neuropsychol 2014;36:1098–111. 

 17 Merritt VC, Bradson ML, Meyer JE, et al. Evaluating the test- retest reliability of 
symptom indices associated with the impact post- concussion symptom scale (PCSS). 
J Clin Exp Neuropsychol 2018;40:377–88. 

 18 Nelson LD, Kramer MD, Patrick CJ, et al. Modeling the structure of acute sport- 
related concussion symptoms: A Bifactor approach. J Int Neuropsychol Soc 
2018;24:793–804. 

 19 Sady MD, Vaughan CG, Gioia GA. Psychometric characteristics of the Postconcussion 
symptom inventory in children and adolescents. Arch Clin Neuropsychol 
2014;29:348–63. 

 20 Williams RM, Bay RC, Valovich McLeod TC. The relationship between Postinjury 
Symptomatology and days Postinjury for the graded symptom scale in Concussed 
adolescent athletes. International Journal of Athletic Therapy and Training 
2019;24:23–7. 

 21 Eagle SR, Womble MN, Elbin RJ, et al. Concussion symptom cutoffs for identification 
and prognosis of sports- related concussion: role of time since injury. Am J Sports 
Med 2020;48:2544–51. 

 22 Merritt VC, Rabinowitz AR, Arnett PA. Injury- related predictors of symptom 
severity following sports- related concussion. Journal of Clinical and Experimental 
Neuropsychology 2015;37:265–75. 

 23 Mihalik JP, Teel EF, Ford CB, et al. The effect of sex, sport, and preexisting histories on 
baseline concussion test performance in college Lacrosse and soccer athletes. Clin J 
Sport Med 2022;32:e461–8. 

 24 Bunt SC, Didehbani N, Tarkenton T, et al. Sex differences and reporting of SCAT- 5 
concussion symptoms in adolescent athletes. Clin J Sport Med 2021;31:e229–34. 

 25 Register- Mihalik JK, Mihalik JP, Guskiewicz KM. Association between previous 
concussion history and symptom endorsement during Preseason baseline testing in 
high school and collegiate athletes. Sports Health 2009;1:61–5. 

 26 Valovich McLeod TC, Bay RC, Lam KC, et al. Representative baseline values on the 
sport concussion assessment tool 2 (Scat2) in adolescent athletes vary by gender, 
grade, and concussion history. Am J Sports Med 2012;40:927–33. 

 27 Petit KM, Savage JL, Bretzin AC, et al. The sport concussion assessment Tool- 5 
(Scat5): baseline assessments in NCAA division I collegiate student- athletes. Int J 
Exerc Sci 2020;13:1143–55.

 28 Cook NE, Kelshaw PM, Caswell SV, et al. Children with attention- deficit/hyperactivity 
disorder perform differently on pediatric concussion assessment. J Pediatr 
2019;214:168–74. 

 29 McAllister- Deitrick J, Trbovich AM, Broglio SP, et al. Effect of diagnosed sleep 
disorders on baseline concussion symptom, cognitive, and balance assessments in 
collegiate athletes. Am J Sports Med 2020;48:991–9. 

 30 Mrazik M, Naidu D, Lebrun C, et al. Does an individual’s fitness level affect baseline 
concussion symptoms. J Athl Train 2013;48:654–8. 

 31 Weber ML, Dean J- HL, Hoffman NL, et al. Influences of mental illness, current 
psychological state, and concussion history on baseline concussion assessment 
performance. Am J Sports Med 2018;46:1742–51. 

 32 Ayr LK, Yeates KO, Taylor HG, et al. Dimensions of Postconcussive symptoms 
in children with mild traumatic brain injuries. J Int Neuropsychol Soc 
2009;15:19–30. 

 33 Billeck J, Peeler J. The influence of Fatiguing exercise on sport concussion 
assessment tool (SCAT) scoring in a female pediatric population. Phys Sportsmed 
2020;48:458–62. 

 34 Nelson LD, Loman MM, LaRoche AA, et al. Baseline performance and Psychometric 
properties of the child sport concussion assessment tool 3 (child- Scat3) in 5- to 
13- year- old athletes. Clin J Sport Med 2017;27:381–7. 

 35 Kirkwood MW, Crossland MM, Howell DR, et al. A longitudinal investigation of 
symptom recovery following concussion in youth soccer. J Pediatr 2020;220:207–13. 

 36 Covassin T, Elbin RJ, Nakayama Y. Tracking Neurocognitive performance following 
concussion in high school athletes. Phys Sportsmed 2010;38:87–93. 

 37 Stumph J, Young J, Singichetti B, et al. Effect of exercise recommendation on 
adolescents with concussion. J Child Neurol 2020;35:95–101. 

 38 Hutchison M, Comper P, Mainwaring L, et al. The influence of musculoskeletal 
injury on cognition: implications for concussion research. Am J Sports Med 
2011;39:2331–7. 

 39 Caccese JB, Eckner JT, Franco- MacKendrick L, et al. Clinical reaction time after 
concussion: change from baseline versus normative- based cutoff scores. J Athl Train 
2020;2020:9301647. 

 40 Covassin T, Crutcher B, Belanger S. Preinjury history of migraine headache: effects 
on Neurocognitive performance and symptoms in athletes with concussion. Athletic 
Training & Sports Health Care 2014;6:220–7. 

 41 Echemendia RJ, Putukian M, Mackin RS, et al. Neuropsychological test performance 
prior to and following sports- related mild traumatic brain injury. Clin J Sport Med 
2001;11:23–31. 

 42 McCrea M, Kelly JP, Randolph C, et al. Immediate Neurocognitive effects of 
concussion. Neurosurgery 2002;50:1032–40. 

 43 Koch KM, Meier TB, Karr R, et al. Quantitative susceptibility mapping after sports- 
related concussion. AJNR Am J Neuroradiol 2018;39:1215–21. 

 44 Lancaster MA, Olson DV, McCrea MA, et al. Acute white matter changes following 
sport- related concussion: A serial diffusion Tensor and diffusion Kurtosis Tensor 
imaging study. Hum Brain Mapp 2016;37:3821–34. 

 45 Covassin T, McGowan AL, Bretzin AC, et al. Preliminary investigation of a Multimodal 
enhanced brain function index among high school and collegiate Concussed male 
and female athletes. Phys Sportsmed 2020;48:442–9. 

 46 McCrea M, Broglio SP, McAllister TW, et al. Association of blood biomarkers with 
acute sport- related concussion in collegiate athletes: findings from the NCAA and 
Department of defense CARE consortium. JAMA Netw Open 2020;3:e1919771. 

 47 Meier TB, Giraldo- Chica M, España LY, et al. Resting- state fMRI Metrics in acute 
sport- related concussion and their association with clinical recovery: A study from 
the NCAA- DOD CARE consortium. Journal of Neurotrauma 2020;37:152–62. 

P
ro

tected
 b

y co
p

yrig
h

t, in
clu

d
in

g
 fo

r u
ses related

 to
 text an

d
 d

ata m
in

in
g

, A
I train

in
g

, an
d

 sim
ilar tech

n
o

lo
g

ies. 
. 

E
rasm

u
sh

o
g

esch
o

o
l

at D
ep

artm
en

t G
E

Z
-L

T
A

 
o

n
 M

ay 22, 2025
 

h
ttp

://b
jsm

.b
m

j.co
m

/
D

o
w

n
lo

ad
ed

 fro
m

 
14 Ju

n
e 2023. 

