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Abstract

Objective Current clinical guidelines provide a unitary approach to manage sport-related concussion (SRC), while hetero-
geneity in the presentation of symptoms suggests that subtypes of SRC may exist. We systematically reviewed the available
evidence on SRC subtypes and associated clinical outcomes.

Data Sources Ovid Medline, Embase, PsycINFO, and SPORTDiscus

Eligibility Criteria for Selecting Studies Electronic databases were searched for studies: (i) identifying SRC symptom clusters
using classification methodology; or (ii) associating symptom clusters to clinical outcome variables. A total of 6,146 unique
studies were identified, of which 75 full texts were independently assessed by two authors for eligibility. A total of 22 articles
were included for systematic review.

Data Extraction Two independent authors performed data extraction and risk of bias analysis using the Cochrane Collabora-
tion tool.

Data Synthesis Six studies found evidence for existence of SRC symptom clusters. Combining the available literature through
Multiple Correspondence Analysis (MCA) provided evidence for the existence of a migraine cluster, a cognitive—emotional
cluster, a sleep—emotional cluster, a neurological cluster, and an undefined feelings cluster. Nineteen studies found meaning-
ful associations between SRC symptom clusters and clinical outcomes. Clusters mapping to the migraine cluster were most
frequently reported in the literature and were most strongly related to aspects of clinical outcome.

Conclusions The available literature provides evidence for the existence of at least five subtypes in SRC symptomatology,
with clear relevance to clinical outcome. Systematically embedding the differentiation of SRC subtypes into prognosis,
clinical management, and intervention strategies may optimize the recovery from SRC.

Key Points

This systematic review and meta-cluster analysis
provides robust evidence for the existence of at least
five SRC subtypes, identified as a migraine cluster, a
cognitive—emotional cluster, a sleep—emotional cluster,
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1 Introduction

In the United States alone, an estimated 2.87 million individ-
uals seek care at the Emergency Department for traumatic
brain injury each year [1], among which ~90% are individu-
als presenting with mild traumatic brain injury (TBI, i.e.
concussion; 2). Concussion as sustained during sports par-
ticipation accounts for a considerable number of TBI cases,
up to 45% in children [3]. A sport-related concussion (SRC)
is potent to produce a constellation of acute and post-acute
symptoms, incapacitating athletes to return to sport practices
[4]. SRC is a heterogeneous injury in terms of etiology and
pathophysiology [5, 6] and consequently involves highly
variable presentations of symptoms [7]. While current clini-
cal guidelines provide a unitary approach to manage SRC,
the heterogeneity in the presentation of SRC symptoms sug-
gests that subtypes of SRC may exist. Subtypes of SRC may
be associated with differential clinical outcomes that may
require subtype-specific clinical management and treatment.

Diversity in etiology and pathophysiology is thought to
be one source of heterogeneity in symptom presentation.
SRC may be caused by a direct blow to the head, face,
neck, or elsewhere to the body, with linear and rotational
acceleration—deceleration forces acting on the brain [8].
Disturbances have been observed at several levels of brain
structure and function, among which cellular functioning
[9], white matter integrity [10], and functional connectiv-
ity [11]. These pathophysiological changes occur diffusely
in the brain, while variations in injury characteristics (e.g.
force, impact location and direction of skull accelera-
tion—deceleration and rotation) may contribute to marked
heterogeneity in SRC phenotypes [4, 5]. The heterogeneity
in SRC is also reflected in at least three aspects of clinical
outcome: (i) the type of SRC symptoms and functional
impairments, (ii) the evolvement of symptoms and impair-
ment over time, and (iii) the recovery trajectory duration.

Athletes that sustained a SRC may experience a wide
range of subjectively reported symptoms [4], such as phys-
ical symptoms (e.g. dizziness, headache), cognitive symp-
toms (e.g. difficulty concentrating and feeling mentally
foggy), sleep/wake-related symptoms (e.g. drowsiness,
insomnia), and affective symptoms (e.g. sadness, anxiety).
Likewise, a range of objectively measured impairments
have been identified after SRC, such as vestibular impair-
ments (e.g. gait unsteadiness), oculomotor impairments
(e.g. blurred vision), physical impairments (e.g. amnesia,
loss of consciousness), and cognitive impairments (e.g.
slowed information processing). The range of potential
symptoms and impairments after SRC give rise to a highly
individualized nature of SRC-related sequelae [4].