10.1136/b
jsp

o
rts-2022-106661 o

n
 

B
r J S

p
o

rts M
ed

: first p
u

b
lish

ed
 as 

http://orcid.org/0000-0001-6116-8462
http://orcid.org/0000-0001-9756-5793
http://orcid.org/0000-0001-9115-5048
http://orcid.org/0000-0001-8293-4496
http://orcid.org/0000-0001-5668-9706
http://orcid.org/0000-0002-2282-9325
http://orcid.org/0000-0002-3250-2713
http://orcid.org/0000-0002-6829-4098
http://orcid.org/0000-0002-1478-8068
http://orcid.org/0000-0001-7807-2459
http://orcid.org/0000-0003-2849-4658
http://orcid.org/0000-0001-6121-5759
http://orcid.org/0000-0002-6717-4270
http://orcid.org/0000-0001-9082-8722
http://orcid.org/0000-0002-6899-0528
http://orcid.org/0000-0001-5519-8526
http://orcid.org/0000-0002-5951-5899
http://dx.doi.org/10.1136/bjsm.2005.018614
http://dx.doi.org/10.1136/bjsports-2017-097506
http://dx.doi.org/10.1136/bjsports-2013-092225
http://dx.doi.org/10.1136/bjsports-2017-097492
http://dx.doi.org/10.1136/bjsports-2023-106982
http://dx.doi.org/10.1136/bjsports-2023-106849
http://dx.doi.org/10.1136/bjsports-2023-106849
http://dx.doi.org/10.1136/bjsports-2023-106851
http://dx.doi.org/10.1136/bjsports-2023-106851
http://dx.doi.org/10.1136/bjsports-2016-097466
http://dx.doi.org/10.1136/bmj.n71
http://dx.doi.org/10.1136/bjsports-2022-106663
http://dx.doi.org/10.1002/jrsm.1315
http://dx.doi.org/10.1016/j.jclinepi.2016.01.021
http://dx.doi.org/10.1016/j.apmr.2013.12.001
http://dx.doi.org/10.3122/jabfm.17.1.59
http://dx.doi.org/10.3122/jabfm.17.1.59
http://dx.doi.org/10.1080/13803395.2014.983463
http://dx.doi.org/10.1080/13803395.2017.1353590
http://dx.doi.org/10.1017/S1355617718000462
http://dx.doi.org/10.1093/arclin/acu014
http://dx.doi.org/10.1123/ijatt.2018-0029
http://dx.doi.org/10.1177/0363546520937291
http://dx.doi.org/10.1177/0363546520937291
http://dx.doi.org/10.1080/13803395.2015.1004303
http://dx.doi.org/10.1080/13803395.2015.1004303
http://dx.doi.org/10.1097/JSM.0000000000001018
http://dx.doi.org/10.1097/JSM.0000000000001018
http://dx.doi.org/10.1097/JSM.0000000000000788
http://dx.doi.org/10.1177/1941738108325920
http://dx.doi.org/10.1177/0363546511431573
http://dx.doi.org/32922635
http://dx.doi.org/32922635
http://dx.doi.org/10.1016/j.jpeds.2019.07.048
http://dx.doi.org/10.1177/0363546520902701
http://dx.doi.org/10.4085/1062-6050-48.3.19
http://dx.doi.org/10.1177/0363546518765145
http://dx.doi.org/10.1017/S1355617708090188
http://dx.doi.org/10.1080/00913847.2020.1746979
http://dx.doi.org/10.1097/JSM.0000000000000369
http://dx.doi.org/10.1016/j.jpeds.2020.01.068
http://dx.doi.org/10.3810/psm.2010.12.1830
http://dx.doi.org/10.1177/0883073819877790
http://dx.doi.org/10.1177/0363546511413375
http://dx.doi.org/10.4085/JAT0457-20
http://dx.doi.org/10.3928/19425864-20140916-01
http://dx.doi.org/10.3928/19425864-20140916-01
http://dx.doi.org/10.1097/00042752-200101000-00005
http://dx.doi.org/10.1097/00006123-200205000-00017
http://dx.doi.org/10.3174/ajnr.A5692
http://dx.doi.org/10.1002/hbm.23278
http://dx.doi.org/10.1080/00913847.2020.1745717
http://dx.doi.org/10.1001/jamanetworkopen.2019.19771
http://dx.doi.org/10.1089/neu.2019.6471
http://bjsm.bmj.com/


15 of 18Echemendia RJ, et al. Br J Sports Med 2023;57:722–735. doi:10.1136/bjsports-2022-106661

Systematic review

 48 Meier TB, Nitta ME, Teague TK, et al. Prospective study of the effects of sport- related 
concussion on serum Kynurenine pathway metabolites. BRAIN, BEHAVIOR, AND 
IMMUNITY 2020;87:715–24. 

 49 Purkayastha S, Williams B, Murphy M, et al. Reduced heart rate variability and 
lower cerebral blood flow associated with poor cognition during recovery following 
concussion. Auton Neurosci 2019;220:102548. 

 50 Wang Y, Nelson LD, LaRoche AA, et al. Cerebral blood flow alterations in acute 
sport- related concussion. Journal of Neurotrauma 2016;33:1227–36. 

 51 Wang Y, Nencka AS, Meier TB, et al. Cerebral blood flow in acute concussion: 
preliminary ASL findings from the NCAA- Dod CARE consortium. Brain Imaging and 
Behavior 2019;13:1375–85. 

 52 Ferris LM, Kontos AP, Eagle SR, et al. Utility of VOMS, Scat3, and impact baseline 
evaluations for acute concussion identification in collegiate athletes: findings from 
the NCAA- Dod concussion assessment. Am J Sports Med 2022;50:1106–19. 

 53 McCrea M, Guskiewicz KM, Marshall SW, et al. Acute effects and recovery time 
following concussion in collegiate football players: the NCAA concussion study. 
JAMA 2003;290:2556. 

 54 Barr WB, McCrea M. Sensitivity and specificity of standardized Neurocognitive 
testing immediately following sports concussion. J Int Neuropsychol Soc 
2001;7:693–702. 

 55 CARE Consortium Investigators, Broglio SP, Harezlak J, et al. Acute sport concussion 
assessment optimization: A prospective assessment from the CARE consortium. 
Sports Med 2019;49:1977–87. 

 56 Downey RI, Hutchison MG, Comper P. Determining sensitivity and specificity of the 
sport concussion assessment tool 3 (Scat3) components in university athletes. Brain 
Inj 2018;32:1345–52. 

 57 Gorman M, Hecht S, Samborski A, et al. Scat3 assessment of non- head injured and 
head injured athletes competing in a large International youth soccer tournament. 
Appl Neuropsychol Child 2017;6:364–8. 

 58 McCrea M. Standardized mental status testing on the sideline after sport- related 
concussion. J Athl Train 2001;36:274–9.

 59 Putukian M, Echemendia R, Dettwiler- Danspeckgruber A, et al. Prospective clinical 
assessment using sideline concussion assessment Tool- 2 testing in the evaluation 
of sport- related concussion in college athletes. Clinical Journal of Sport Medicine 
2015;25:36–42. 

 60 Bruce JM, Thelen J, Meeuwisse W, et al. Use of the sport concussion assessment tool 
5 (Scat5) in professional hockey, part 2: which components differentiate Concussed 
and non- Concussed players. Br J Sports Med 2020;55:557–65. 

 61 Harmon KG, Whelan BM, Aukerman DF, et al. Diagnostic accuracy and reliability 
of sideline concussion evaluation: a prospective, case- controlled study in 
college athletes comparing newer tools and established tests. Br J Sports Med 
2022;56:144–50. 

 62 Bailey C, Meyer J, Soden D, et al. Scat5 sex differences: normative data, clinical 
thresholds, and relevance for identification of concussion. Arch Clin Neuropsychol 
2022;37:1536–44. 

 63 Hutchison MG, Di Battista AP, Pyndiura KL, et al. Ten- word list performance in 
healthy athletes and athletes at 3- To- 5 days following concussion. Clin J Sport Med 
2022;32:e354–60. 

 64 Norheim N, Kissinger- Knox A, Cheatham M, et al. Performance of college athletes on 
the 10- item word list of Scat5. BMJ Open Sport Exerc Med 2018;4:e000412. 

 65 Black AM, Miutz LN, Kv VW, et al. Baseline performance of high school Rugby 
players on the sport concussion assessment tool 5. J Athl Train 2020;55:116–23. 

 66 Iverson GL, Terry DP, Maxwell B, et al. Greater acute concussion symptoms are 
associated with longer recovery times in NCAA division III collegiate athletes. Front 
Neurol 2021;12:101546899. 

 67 Fuller GW, Raftery M. Sport concussion assessment tool: fifth edition normative 
reference values for professional Rugby Union players. Clin J Sport Med 
2020;30:e150–3. 

 68 Echemendia RJ, Thelen J, Meeuwisse W, et al. Use of the sport concussion 
assessment tool 5 (Scat5) in professional hockey, part 1: cross- cultural normative 
data. Br J SPORTS Med 2021;55:550–6. 

 69 Tucker R, Falvey EC, Fuller GW, et al. Sport concussion assessment tool: baseline and 
clinical reference limits for concussion diagnosis and management in elite Rugby 
Union. J Sci Med Sport 2021;24:122–8. 

 70 Fuller GW, Tucker R, Starling L, et al. The performance of the world Rugby head injury 
assessment screening tool: a diagnostic accuracy study. Sports Med Open 2020;6:2. 

 71 Bruce JM, Meeuwisse W, Hutchison MG, et al. Determining sport concussion 
assessment tool fifth edition (Scat5) reliable change in male professional hockey 
players. Br J Sports Med 2022;56:1115–22. 

 72 Cameron B, Burma JS, Jasinovic T, et al. One- year stability of Preseason sport 
concussion assessment tool 5 (Scat5) values in university level collision and 
Combative sport athletes. Phys Sportsmed 2022;50:478–85. 

 73 CARE Consortium Investigators, Broglio SP, Katz BP, et al. Test- retest Reliability and 
interpretation of common concussion assessment tools: findings from the NCAA- 
Dod CARE consortium. Sports Med 2018;48:1255–68. 

 74 Bruce J, Echemendia R, Tangeman L, et al. Two Baselines are better than one: 
improving the reliability of computerized testing in sports Neuropsychology. Applied 
Neuropsychology: Adult 2016;23:336–42. 

 75 Bruce JM, Echemendia RJ, Meeuwisse W, et al. Measuring cognitive change 
with impact: the aggregate baseline approach. The Clinical Neuropsychologist 
2017;31:1329–40. 

 76 Echemendia RJ, Bruce JM, Meeuwisse W, et al. Long- term reliability of impact in 
professional ice hockey. Clin Neuropsychol 2016;30:328–37. 

 77 Schatz P, Maerlender A. A two- factor theory for concussion assessment 
using impact: memory and speed. Archives of Clinical Neuropsychology 
2013;28:791–7. 

 78 Gerrard PB, Iverson GL, Atkins JE, et al. Factor structure of impact (R) in adolescent 
student athletes. Arch Clin Neuropsychol 2017;32:117–22. 

 79 Hinton- Bayre AD. Normative versus baseline paradigms for detecting 
neuropsychological impairment following sports- related concussion. Brain 
Impairment 2015;16:80–9. 

 80 Abeare CA, Messa I, Zuccato BG, et al. Prevalence of invalid performance on 
baseline testing for sport- related concussion by age and validity indicator. JAMA 
Neurol 2018;75:697–703. 

 81 Abeare C, Messa I, Whitfield C, et al. Performance validity in collegiate 
football athletes at baseline Neurocognitive testing. J Head Trauma Rehabil 
2019;34:E20–31. 

 82 Higgins KL, Caze T, Maerlender A. Validity and reliability of baseline testing in a 
standardized environment. Arch Clin Neuropsychol 2018;33:437–43. 

 83 Higgins KL, Denney RL, Maerlender A. Sandbagging on the immediate post- 
concussion assessment and cognitive testing (impact) in a high school athlete 
population. Arch Clin Neuropsychol 2017;32:259–66. 

 84 Tsushima WT, Yamamoto MH, Ahn HJ, et al. Invalid baseline testing with impact: 
does Sandbagging occur with high school athletes Appl Neuropsychol Child 
2021;10:10:209–18.:. 

 85 DaCosta A, Webbe F, LoGalbo A. The Rey DOT counting test as a tool for detecting 
suboptimal performance in athlete baseline testing. Arch Clin Neuropsychol 
2021;36:414–23. 

 86 Buckley TA, Munkasy BA, Clouse BP. Sensitivity and specificity of the modified 
balance error scoring system in Concussed collegiate student athletes. Clin J Sport 
Med 2018;28:174–6. 

 87 Dierijck JK, Wright AD, Smirl JD, et al. Sub- Concussive trauma, acute concussion, and 
history of multiple Concussions: effects on quiet stance postural control stability. Int 
J Psychophysiol 2018;132(Pt A):74–80. 

 88 Garcia G- GP, Lavieri MS, Jiang R, et al. A data- driven approach to unlikely, possible, 
probable, and definite acute concussion assessment. Journal of Neurotrauma 
2019;36:1571–83. 

 89 Guskiewicz KM, Ross SE, Marshall SW. Postural stability and neuropsychological 
deficits after concussion in collegiate athletes. J Athl Train 2001;36:263–73.

 90 Hammeke TA, McCrea M, Coats SM, et al. Acute and subacute changes in neural 
activation during the recovery from sport- related concussion. J Int Neuropsychol Soc 
2013;19:863–72. 

 91 Parrington L, Fino PC, Swanson CW, et al. Longitudinal assessment of balance 
and gait after concussion and return to play in collegiate athletes. J Athl Train 
2019;54:429–38. 

 92 Teel EF, Marshall SW, Shankar V, et al. Predicting recovery patterns after sport- related 
concussion. J Athl Train 2017;52:288–98. 

 93 Van Deventer KA, Seehusen CN, Walker GA, et al. The diagnostic and Prognostic 
utility of the dual- task Tandem gait test for pediatric concussion. J Sport Health Sci 
2021;10:131–7. 

 94 Buckley TA, Munkasy BA, Krazeise DA, et al. Differential effects of acute and 
multiple Concussions on gait initiation performance. Arch Phys Med Rehabil 
2020;101:1347–54. 

 95 Carlson CD, Langdon JL, Munkasy BA, et al. Minimal detectable change scores 
and reliability of the balance error scoring system in student- athletes with acute 
concussion. Athletic Training & Sports Health Care 2020;12:67–73. 

 96 Baracks J, Casa DJ, Covassin T, et al. Acute sport- related concussion screening 
for collegiate athletes using an Instrumented balance assessment. J Athl Train 
2018;53:597–605. 

 97 Cripps A, Livingston S, Jiang Y, et al. Visual perturbation impacts upright postural 
stability in athletes with an acute concussion. Brain Inj 2018;32:1566–75. 

 98 Gera G, Chesnutt J, Mancini M, et al. Inertial sensor- based assessment of 
central sensory integration for balance after mild traumatic brain injury. Mil Med 
2018;183(suppl_1):327–32. 

 99 Grafton ST, Ralston AB, Ralston JD. Monitoring of postural sway with a head- 
mounted Wearable device: effects of gender, participant state, and concussion. Med 
Devices (Auckl) 2019;12:151–64. 

 100 Guskiewicz KM, Mihalik JP, Shankar V, et al. Measurement of head impacts in 
collegiate football players: relationship between head impact Biomechanics and 
acute clinical outcome after concussion. Neurosurgery 2007;61:1244–52. 

 101 Murray NG, Salvatore AP, Tomaka J, et al. Relationship between the Romberg test 
and the WII fit basic balance test and cognition in athletes with concussion. J Clin 
Transl Res 2016;2:38–44. 

 102 Peterson CL, Ferrara MS, Mrazik M, et al. Evaluation of neuropsychological stability 
following cerebral domain scores and postural concussion in sports. Clin J Sport Med 
2003;13:230–7. 

P
ro

tected
 b

y co
p

yrig
h

t, in
clu

d
in

g
 fo

r u
ses related

 to
 text an

d
 d

ata m
in

in
g

, A
I train

in
g

, an
d

 sim
ilar tech

n
o

lo
g

ies. 
. 

E
rasm

u
sh

o
g

esch
o

o
l

at D
ep

artm
en

t G
E

Z
-L

T
A

 
o

n
 M

ay 22, 2025
 

h
ttp

://b
jsm

.b
m

j.co
m

/
D

o
w

n
lo

ad
ed

 fro
m

 
14 Ju

n
e 2023. 

10.1136/b
jsp

o
rts-2022-106661 o

n
 

B
r J S

p
o

rts M
ed

: first p
u

b
lish

ed
 as 

http://dx.doi.org/10.1016/j.bbi.2020.03.002
http://dx.doi.org/10.1016/j.bbi.2020.03.002
http://dx.doi.org/10.1016/j.autneu.2019.04.004
http://dx.doi.org/10.1089/neu.2015.4072
http://dx.doi.org/10.1007/s11682-018-9946-5
http://dx.doi.org/10.1007/s11682-018-9946-5
http://dx.doi.org/10.1177/03635465211072261
http://dx.doi.org/10.1001/jama.290.19.2556
http://dx.doi.org/10.1017/s1355617701766052
http://dx.doi.org/10.1007/s40279-019-01155-0
http://dx.doi.org/10.1080/02699052.2018.1484166
http://dx.doi.org/10.1080/02699052.2018.1484166
http://dx.doi.org/10.1080/21622965.2016.1210011
http://dx.doi.org/12937496
http://dx.doi.org/10.1097/JSM.0000000000000102
http://dx.doi.org/10.1136/bjsports-2020-102072
http://dx.doi.org/10.1136/bjsports-2020-103840
http://dx.doi.org/10.1093/arclin/acac007
http://dx.doi.org/10.1097/JSM.0000000000000941
http://dx.doi.org/10.1136/bmjsem-2018-000412
http://dx.doi.org/10.4085/1062-6050-123-19
http://dx.doi.org/10.3389/fneur.2021.801607
http://dx.doi.org/10.3389/fneur.2021.801607
http://dx.doi.org/10.1097/JSM.0000000000000713
http://dx.doi.org/10.1136/bjsports-2020-102071
http://dx.doi.org/10.1016/j.jsams.2020.07.006
http://dx.doi.org/10.1186/s40798-019-0231-y
http://dx.doi.org/10.1136/bjsports-2021-104851
http://dx.doi.org/10.1080/00913847.2021.1955225
http://dx.doi.org/10.1007/s40279-017-0813-0
http://dx.doi.org/10.1080/23279095.2015.1064002
http://dx.doi.org/10.1080/23279095.2015.1064002
http://dx.doi.org/10.1080/13854046.2017.1311375
http://dx.doi.org/10.1080/13854046.2016.1158320
http://dx.doi.org/10.1093/arclin/act077
http://dx.doi.org/10.1093/arclin/acw097
http://dx.doi.org/10.1017/BrImp.2015.14
http://dx.doi.org/10.1017/BrImp.2015.14
http://dx.doi.org/10.1001/jamaneurol.2018.0031
http://dx.doi.org/10.1001/jamaneurol.2018.0031
http://dx.doi.org/10.1097/HTR.0000000000000451
http://dx.doi.org/10.1093/arclin/acx071
http://dx.doi.org/10.1093/arclin/acw108
http://dx.doi.org/10.1080/21622965.2019.1642202
http://dx.doi.org/10.1093/arclin/acaa052
http://dx.doi.org/10.1097/JSM.0000000000000426
http://dx.doi.org/10.1097/JSM.0000000000000426
http://dx.doi.org/10.1016/j.ijpsycho.2018.03.005
http://dx.doi.org/10.1016/j.ijpsycho.2018.03.005
http://dx.doi.org/10.1089/neu.2018.6098
http://dx.doi.org/12937495
http://dx.doi.org/10.1017/S1355617713000702
http://dx.doi.org/10.4085/1062-6050-46-18
http://dx.doi.org/10.4085/1062-6050-52.1.12
http://dx.doi.org/10.1016/j.jshs.2020.08.005
http://dx.doi.org/10.1016/j.apmr.2020.03.018
http://dx.doi.org/10.3928/19425864-20190401-02
http://dx.doi.org/10.4085/1062-6050-174-17
http://dx.doi.org/10.1080/02699052.2018.1497812
http://dx.doi.org/10.1093/milmed/usx162
http://dx.doi.org/10.2147/MDER.S205357
http://dx.doi.org/10.2147/MDER.S205357
http://dx.doi.org/10.1227/01.neu.0000306103.68635.1a
http://dx.doi.org/10.18053/jctres.02.201601.005
http://dx.doi.org/10.18053/jctres.02.201601.005
http://dx.doi.org/10.1097/00042752-200307000-00006
http://bjsm.bmj.com/


16 of 18 Echemendia RJ, et al. Br J Sports Med 2023;57:722–735. doi:10.1136/bjsports-2022-106661

Systematic review

 103 Purkayastha S, Adair H, Woodruff A, et al. Balance testing following concussion: 
postural sway versus complexity index. PM R 2019;11:1184–92. 