Over time, the presentation of SRC symptoms may
also vary during the course of recovery [4, 12]. Certain

consequences typically present as on-field impairments
immediately after the sustained injury (e.g. loss of con-
sciousness or post-traumatic amnesia), while other symp-
toms may not become apparent in the first several hours or
even days post-injury. Likewise, the duration of recovery
from SRC is also subject to distinct variability between
athletes [4]. On average athletes recover spontaneously
around 10-14 days after concussion [13] with 80-90%
experiencing full recovery within one month [13-15].
Nevertheless, around 10% of athletes with a SRC remain
symptomatic for more than 3 months [16] and are typically
diagnosed with persisting symptoms after concussion [17].
It has been shown that the presence of specific symptoms
and/or impairments is related to the length of the recovery
timeframe and the risk of persisting symptoms after con-
cussion [18-20]. Taken together, these findings indicate
that in addition to variability in the type and severity of
SRC consequences between athletes, there is also notable
inter-individual variability in the emergence, evolution,
and recovery of symptoms and impairments over time
[21].

The evidence on the heterogeneity of etiology and patho-
physiology in SRC, resulting in differential symptom pres-
entations and recovery trajectories, indicates that SRC may
involve distinct subtypes in which specific symptoms and
impairments cluster together. In line with this idea, Col-
lins and colleagues proposed a practice-based model on
the delineation of SRC subtypes based on the characteristic
symptoms observed at 1 week post-injury, differentiating
six subtypes characterized by cognitive/fatigue symptoms,
vestibular symptoms, ocular-motor symptoms, anxiety/
mood symptoms, post-traumatic migraine symptoms. and
cervical symptoms, respectively [22]. Although compelling,
the model by Collins and colleagues is practice-based and,
therefore, sensitive for bias in the conceptualization of sub-
types. Therefore, the model awaits testing in an overview
of empirical evidence focusing on data-driven clustering of
symptoms into SRC subtypes.

This systematic review aims to evaluate and integrate all
available evidence on the classification of SRC symptoms
into clusters. Considering that the presentation of particular
symptoms is related to prolonged recovery, it is likely that
potential subtypes of SRC also relate to differential recovery
trajectories. Therefore, we also aim to evaluate the literature
on the relation between symptom clusters and clinical out-
come. Thereby, this study will reveal the state of the litera-
ture with regard to the existence of SRC symptom subtypes
and their clinical relevance. The results of this study may
pave the way for the transition from a unitary approach to
SRC management towards individualized and targeted con-
cussion management and treatment, with the ultimate aim to
optimize the recovery of SRC and prevent the development
of persisting symptoms after concussion.
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2 Methods

This study was performed according to the guidelines set
forth by the Meta-analysis Of Observational Studies in
Epidemiology (MOOSE) group for reporting of systematic
reviews of observational studies [23].

2.1 Study Search and Selection
2.1.1 Eligibility Criteria

Studies were considered eligible for this systematic review
if they reported on athletes with SRC, and (i) identified SRC
symptom clusters using classification methodology, or (ii)
examined the association of SRC symptom clusters with
clinical outcome variables (e.g. recovery timeframe). Arti-
cles were excluded if they: (i) were not peer-reviewed or (ii)
represented abstracts of congress presentations.

2.1.2 Information Sources

The search strategy was designed in collaboration with the
Amsterdam University Medical Centers (Academic Medical
Center location) librarian and involved the following com-
binations of search terms and their equivalents: Concussion
AND Sport AND Symptom assessment (see Online Resource
1 for the specific search queries). The search was performed
in the electronic databases Ovid MEDLINE, Embase, Psy-
cINFO, and SPORTDiscus, using both simple search terms
and hierarchical family forms (e.g., Medical Subject Head-
ings) and covered all entries between 1946 and 19 December
2018. Furthermore, the reference lists of included articles
were hand-searched for additional articles satisfying the
inclusion criteria.

2.2 Study Selection

The retrieved records were deduplicated and subsequently
screened for eligibility by two reviewers (E.A. and S.L.)
based on title and abstract. Relevant records were then
independently assessed by the two reviewers based on full
texts. Differences in study selection between reviewers were
solved by consensus between authors E.A. and S.L.