 104 Register- Mihalik JK, Mihalik JP, Guskiewicz KM. Balance deficits after sports- 
related concussion in individuals reporting Posttraumatic headache. Neurosurgery 
2008;63:76–80. 

 105 Resch JE, Brown CN, Schmidt J, et al. The sensitivity and specificity of clinical 
measures of sport concussion: three tests are better than one. BMJ Open Sport Exerc 
Med 2016;2:e000012. 

 106 Resch JE, Brown CN, Macciocchi SN, et al. A preliminary formula to predict timing of 
symptom resolution for collegiate athletes diagnosed with sport concussion. J Athl 
Train 2015;50:1292–8. 

 107 Howell DR, Osternig LR, Chou LS. Single- task and dual- task Tandem gait 
test performance after concussion. Journal of Science and Medicine in Sport 
2017;20:622–6. 

 108 Howell DR, Osternig LR, Chou LS. Detection of acute and long- term effects of 
concussion: dual- task gait balance control versus computerized Neurocognitive test. 
Archives of Physical Medicine and Rehabilitation 2018;99:1318–24. 

 109 Howell DR, Wilson JC, Brilliant AN, et al. Objective clinical tests of dual- task dynamic 
postural control in youth athletes with concussion. Journal of Science and Medicine 
in Sport 2019;22:521–5. 

 110 Leddy JJ, Hinds AL, Miecznikowski J, et al. Safety and Prognostic utility of provocative 
exercise testing in acutely Concussed adolescents: A randomized trial. Clin J Sport 
Med 2018;28:13–20. 

 111 Parker TM, Osternig LR, van Donkelaar P, et al. Balance control during gait in 
athletes and non- athletes following concussion. Medical Engineering & Physics 
2008;30:959–67. 

 112 Schneider KJ, Meeuwisse WH, Palacios- Derflingher L, et al. Changes in measures 
of Cervical spine function, vestibulo- ocular reflex, dynamic balance, and divided 
attention following sport- related concussion in elite youth ice hockey players. J 
Orthop Sports Phys Ther 2018;48:974–81. 

 113 Buckley T, Murray NG, Munkasy BA, et al. Impairments in dynamic postural control 
across concussion clinical milestones. J Neurotrauma 2021;38:86–93. 

 114 Howell DR, Mayer AR, Master CL, et al. Prognosis for persistent post concussion 
symptoms using a Multifaceted objective gait and balance assessment approach. 
Gait & Posture 2020;79:53–9. 

 115 Oldham JR, Howell DR, Bryk KN, et al. No differences in tandem gait performance 
between male and female athletes acutely post- concussion. Journal of Science and 
Medicine in Sport 2020;23:814–9. 

 116 Oldham JR, Howell DR, Knight CA, et al. Single- task and dual- task Tandem gait 
performance across clinical concussion milestones in collegiate student- athletes. 
Clinical Journal of Sport Medicine 2021;31:e392–7. 

 117 Guzman J, Aktan N. Comparison of the WII balance board and the BESS tool 
measuring postural stability in collegiate athletes. Appl Nurs Res 2016;29:1–4. 

 118 Hansen C, Cushman D, Chen W, et al. Reliability testing of the balance error scoring 
system in children between the ages of 5 and 14. Clin J Sport Med 2017;27:64–8. 

 119 Hunt TN, Ferrara MS, Bornstein RA, et al. The reliability of the modified balance error 
scoring system. Clin J Sport Med 2009;19:471–5. 

 120 Houston MN, Peck KY, Malvasi SR, et al. Reference values for the balance error 
scoring system as measured by the Tekscan Mobilemattm in a physically active 
population. Brain Inj 2019;33:299–304. 

 121 Howell DR, Meehan WP. Normative values for a Video- force plate assessment 
of postural control in athletic children. Journal of Pediatric Orthopaedics B 
2016;25:310–4. 

 122 Howell DR, Hanson E, Sugimoto D, et al. Assessment of the postural stability of 
female and male athletes. Clin J Sport Med 2017;27:444–9. 

 123 Echemendia RJ, Thelen J, Meeuwisse W, et al. Testing the hybrid battery approach to 
evaluating sports- related concussion in the National hockey League: A factor analytic 
study. Clin Neuropsychol 2020;34:899–918. 

 124 Leddy J, Lesh K, Haider MN, et al. Derivation of a focused, brief concussion physical 
examination for adolescents with sport- related concussion. Clinical Journal of Sport 
Medicine 2018;Publish Ahead of Print:7–14. 

 125 Leung FT, Mendis MD, Franettovich Smith MM, et al. Sensorimotor system changes 
in adolescent Rugby players post- concussion: A prospective investigation from the 
subacute period through to return- to- sport. Musculoskeletal Science and Practice 
2022;57:102492. 

 126 Ballinger K, McGuinty D, Girardin R, et al. Clinical outcomes of pediatric acute Sport- 
and non- sport- related Concussions. Can J Neurol Sci 2022;49:263–9. 

 127 Fuller GW, Miles J, Tucker R, et al. Diagnostic utility of new Scat5 neurological screen 
sub- tests. Sports Med Open 2021;7:14. 

 128 Jasinovic T, Burma JS, Cameron B, et al. The effect of high- intensity physical exertion 
on measures of Cervical spine, vestibular/ocular- motor screening, and vestibulo- 
ocular reflex function in university level collision and Combative sport athletes. Phys 
Ther Sport 2021;51:36–44. 

 129 Murray NG, Ambati VNP, Contreras MM, et al. Assessment of Oculomotor control 
and balance post- concussion: A preliminary study for a novel approach to 
concussion management. Brain Inj 2014;28:496–503. 

 130 Murray NG, Szekely B, Islas A, et al. Smooth pursuit and Saccades after sport- related 
concussion. JOURNAL OF NEUROTRAUMA 2020;37:340–6. 

 131 Rizzo J- R, Hudson TE, Martone J, et al. How Sandbag- able are concussion sideline 
assessments? A close look at eye movements to uncover strategies. Brain Inj 
2021;35:426–35. 

 132 Lindsey J, Cheever K, Mansell JL, et al. Effect of fatigue on ocular motor assessments. 
Athletic Training & Sports Health Care 2017;9:177–83. 

 133 White- Schwoch T, Krizman J, McCracken K, et al. Performance on auditory, vestibular, 
and visual tests is stable across two seasons of youth tackle football. BRAIN Inj 
2020;34:236–44. 

 134 Gallagher V, Vesci B, Mjaanes J, et al. Eye movement performance and clinical 
outcomes among female athletes post- concussion. Brain Inj 2020;34:1674–84. 

 135 Dhawan PS, Leong D, Tapsell L, et al. King- Devick test identifies real- time concussion 
and asymptomatic concussion in youth athletes. Neurol Clin Pract 2017;7:464–73. 

 136 Hecimovich M, King D, Dempsey AR, et al. The King- Devick test is a valid and reliable 
tool for assessing sport- related concussion in Australian football: A prospective 
cohort study. Journal of Science and Medicine in Sport 2018;21:1004–7. 

 137 Fuller GW, Cross MJ, Stokes KA, et al. King- Devick concussion test performs 
poorly as a screening tool in elite Rugby Union players: a prospective cohort 
study of two screening tests versus a clinical reference standard. Br J Sports Med 
2019;53:1526–32. 

 138 Naidu D, Borza C, Kobitowich T, et al. Sideline concussion assessment: the King- 
Devick test in Canadian professional football. J Neurotrauma 2018;35:2283–6. 

 139 Echemendia RJ, Thelen J, Meeuwisse W, et al. The utility of the King- Devick test in 
evaluating professional ice hockey players with suspected concussion. Clin J Sport 
Med 2022;32:265–71. 

 140 Mucha A, Collins MW, Elbin RJ, et al. A brief vestibular/ocular motor screening 
(VOMS) assessment to evaluate Concussions: preliminary findings. Am J Sports Med 
2014;42:2479–86. 

 141 Glendon K, Blenkinsop G, Belli A, et al. Prospective study with specific re- assessment 
time points to determine time to recovery following a sports- related concussion in 
university- aged student- athletes. Phys Ther Sport 2021;52:287–96. 

 142 Ferris LM, Kontos AP, Eagle SR, et al. Predictive accuracy of the sport concussion 
assessment tool 3 and vestibular/ocular- motor screening, individually and in 
combination: A national collegiate athletic Association- Department of defense 
concussion assessment. Am J Sports Med 2021;49:1040–8. 

 143 Kontos AP, Eagle SR, Marchetti G, et al. Discriminative validity of vestibular ocular 
motor screening in identifying concussion among collegiate athletes: A national 
collegiate athletic Association–Department of defense concussion assessment. Am J 
Sports Med 2021;49:2211–7. 

 144 Davis GA, Makdissi M, Bloomfield P, et al. International consensus definitions 
of Video signs of concussion in professional sports. Br J Sports Med 
2019;53:20:1264–7.:. 

 145 Maddocks DL, Dicker GD, Saling MM. The assessment of orientation following 
concussion in athletes. Clin J Sport Med 1995;5:32–5. 

 146 Guskiewicz KM. Assessment of postural stability following sport- related concussion. 
Curr Sports Med Rep 2003;2:24–30. 

 147 Kissinger- Knox AM, Eagle SR, Jennings S, et al. Does time since concussion alter the 
factor structure of a Multidomain assessment in adolescents Child Neuropsychology 
2021;27:1104–16. 

 148 Broglio SP, Eckner JT, Surma T, et al. Post- concussion cognitive declines and 
Symptomatology are not related to concussion Biomechanics in high school football 
players. Journal of Neurotrauma 2011;28:2061–8. 

 149 Auerbach PS, Baine JG, Schott ML, et al. Detection of concussion using cranial 
Accelerometry. Clin J Sport Med 2015;25:126–32. 

 150 Beckwith JG, Zhao W, Ji S, et al. Estimated brain tissue response following 
impacts associated with and without diagnosed concussion. Ann Biomed Eng 
2018;46:819–30. 

 151 Broglio SP, Schnebel B, Sosnoff JJ, et al. Biomechanical properties of Concussions in 
high school football. Med Sci Sports Exerc 2010;42:2064–71. 

 152 Broglio SP, Lapointe A, O’Connor KL, et al. Head impact density: A model to explain 
the elusive concussion threshold. J Neurotrauma 2017;34:2675–83. 

 153 Greenwald RM, Gwin JT, Chu JJ, et al. Head impact severity measures for evaluating 
mild traumatic brain injury risk exposure. Neurosurgery 2008;62:789–98. 

 154 Mihalik JP, Lynall RC, Wasserman EB, et al. Evaluating the "threshold theory": can 
head impact indicators help. Med Sci Sports Exerc 2017;49:247–53. 

 155 Rowson S, Duma SM, Beckwith JG, et al. Rotational head Kinematics in football 
impacts: an injury risk function for concussion. Ann Biomed Eng 2012;40:1–13. 

 156 Espinoza TR, Hendershot KA, Liu B, et al. A novel neuropsychological tool for 
Immersive assessment of concussion and correlation with Subclinical head impacts. 
Neurotrauma Rep 2021;2:232–44. 

 157 Reyes J, Willmott C, McIntosh A, et al. The potential of head acceleration 
measurement to augment current best practice in concussion screening in 
professional Australian football players. Phys Ther Sport 2020;43:210–6. 

 158 Stemper BD, Shah AS, Harezlak J, et al. Comparison of head impact exposure 
between Concussed football athletes and matched controls: evidence for a possible 
second mechanism of sport- related concussion. Ann Biomed Eng 2019;47:2057–72. 

 159 Duhaime A- C, Beckwith JG, Maerlender AC, et al. Spectrum of acute clinical 
characteristics of diagnosed Concussions in college athletes wearing Instrumented 
helmets: clinical article. J Neurosurg 2012;117:1092–9. 

P
ro

tected
 b

y co
p

yrig
h

t, in
clu

d
in

g
 fo

r u
ses related

 to
 text an

d
 d

ata m
in

in
g

, A
I train

in
g

, an
d

 sim
ilar tech

n
o

lo
g

ies. 
. 

E
rasm

u
sh

o
g

esch
o

o
l

at D
ep

artm
en

t G
E

Z
-L

T
A

 
o

n
 M

ay 22, 2025
 

h
ttp

://b
jsm

.b
m

j.co
m

/
D

o
w

n
lo

ad
ed

 fro
m

 
14 Ju

n
e 2023. 

10.1136/b
jsp

o
rts-2022-106661 o

n
 

B
r J S

p
o

rts M
ed

: first p
u

b
lish

ed
 as 

http://dx.doi.org/10.1002/pmrj.12129
http://dx.doi.org/10.1227/01.NEU.0000335073.39728.CE
http://dx.doi.org/10.1136/bmjsem-2015-000012
http://dx.doi.org/10.1136/bmjsem-2015-000012
http://dx.doi.org/10.4085/1062-6050-50.12.03
http://dx.doi.org/10.4085/1062-6050-50.12.03
http://dx.doi.org/10.1016/j.jsams.2016.11.020
http://dx.doi.org/10.1016/j.apmr.2018.01.025
http://dx.doi.org/10.1016/j.jsams.2018.11.014
http://dx.doi.org/10.1016/j.jsams.2018.11.014
http://dx.doi.org/10.1097/JSM.0000000000000431
http://dx.doi.org/10.1097/JSM.0000000000000431
http://dx.doi.org/10.1016/j.medengphy.2007.12.006
http://dx.doi.org/10.2519/jospt.2018.8258
http://dx.doi.org/10.2519/jospt.2018.8258
http://dx.doi.org/10.1089/neu.2019.6910
http://dx.doi.org/10.1016/j.gaitpost.2020.04.013
http://dx.doi.org/10.1016/j.jsams.2020.04.003
http://dx.doi.org/10.1016/j.jsams.2020.04.003
http://dx.doi.org/10.1097/JSM.0000000000000836
http://dx.doi.org/10.1016/j.apnr.2015.04.008
http://dx.doi.org/10.1097/JSM.0000000000000293
http://dx.doi.org/10.1097/JSM.0b013e3181c12c7b
http://dx.doi.org/10.1080/02699052.2018.1552021
http://dx.doi.org/10.1097/BPB.0000000000000275
http://dx.doi.org/10.1097/JSM.0000000000000374
http://dx.doi.org/10.1080/13854046.2019.1690051
http://dx.doi.org/10.1097/JSM.0000000000000686
http://dx.doi.org/10.1097/JSM.0000000000000686
http://dx.doi.org/10.1016/j.msksp.2021.102492
http://dx.doi.org/10.1017/cjn.2021.82
http://dx.doi.org/10.1186/s40798-021-00303-z
http://dx.doi.org/10.1016/j.ptsp.2021.06.008
http://dx.doi.org/10.1016/j.ptsp.2021.06.008
http://dx.doi.org/10.3109/02699052.2014.887144
http://dx.doi.org/10.1089/neu.2019.6595
http://dx.doi.org/10.1080/02699052.2021.1878554
http://dx.doi.org/10.3928/19425864-20170420-03
http://dx.doi.org/10.1080/02699052.2019.1683899
http://dx.doi.org/10.1080/02699052.2020.1830173
http://dx.doi.org/10.1212/CPJ.0000000000000381
http://dx.doi.org/10.1016/j.jsams.2018.03.011
http://dx.doi.org/10.1136/bjsports-2017-098560
http://dx.doi.org/10.1089/neu.2017.5490
http://dx.doi.org/10.1097/JSM.0000000000000841
http://dx.doi.org/10.1097/JSM.0000000000000841
http://dx.doi.org/10.1177/0363546514543775
http://dx.doi.org/10.1016/j.ptsp.2021.10.008
http://dx.doi.org/10.1177/0363546520988098
http://dx.doi.org/10.1177/03635465211012359
http://dx.doi.org/10.1177/03635465211012359
http://dx.doi.org/10.1136/bjsports-2019-100628
http://dx.doi.org/10.1097/00042752-199501000-00006
http://dx.doi.org/10.1249/00149619-200302000-00006
http://dx.doi.org/10.1080/09297049.2021.1936475
http://dx.doi.org/10.1089/neu.2011.1905
http://dx.doi.org/10.1097/JSM.0000000000000117
http://dx.doi.org/10.1007/s10439-018-1999-5
http://dx.doi.org/10.1249/MSS.0b013e3181dd9156
http://dx.doi.org/10.1089/neu.2016.4767
http://dx.doi.org/10.1227/01.neu.0000318162.67472.ad
http://dx.doi.org/10.1249/MSS.0000000000001089
http://dx.doi.org/10.1007/s10439-011-0392-4
http://dx.doi.org/10.1089/neur.2020.0022
http://dx.doi.org/10.1016/j.ptsp.2020.03.007
http://dx.doi.org/10.1007/s10439-018-02136-6
http://dx.doi.org/10.3171/2012.8.JNS112298
http://bjsm.bmj.com/


17 of 18Echemendia RJ, et al. Br J Sports Med 2023;57:722–735. doi:10.1136/bjsports-2022-106661

Systematic review

 160 Bouvier D, Duret T, Abbot M, et al. Utility of S100B serum level for the determination 
of concussion in male Rugby players. Sports Med 2017;47:781–9. 

 161 Kiechle K, Bazarian JJ, Merchant- Borna K, et al. Subject- specific increases in serum 
S- 100B distinguish sports- related concussion from sports- related exertion. PLoS One 
2014;9:e84977. 

 162 Meier TB, Nelson LD, Huber DL, et al. Prospective assessment of acute blood 
markers of brain injury in sport- related concussion. Journal of Neurotrauma 
2017;34:3134–42. 

 163 Shahim P, Tegner Y, Wilson DH, et al. Blood biomarkers for brain injury in Concussed 
professional ice hockey players. JAMA Neurol 2014;71:684. 

 164 Siman R, Shahim P, Tegner Y, et al. Serum SNTF increases in Concussed professional 
ice hockey players and relates to the severity of Postconcussion symptoms. J 
Neurotrauma 2015;32:1294–300. 

 165 Shahim P, Linemann T, Inekci D, et al. Serum Tau fragments predict return to 
play in Concussed professional ice hockey players. Journal of Neurotrauma 
2016;33:1995–9. 

 166 Shahim P, Tegner Y, Marklund N, et al. Neurofilament light and Tau as blood 
biomarkers for sports- related concussion. Neurology 2018;90:e1780–8. 