2.3 Data Extraction

Included studies were systematically reviewed and the fol-
lowing information was extracted from the articles: (i) study
design, (ii) study samples, (iii) sample size of patients with
SRC and controls, (iv) time of symptom assessment, (V)
assessment tools, (vi) methods of analysis, (vii) identified

symptom clusters and associations between symptom clus-
ters, and (ix) clinical outcome variables as reported by the
authors. Studies identifying SRC symptom clusters using
classification methodology were divided in subsections
according to their methods of analysis: (1) explorative,
data-driven identification of clusters, (2) explorative and
confirmative, data-driven identification of clusters and sub-
sequently verification of these clusters, and (3) supportive,
collapsing symptoms into clusters as determined by prior
research or based on theory/hypothesis and subsequent veri-
fication of these clusters in current samples. To provide a
systematic aggregation of the available literature, a Multiple
Correspondence Analysis (MCA) for clustering of binary
data was then conducted on the reported results of SRC
symptom clustering using the ‘FactoMineR’ package in R
[24, 25]. More specifically, we inserted SRC symptoms as
cases in the MCA, while the identified clusters were used
as grouping variables. By this procedure, MCA identified
clusters of symptoms corresponding to the same grouping
variables across the literature. The number of clusters to
extract was determined in the eigenvalues histogram. Sub-
sequently, each extracted cluster was labeled according to
the set of symptoms that made the strongest contribution to
the cluster in terms of effect size (5%). The boundary of this
set of symptoms was set at the largest drop in 5> between
two subsequent variables in the scree plot (also see Online
Resource 2). Clusters from the literature that were found
to be associated with clinical outcomes were matched to
MCA-identified clusters, based on the highest match in over-
lapping symptoms between clusters (if the studied cluster
contained > 50% of symptoms in one of the MCA clusters).

If available, standardized effect sizes (Cohen’s d, Pear-
son r correlation) were calculated for the reported effects
and interpreted according to Cohen’s guidelines for small
(d=0.2-0.5, r+0.1), medium (d=0.5-0.8, r+0.3), and
large (d>0.80, r>0.5) effect sizes.

2.4 Risk of Bias Analysis

Two independent authors (E.A. and S.L.) assessed the qual-
ity of the included studies using the Cochrane Collabora-
tion Tool [26]. As suggested in the handbook, this tool was
adapted to enable risk of bias assessment in observational
studies. Risk of bias was assessed in terms of selection bias
(i.e. representative patient group and adequate case defini-
tion), detection bias (i.e. outcome assessor blinding), per-
formance bias (i.e. outcome patient blinding and outcome
objectivity), follow-up bias (i.e. follow-up measurements
and attrition), and other bias (analysis bias and controls
implemented to adjust for confounding).

Each study was scored on all five categories on the
level of risk distinguishing between: low risk, high risk,
unclear risk, or mixed risk of bias [26]. Overall risk of
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bias was determined for each study by its total count of
high risk and/or unclear risk of bias scores, and half of
the total count of mixed risk of bias instances across cat-
egories. Relative risk of bias (low relative risk vs. high
relative risk) was determined for each study by comparing
each study’s overall risk of bias score with the median
overall risk of bias score (below vs. above the median,
respectively).

3 Results

A Preferred Reporting Items for Systematic Reviews and
Meta-analysis (PRISMA) flow diagram of the study search
and selection is displayed in Fig. 1. After deduplication of
the 9,593 retrieved records, 6,146 studies remained for fur-
ther selection. After further assessment of 75 full texts, a
total of 22 studies were included for the current systematic
review. An overview of study characteristics is provided in

)
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g database searching through other sources
= Medline (n = 2,936) (n=3)
uL:’ Embase (n = 3,663)
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v Records excluded, with
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Fig. 1 Preferred reporting items for systematic reviews and meta-analyses’ flowchart for study search and selection
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Table 1 and a detailed description of risk of bias is displayed
in Online Resource 3.

3.1 Symptom Clusters

A total of six studies identified clusters of symptom pres-
entations in athletes with SRC by an explorative analysis
(k=2), an explorative and a confirmative analysis (k=1),
and a supportive analysis (k=3). All symptom clusters
identified by these studies were arbitrarily labeled by the
reporting authors based on the symptom loadings on each
cluster. An overview of these studies and their main findings
is provided in Online Resource 4.