 167 Wallace C, Zetterberg H, Blennow K, et al. No change in plasma Tau and serum 
Neurofilament light concentrations in adolescent athletes following sport- related 
concussion. PLoS One 2018;13:e0206466. 

 168 Asken BM, Yang Z, Xu H, et al. Acute effects of sport- related concussion on 
serum glial fibrillary acidic protein, Ubiquitin C- terminal Hydrolase L1, total 
Tau, and Neurofilament light measured by a Multiplex assay. J Neurotrauma 
2020;37:1537–45. 

 169 Laverse E, Guo T, Zimmerman K, et al. Plasma glial fibrillary acidic protein and 
Neurofilament light chain, but not Tau, are biomarkers of sports- related mild 
traumatic brain injury. Brain Commun 2020;2:fcaa137. 

 170 Anzalone AJ, Turner SM, Baleztena AC, et al. Blood biomarkers of sports- related 
concussion in pediatric athletes. Clin J Sport Med 2021;31:250–6. 

 171 McDonald SJ, O’Brien WT, Symons GF, et al. Prolonged elevation of serum 
Neurofilament light after concussion in male Australian football players. Biomark Res 
2021;9:4. 

 172 Mondello S, Guedes VA, Lai C, et al. Sex differences in circulating T- Tau Trajectories 
after sports- concussion and correlation with outcome. Front Neurol 2020;11:651. 

 173 Pham N, Akonasu H, Shishkin R, et al. Plasma soluble Prion protein, a 
potential biomarker for sport- related Concussions: a pilot study. PLoS ONE 
2015;10:e0117286. 

 174 Meier TB, Bergamino M, Bellgowan PSF, et al. Longitudinal assessment of white 
matter abnormalities following sports- related concussion. Hum Brain Mapp 
2016;37:833–45. 

 175 Meier TB, Huber DL, Bohorquez- Montoya L, et al. A prospective study of acute blood- 
based biomarkers for sport- related concussion. Ann Neurol 2020;87:907–20. 

 176 Brett BL, Kramer MD, McCrea MA, et al. Bifactor model of the sport concussion 
assessment tool symptom checklist: replication and Invariance across time in the 
CARE consortium sample. Am J Sports Med 2020;48:2783–95. 

 177 Seeger TA, Tabor J, Sick S, et al. The Association of saliva Cytokines and pediatric 
sports- related concussion outcomes. J Head Trauma Rehabil 2020;35:354–62. 

 178 Daley M, Dekaban G, Bartha R, et al. Metabolomics profiling of concussion 
in adolescent male hockey players: a novel diagnostic method. Metabolomics 
2016;12:12. 

 179 Fiandaca MS, Mapstone M, Mahmoodi A, et al. Plasma Metabolomic biomarkers 
accurately classify acute mild traumatic brain injury from controls. PLoS One 
2018;13:e0195318. 

 180 Singh R, Savitz J, Teague TK, et al. Mood symptoms correlate with Kynurenine 
pathway metabolites following sports- related concussion. J Neurol Neurosurg 
Psychiatry 2016;87:670–5. 

 181 Churchill NW, Hutchison MG, Graham SJ, et al. Neurometabolites and sport- related 
concussion: from acute injury to one year after medical clearance. Neuroimage Clin 
2020;27:102258. 

 182 Meier TB, España L, Nitta ME, et al. Positive association between serum Quinolinic 
acid and functional Connectivity following concussion. Brain, Behavior, and Immunity 
2021;91:531–40. 

 183 Di Pietro V, O’Halloran P, Watson CN, et al. Unique diagnostic signatures of 
concussion in the saliva of male athletes: the study of concussion in Rugby Union 
through Micrornas (SCRUM). Br J Sports Med 2021;55:1395–404. 

 184 Hicks SD, Onks C, Kim RY, et al. Refinement of saliva microRNA biomarkers for 
sports- related concussion. J Sport Health Sci 2023;12:369–78. 

 185 Henry LC, Tremblay S, Leclerc S, et al. Metabolic changes in Concussed American 
football players during the acute and chronic post- injury phases. BMC Neurol 
2011;11:105. 

 186 Churchill NW, Hutchison MG, Graham SJ, et al. Acute and chronic effects of multiple 
Concussions on midline brain structures. Neurology 2021;97:e1170–81. 

 187 Koch KM, Nencka AS, Swearingen B, et al. Acute post- Concussive assessments of 
brain tissue magnetism using magnetic resonance imaging. Journal of Neurotrauma 
2021;38:848–57. 

 188 Bishop SA, Neary JP. Assessing Prefrontal cortex oxygenation after sport concussion 
with near- infrared spectroscopy. Clin Physiol Funct Imaging 2018;38:573–85. 

 189 Zhu DC, Covassin T, Nogle S, et al. A potential biomarker in sports- related 
concussion: brain functional Connectivity alteration of the default- mode network 
measured with longitudinal resting- state fMRI over thirty days. J Neurotrauma 
2015;32:327–41. 

 190 Chamard E, Théoret H, Skopelja EN, et al. A prospective study of physician- observed 
concussion during a Varsity University hockey season: metabolic changes in ice 
hockey players. Neurosurg Focus 2012;33:E4. 

 191 Churchill NW, Hutchison MG, Graham SJ, et al. Cerebrovascular reactivity after 
sport concussion: from acute injury to 1 year after medical clearance. Front Neurol 
2020;11:558. 

 192 Churchill NW, Hutchison MG, Graham SJ, et al. Connectomic markers of symptom 
severity in sport- related concussion: whole- brain analysis of resting- state fMRI. 
Neuroimage Clin 2018;18:518–26. 

 193 Churchill NW, Caverzasi E, Graham SJ, et al. White matter during concussion 
recovery: comparing diffusion Tensor imaging (DTI) and Neurite orientation 
dispersion and density imaging (NODDI). Hum Brain Mapp 2019;40:1908–18. 

 194 Churchill NW, Hutchison MG, Richards D, et al. The first week after concussion: 
blood flow, brain function and white matter Microstructure. NeuroImage: Clinical 
2017;14:480–9. 

 195 Helmer KG, Pasternak O, Fredman E, et al. Hockey concussion education project, part 
1. susceptibility- weighted imaging study in male and female ice hockey players over 
a single season: clinical article. JNS 2014;120:864–72. 

 196 Pasternak O, Koerte IK, Bouix S, et al. Hockey concussion education project, 
part 2. Microstructural white matter alterations in acutely Concussed ice hockey 
players: A longitudinal free- water MRI study - clinical article. J Neurosurg 
2014;120:873–81. 

 197 Niogi SN, Luther N, Kutner K, et al. Increased sensitivity to traumatic axonal injury on 
Postconcussion diffusion Tensor imaging scans in national football League players by 
using Premorbid baseline scans. J Neurosurg 2019:1–9. 

 198 Meier TB, Bellgowan PSF, Mayer AR. Longitudinal assessment of local and global 
functional Connectivity following sports- related concussion. Brain Imaging Behav 
2017;11:129–40. 

 199 Murdaugh DL, King TZ, Sun B, et al. Longitudinal changes in resting state 
Connectivity and white matter integrity in adolescents with sports- related 
concussion. J Int Neuropsychol Soc 2018;24:781–92. 

 200 Wu Y- C, Harezlak J, Elsaid NMH, et al. Longitudinal white- matter abnormalities in 
sports- related concussion: A diffusion MRI study. Neurology 2020;95:e781–92. 

 201 Churchill NW, Hutchison MG, Graham SJ, et al. Mapping brain recovery after 
concussion: from acute injury to 1 year after medical clearance. Neurology 
2019;93:e1980–92. 

 202 Churchill NW, Hutchison MG, Richards D, et al. Neuroimaging of sport concussion: 
persistent alterations in brain structure and function at medical clearance. Sci Rep 
2017;7:8297. 

 203 Henry LC, Tremblay S, Boulanger Y, et al. Neurometabolic changes in the acute 
phase after sports Concussions correlate with symptom severity. J Neurotrauma 
2010;27:65–76. 

 204 Churchill NW, Hutchison MG, Graham SJ, et al. Scale- free functional brain Dynamics 
during recovery from sport- related concussion. Hum Brain Mapp 2020;41:2567–82. 

 205 Dettwiler A, Murugavel M, Putukian M, et al. Persistent differences in patterns of 
brain activation after sports- related concussion: a longitudinal functional magnetic 
resonance imaging study. Journal of Neurotrauma 2014;31:180–8. 

 206 Klein AP, Tetzlaff JE, Bonis JM, et al. Prevalence of potentially clinically significant 
magnetic resonance imaging findings in athletes with and without sport- related 
concussion. J Neurotrauma 2019;36:1776–85. 

 207 Spader HS, Dean DC, LaFrance WC, et al. Prospective study of myelin water fraction 
changes after mild traumatic brain injury in collegiate contact sports. J Neurosurg 
2019;130:1321–9. 

 208 Bobholz SA, Brett BL, Espana LY, et al. Prospective study of the association between 
sport- related concussion and brain Morphometry (3T- MRI). Br J SPORTS Med 
2021;55. 

 209 Muftuler LT, Meier TB, Keith M, et al. Serial diffusion Kurtosis magnetic resonance 
imaging study during acute, subacute, and recovery periods after sport- related 
concussion. JOURNAL OF NEUROTRAUMA 2020;37:2081–92. 

 210 Churchill NW, Hutchison MG, Graham SJ, et al. Sex differences in acute and long- 
term brain recovery after concussion. Hum Brain Mapp 2021;42:5814–26. 

 211 Zimmerman KA, Laverse E, Samra R, et al. White matter abnormalities in active elite 
adult Rugby players. Brain Communications 2021;3. 

 212 Wright AD, Smirl JD, Bryk K, et al. A prospective transcranial Doppler ultrasound- 
based evaluation of the acute and cumulative effects of sport- related concussion on 
neurovascular coupling response Dynamics. J Neurotrauma 2017;34:3097–106. 

 213 Wright AD, Smirl JD, Bryk K, et al. Cerebral Autoregulation is disrupted following a 
season of contact sports participation. Front Neurol 2018;9:868. 

 214 Wright AD, Smirl JD, Bryk K, et al. Systolic and diastolic regulation of the cerebral 
pressure- flow relationship Differentially affected by acute sport- related concussion. 
Acta Neurochir Suppl 2018;126:303–8. 

 215 Roiger T, Weidauer L, Kern B. A longitudinal pilot study of depressive symptoms 
in Concussed and injured/Nonconcussed national collegiate athletic Association 
division I student- athletes. J Athl Train 2015;50:256–61. 

P
ro

tected
 b

y co
p

yrig
h

t, in
clu

d
in

g
 fo

r u
ses related

 to
 text an

d
 d

ata m
in

in
g

, A
I train

in
g

, an
d

 sim
ilar tech

n
o

lo
g

ies. 
. 

E
rasm

u
sh

o
g

esch
o

o
l

at D
ep

artm
en

t G
E

Z
-L

T
A

 
o

n
 M

ay 22, 2025
 

h
ttp

://b
jsm

.b
m

j.co
m

/
D

o
w

n
lo

ad
ed

 fro
m

 
14 Ju

n
e 2023. 

10.1136/b
jsp

o
rts-2022-106661 o

n
 

B
r J S

p
o

rts M
ed

: first p
u

b
lish

ed
 as 

http://dx.doi.org/10.1007/s40279-016-0579-9
http://dx.doi.org/10.1371/journal.pone.0084977
http://dx.doi.org/10.1089/neu.2017.5046
http://dx.doi.org/10.1001/jamaneurol.2014.367
http://dx.doi.org/10.1089/neu.2014.3698
http://dx.doi.org/10.1089/neu.2014.3698
http://dx.doi.org/10.1089/neu.2014.3741
http://dx.doi.org/10.1212/WNL.0000000000005518
http://dx.doi.org/10.1371/journal.pone.0206466
http://dx.doi.org/10.1089/neu.2019.6831
http://dx.doi.org/10.1093/braincomms/fcaa137
http://dx.doi.org/10.1097/JSM.0000000000000735
http://dx.doi.org/10.1186/s40364-020-00256-7
http://dx.doi.org/10.3389/fneur.2020.00651
http://dx.doi.org/10.1371/journal.pone.0117286
http://dx.doi.org/10.1002/hbm.23072
http://dx.doi.org/10.1002/ana.25725
http://dx.doi.org/10.1177/0363546520946056
http://dx.doi.org/10.1097/HTR.0000000000000605
http://dx.doi.org/10.1007/s11306-016-1131-5
http://dx.doi.org/10.1371/journal.pone.0195318
http://dx.doi.org/10.1136/jnnp-2015-311369
http://dx.doi.org/10.1136/jnnp-2015-311369
http://dx.doi.org/10.1016/j.nicl.2020.102258
http://dx.doi.org/10.1016/j.bbi.2020.11.011
http://dx.doi.org/10.1136/bjsports-2020-103274
http://dx.doi.org/10.1016/j.jshs.2021.08.003
http://dx.doi.org/10.1186/1471-2377-11-105
http://dx.doi.org/10.1212/WNL.0000000000012580
http://dx.doi.org/10.1089/neu.2020.7322
http://dx.doi.org/10.1111/cpf.12447
http://dx.doi.org/10.1089/neu.2014.3413
http://dx.doi.org/10.3171/2012.10.FOCUS12305
http://dx.doi.org/10.3389/fneur.2020.00558
http://dx.doi.org/10.1016/j.nicl.2018.02.011
http://dx.doi.org/10.1002/hbm.24500
http://dx.doi.org/10.1016/j.nicl.2017.02.015
http://dx.doi.org/10.3171/2013.12.JNS132093
http://dx.doi.org/10.3171/2013.12.JNS132090
http://dx.doi.org/10.3171/2019.3.JNS181864
http://dx.doi.org/10.1007/s11682-016-9520-y
http://dx.doi.org/10.1017/S1355617718000413
http://dx.doi.org/10.1212/WNL.0000000000009930
http://dx.doi.org/10.1212/WNL.0000000000008523
http://dx.doi.org/10.1038/s41598-017-07742-3
http://dx.doi.org/10.1089/neu.2009.0962
http://dx.doi.org/10.1002/hbm.24962
http://dx.doi.org/10.1089/neu.2013.2983
http://dx.doi.org/10.1089/neu.2018.6055
http://dx.doi.org/10.3171/2017.12.JNS171597
http://dx.doi.org/10.1136/bjsports-2020-102002
http://dx.doi.org/10.1089/neu.2020.6993
http://dx.doi.org/10.1002/hbm.25591
http://dx.doi.org/10.1093/braincomms/fcab133
http://dx.doi.org/10.1089/neu.2017.5020
http://dx.doi.org/10.3389/fneur.2018.00868
http://dx.doi.org/10.1007/978-3-319-65798-1_59
http://dx.doi.org/10.4085/1062-6050-49.3.83
http://bjsm.bmj.com/


18 of 18 Echemendia RJ, et al. Br J Sports Med 2023;57:722–735. doi:10.1136/bjsports-2022-106661

Systematic review

 216 Churchill NW, Di Battista AP, Rhind SG, et al. Cerebral blood flow is associated with 
matrix metalloproteinase levels during the early symptomatic phase of concussion. 
PLoS One 2021;16:e0253134. 

 217 Churchill NW, Hutchison MG, Graham SJ, et al. Long- term changes in the small- 
world organization of brain networks after concussion. Sci Rep 2021;11:6862. 

 218 Neary JP, Dudé CM, Singh J, et al. Pre- frontal cortex oxygenation changes during 
aerobic exercise in elite athletes experiencing sport- related concussion. Front Hum 
Neurosci 2020;14:101477954. 

 219 Favorov OV, Francisco E, Holden J, et al. Quantification of mild traumatic brain injury 
via cortical Metrics: Analytical methods. Mil Med 2019;184(Supplement_1):228–36. 

 220 Len TK, Neary JP, Asmundson GJG, et al. Serial monitoring of Co2 reactivity following 
sport concussion using Hypocapnia and hypercapnia. Brain Inj 2013;27:346–53. 

 221 Thibeault CM, Thorpe S, Canac N, et al. Sex- based differences in transcranial Doppler 
ultrasound and self- reported symptoms after mild traumatic brain injury. Front 
Neurol 2019;10:9. 

 222 Churchill NW, Hutchison MG, Graham SJ, et al. Symptom correlates of cerebral blood 
flow following acute concussion. NeuroImage: Clinical 2017;16:234–9. 

 223 McCrea M, Prichep L, Powell MR, et al. Acute effects and recovery after sport- related 
concussion: a Neurocognitive and quantitative brain electrical activity study. J Head 
Trauma Rehabil 2010;25:283–92. 

 224 Broglio SP, Rettmann A, Greer J, et al. Investigating a novel measure of brain 
networking following sports concussion. Int J Sports Med 2016;37:714–22. 

 225 Barr WB, Prichep LS, Chabot R, et al. Measuring brain electrical activity to track 
recovery from sport- related concussion. Brain Inj 2012;26:58–66. 

 226 Howell DR, Meehan WP, Barber Foss KD, et al. Reduced dual- task gait speed is 
associated with visual go/no- go brain network activation in children and adolescents 
with concussion. Brain Inj 2018;32:1129–34. 

 227 Fong DHC, Cohen A, Boughton P, et al. Steady- state visual- evoked potentials as a 
biomarker for concussion: A pilot study. Front Neurosci 2020;14. 

 228 Bazarian JJ, Elbin RJ, Casa DJ, et al. Validation of a machine learning brain electrical 
activity- based index to aid in diagnosing concussion among athletes. JAMA Netw 
Open 2021;4:e2037349. 

 229 Fickling SD, Smith AM, Pawlowski G, et al. Brain vital signs detect concussion- related 
neurophysiological impairments in ice hockey. Brain 2019;142:255–62. 

 230 Fuller GW, Kemp SPT, Raftery M. The accuracy and reproducibility of Video 
assessment in the pitch- side management of concussion in elite Rugby. Journal of 
Science and Medicine in Sport 2017;20:246–9. 

 231 Echemendia RJ, Bruce JM, Meeuwisse W, et al. Can visible signs predict concussion 
diagnosis in the National hockey League Br J Sports Med 2018;52:1149–54. 

 232 Zuckerman SL, Elbin RJ, Sills AK, et al. Concussions in the National Football League: 
the evolution of Video review for assessing the frequency and reliability of visible 
signs. The Physician and Sportsmedicine 2020;48:424–9. 

 233 Gardner AJ, Howell DR, Levi CR, et al. Evidence of concussion signs in national 
Rugby League match play: a Video review and validation study. Sports Med - Open 
2017;3. 

 234 Gil C, Jacota M, Caudron Y, et al. How is Video efficient to diagnose sport- related 
concussion? A cross- sectional study in the French Top14 Rugby championship. Clin J 
Sport Med 2022;32:e261–7. 