3.1.1 Explorative Evidence

Kontos et al. 2012 investigated symptom clustering in a
large independent sample of concussed high school (n=944)
and collegiate (n=494) athletes within 1 week post-injury
[27]. The authors identified four symptom clusters, which
consisted of a cognitive—migraine—fatigue cluster, an affec-
tive cluster, a somatic cluster, and a sleep—arousal cluster.
High school athletes reported lower symptom scores on the
sleep—arousal cluster than collegiate athletes, suggesting
that an older age may be associated with a higher risk of
sleep—arousal symptoms after SRC. Likewise, female ath-
letes reported higher symptom scores on the affective symp-
tom cluster than male athletes, suggesting that female ath-
letes may be at higher risk of affective symptoms after SRC.
Moreover, the cognitive-migraine—fatigue cluster showed
high cross-loadings on all other clusters, suggesting that
this cluster may reflect a primary global cluster emerging
within the first week post-injury along with secondary and
more specific affective, somatic, and sleep—arousal symptom
clusters. This study had low relative risk of bias.

Heyer et al. 2017 investigated symptom clustering in a
pediatric population with SRC (n=510; 28). The authors
found seven distinct clusters, including a dizziness—fogginess
cluster, emotional cluster, cephalic cluster, drowsiness clus-
ter, somatic cluster, arousal-stimulation cluster, and vomit-
ing cluster emerging both at the day of concussion injury
and at the day of clinical evaluation (M =9.7 + 7.8 days post-
injury). This study had low relative risk of bias.

3.1.2 Explorative and Confirmative Evidence

Joyce et al. 2015 investigated symptom clusters using a
large sample of pediatric patients with SRC (n=420) at
an average of 21 days post-injury [29]. The authors identi-
fied and confirmed three symptom clusters, consisting of a

neurocognitive cluster, somatic cluster, and emotional clus-
ter. This study had low relative risk of bias.

3.1.3 Supportive Evidence

Churchill et al. 2017 investigated a somatic cluster, cogni-
tive cluster, sleep/fatigue cluster and an emotional cluster
in 35 university athletes with a concussion and 35 matched
controls at an average of 3.6+ 3.5 days post-injury [30].
The authors found that a somatic cluster and a cognitive
cluster were significantly increased at seven days post-
injury relative to baseline measurements as well as symp-
tom reports in a control group. This study had high relative
risk of bias.

A study by Lau et al. 2011 investigated a migraine
cluster, sleep cluster, cognitive cluster, and neuropsy-
chiatric cluster, as determined by a previously published
factor analysis [49], in male high school football athletes
(n=108) with SRC within 2-3 days post-injury [31]. The
authors confirmed the existence of a migraine cluster,
sleep cluster, cognitive cluster, and neuropsychiatric clus-
ter. This study had high relative risk of bias.

A study by Maruta et al. (2018) examined the preva-
lence of a cognitive—fatigue cluster, a vestibular cluster,
an oculomotor cluster, an anxiety/mood cluster, and a
migraine cluster, derived through clinical and anecdotal
evidence, in 89 athletes at baseline and within 2 weeks
of concussion injury [32]. They found that all clusters
were more frequently reported by concussed athletes
as compared to their baseline measurement. The cog-
nitive—fatigue symptom cluster was most prevalently
reported by concussed athletes. This study had high rela-
tive risk of bias.

3.1.4 Systematic Aggregation of the Clustering Literature

Taken together, the described findings provide convincing
evidence for the existence of clusters of SRC symptoms.
To provide a systematic aggregation of the clustering lit-
erature, we performed MCA to elucidate the most consist-
ent clustering of symptoms across studies. MCA revealed
meta-analytic evidence for the existence of five SRC
symptom clusters (Table 2). Based on the most influential
set of symptoms in each cluster, we identified a migraine
cluster (i.e. headache, sensitivity to light, sensitivity to
noise, nausea), a cognitive—emotional cluster (i.e. diffi-
culty remembering, difficulty concentrating, fogginess,
feeling more emotional, irritability, feeling slowed down,
sadness, nervousness), a sleep—emotional cluster (i.e.
trouble falling asleep, sleeping less, feeling more emo-
tional, irritability, sleeping more, sadness, nervousness), a
neurological cluster (blurred vision, vomiting, neck pain,
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Table 2 MCA-identified SRC symptom clusters