 235 Hutchison MG, Comper P, Meeuwisse WH, et al. An observational method to code 
Concussions in the National hockey League (NHL): the heads- up checklist. Br J 
Sports Med 2014;48:125–9. 

 236 Gardner AJ, Iverson GL, Quinn TN, et al. A preliminary Video analysis of concussion in 
the National Rugby League. Brain Inj 2015;29:1182–5. 

 237 Makdissi M, Davis G. The Reliability and validity of Video analysis for the assessment 
of the clinical signs of concussion in Australian football. Journal of Science and 
Medicine in Sport 2016;19:859–63. 

 238 Gardner AJ. Reliability of using the proposed international consensus Video signs of 
potential concussion for national Rugby League head impact events. Neurosurgery 
2021;88:538–43. 

 239 Elbin RJ, Zuckerman SL, Sills AK, et al. Sensitivity and specificity of on- field visible 
signs of concussion in the National Football League. Neurosurg 2020;87:530–7. 

 240 Gardner AJ, Kohler R, McDonald W, et al. The use of sideline Video review to 
facilitate management decisions following head trauma in super Rugby. Sports Med 
- Open 2018;4. 

 241 Davis G, Makdissi M. Use of Video to facilitate sideline concussion diagnosis and 
management decision- making. J Sci Med Sport 2016;19:898–902. 

 242 Gardner AJ, Kohler RMN, Levi CR, et al. Usefulness of Video review of possible 
Concussions in national youth Rugby League. Int J Sports Med 2017;38:71–5. 

 243 Makdissi M, Davis G. Using Video analysis for concussion surveillance in Australian 
football. J Sci Med Sport 2016;19:958–63. 

 244 Gardner AJ, Iverson GL, Stanwell P, et al. A Video analysis of use of the new 
’concussion interchange rule’ in the National Rugby League. Int J Sports Med 
2016;37:267–73. 

 245 Gardner AJ, Howell DR, Iverson GL. A Video review of multiple concussion signs in 
national Rugby League match play. Sports Med Open 2018;4:5. 

 246 Glaviano NR, Benson S, Goodkin HP, et al. Baseline Scat2 assessment of healthy 
youth student- athletes: preliminary evidence for the use of the child- Scat3 in 
children younger than 13 years. Clin J Sport Med 2015;25:373–9. 

 247 Daniel JC, Nassiri JD, Wilckens J, et al. The implementation and use of the 
standardized assessment of concussion at the U.S. Mil Med 2002;167:873–6.

 248 Brooks MA, Bazarian JJ, Prichep LS, et al. The use of an electrophysiological brain 
function index in the evaluation of Concussed athletes. J Head Trauma Rehabil 
2018;33:1–6. 

 249 Trbovich AM, Fazio- Sumrok V, Preszler J, et al. Discriminating young children with 
concussion in an outpatient specialty clinic from healthy controls using the child 
Scat5. J Pediatr 2023:113380. 

 250 Williams RM, Puetz TW, Giza CC, et al. Concussion recovery time among high 
school and collegiate athletes: A systematic review and meta- analysis. Sports Med 
2015;45:893–903. 

 251 Giza CC, Hovda DA. The new Neurometabolic Cascade of concussion. Neurosurgery 
2014;75 Suppl 4:S24–33. 

 252 Fallows RR, Mullane A, Smith Watts AK, et al. Normal variability within a collegiate 
athlete sample: A rationale for comprehensive baseline testing. Clin Neuropsychol 
2021;35:1258–74. 

 253 Hasanaj L, Thawani SP, Webb N, et al. Rapid number naming and quantitative eye 
movements may reflect contact sport exposure in a collegiate ice hockey cohort. J 
Neuroophthalmol 2018;38:24–9. 

 254 Briceño EM, Mehdipanah R, Gonzales XF, et al. Neuropsychological assessment 
of mild cognitive impairment in Latinx adults: A Scoping review. Neuropsychology 
2020;34:493–510. 

 255 Rosselli M, Ardila A. The impact of culture and education on non- 
verbal neuropsychological measurements: a critical review. Brain Cogn 
2003;52:326–33. 

 256 Weiler R, Blauwet C, Clarke D, et al. Concussion in para sport: the first position 
statement of the concussion in para sport (CIPS) group. Br J Sports Med 
2021;55:1187–95. 

 257 Sady MD, Vaughan CG, Gioia GA. Measuring dynamic symptom response in 
concussion: children’s Exertional effects rating scale. J Head Trauma Rehabil 
2019;34:E35–44. 

 258 Hansen C, Cushman D, Anderson N, et al. A normative Dataset of the balance 
error scoring system in children aged between 5 and 14. Clin J Sport Med 
2016;26:497–501. 

P
ro

tected
 b

y co
p

yrig
h

t, in
clu

d
in

g
 fo

r u
ses related

 to
 text an

d
 d

ata m
in

in
g

, A
I train

in
g

, an
d

 sim
ilar tech

n
o

lo
g

ies. 
. 

E
rasm

u
sh

o
g

esch
o

o
l

at D
ep

artm
en

t G
E

Z
-L

T
A

 
o

n
 M

ay 22, 2025
 

h
ttp

://b
jsm

.b
m

j.co
m

/
D

o
w

n
lo

ad
ed

 fro
m

 
14 Ju

n
e 2023. 

10.1136/b
jsp

o
rts-2022-106661 o

n
 

B
r J S

p
o

rts M
ed

: first p
u

b
lish

ed
 as 

http://dx.doi.org/10.1371/journal.pone.0253134
http://dx.doi.org/10.1038/s41598-021-85811-4
http://dx.doi.org/10.3389/fnhum.2020.00035
http://dx.doi.org/10.3389/fnhum.2020.00035
http://dx.doi.org/10.1093/milmed/usy411
http://dx.doi.org/10.3109/02699052.2012.743185
http://dx.doi.org/10.3389/fneur.2019.00590
http://dx.doi.org/10.3389/fneur.2019.00590
http://dx.doi.org/10.1016/j.nicl.2017.07.019
http://dx.doi.org/10.1097/HTR.0b013e3181e67923
http://dx.doi.org/10.1097/HTR.0b013e3181e67923
http://dx.doi.org/10.1055/s-0042-107250
http://dx.doi.org/10.3109/02699052.2011.608216
http://dx.doi.org/10.1080/02699052.2018.1482424
http://dx.doi.org/10.3389/fnins.2020.00171
http://dx.doi.org/10.1001/jamanetworkopen.2020.37349
http://dx.doi.org/10.1001/jamanetworkopen.2020.37349
http://dx.doi.org/10.1093/brain/awy317
http://dx.doi.org/10.1016/j.jsams.2016.07.008
http://dx.doi.org/10.1016/j.jsams.2016.07.008
http://dx.doi.org/10.1136/bjsports-2016-097090
http://dx.doi.org/10.1080/00913847.2020.1731379
http://dx.doi.org/10.1186/s40798-017-0097-9
http://dx.doi.org/10.1097/JSM.0000000000000928
http://dx.doi.org/10.1097/JSM.0000000000000928
http://dx.doi.org/10.1136/bjsports-2012-092059
http://dx.doi.org/10.1136/bjsports-2012-092059
http://dx.doi.org/10.3109/02699052.2015.1034179
http://dx.doi.org/10.1016/j.jsams.2016.02.015
http://dx.doi.org/10.1016/j.jsams.2016.02.015
http://dx.doi.org/10.1093/neuros/nyaa437
http://dx.doi.org/10.1093/neuros/nyaa072
http://dx.doi.org/10.1186/s40798-018-0133-4
http://dx.doi.org/10.1186/s40798-018-0133-4
http://dx.doi.org/10.1016/j.jsams.2016.02.005
http://dx.doi.org/10.1055/s-0042-116072
http://dx.doi.org/10.1016/j.jsams.2016.02.014
http://dx.doi.org/10.1055/s-0035-1565203
http://dx.doi.org/10.1186/s40798-017-0117-9
http://dx.doi.org/10.1097/JSM.0000000000000154
http://dx.doi.org/12392259
http://dx.doi.org/10.1097/HTR.0000000000000328
http://dx.doi.org/10.1016/j.jpeds.2023.02.024
http://dx.doi.org/10.1007/s40279-015-0325-8
http://dx.doi.org/10.1227/NEU.0000000000000505
http://dx.doi.org/10.1080/13854046.2020.1740325
http://dx.doi.org/10.1097/WNO.0000000000000533
http://dx.doi.org/10.1097/WNO.0000000000000533
http://dx.doi.org/10.1037/neu0000628
http://dx.doi.org/10.1016/s0278-2626(03)00170-2
http://dx.doi.org/10.1136/bjsports-2020-103696
http://dx.doi.org/10.1097/HTR.0000000000000424
http://dx.doi.org/10.1097/JSM.0000000000000285
http://bjsm.bmj.com/

	Acute evaluation of sport-related concussion and implications for the Sport Concussion Assessment Tool (SCAT6) for adults, adolescents and children: a systematic review
	Abstract
	Introduction
	Methods
	Search strategy and eligibility criteria
	Study selection
	Data extraction, Risk of Bias and Strength of Recommendation Taxonomy

	Results
	Data synthesis by domain
	Symptoms
	Cognition
	Postural control
	Oculomotor/cervical/vestibular
	Neurological examination/screen
	Combination of tests/measures
	Emerging technologies
	Child/paediatric
	Implications for the SCAT tools

	Discussion
	Limitations

	Conclusion
	References