Clusters Symptoms Eta-squared
Migraine Headache 0.748
Sensitivity to light 0.748
Sensitivity to noise 0.748
Nausea 0.644
Cognitive—emotional Difficulty concentrating 0.578
Difficulty remembering 0.578
Fogginess 0.564
Feeling more emotional 0.521
Irritability 0.414
Feeling slowed down 0.379
Sadness 0.360
Nervousness 0.360
Sleep—emotional Trouble falling asleep 0.505
Sleeping less 0.402
Feeling more emotional 0.357
Irritability 0.305
Sleeping more 0.235
Sadness 0.234
Nervousness 0.234
Neurological Blurred vision 0.550
Vomiting 0.387
Neck pain 0.384
Pressure in head 0.361
Visual problems 0.251
Double vision 0.180
Undefined feelings "Don’t feel right" 0.575
Confusion 0.575

pressure in head, visual problems, double vision), and an
undefined feelings cluster (“don’t feel right”, confusion).

3.2 Symptom Clusters and Clinical Outcomes

A total of 19 studies investigated associations between SRC
symptom clusters and clinical outcome variables. These
clusters were matched to the clusters as identified by MCA
according to the overlap in symptoms that were captured in
each cluster (see Online Resource 5). We discuss the clinical
relevance of those clusters that mapped to an MCA cluster,
showing a minimum overlap of 50% of symptoms (if the
studied cluster contained >50% of symptoms in one of the
MCA clusters). An overview of the studies and their main
findings is provided in Table 3. If available, standardized
effect sizes were reported.

3.2.1 Migraine Cluster

A total of ten (24%) of reported clusters mapped most
closely to the migraine cluster. Clusters mapping to the

migraine cluster were found to be associated with prolonged
recovery/symptom duration (k=4), cognitive deficits (k=3),
neuroimaging parameters (k=2), balance deficits (k=1),
greater total symptom severity scores (k= 1), and provoked
vestibular—ocular-motor screening symptoms (k=1).

3.2.2 Cognitive—Emotional Cluster

A total of eight (19%) of reported clusters had the highest
match to the cognitive—emotional cluster. Clusters mapping
to the cognitive—emotional cluster were found to be associ-
ated with prolonged recovery/symptom duration (k=4), cog-
nitive and balance deficits (k= 1), neuroimaging parameters
(k=1), greater total symptom severity scores (k=1), and
heart rate recordings (k=1).

3.2.3 Sleep-Emotional Cluster

Among the reported clusters, nine (21%) mapped to the
sleep—emotional cluster. These clusters were found to be
associated with prolonged recovery/symptom duration
(k=13), lower sleep quantity (k=2), cognitive deficits (k=1),
balance deficits (k=1), greater total symptom severity scores
(k=1), and heart rate recordings (k=1).

3.2.4 Neurological Cluster

One cluster (2%) with the highest match to the neurological
cluster was found to be associated with provoked vestibu-
lar—ocular-motor screening symptoms (k= 1).

3.2.5 Undefined Feelings Cluster

None of the reported clusters in the literature had the highest
match to the undefined feelings cluster. Therefore, we found
no evidence for a relation between this cluster and clinical
outcome.

3.2.6 Summary

Clusters reported in the literature mapped most frequently to
the migraine cluster (24%), followed by the sleep—emotional
cluster (21%), the cognitive—emotional cluster (19%), and
the neurological cluster (2%), while none of the remaining
clusters in the literature had the highest match to the unde-
fined feelings cluster (0%).

The strength of the relation between symptom clusters
and clinical outcomes ranged between small and large, with
28% of the relations showing small effect sizes (relations
between the migraine, cognitive—emotional, sleep—emotional
cluster and clinical outcomes), 41% of the relations show-
ing moderate effect sizes (relations between the migraine,
cognitive—emotional, sleep—emotional cluster and clinical
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Table 3 (continued)

Effect size

Clinical outcome

Study

Cluster

NA

More symptoms during smooth pursuit, horizontal & vertical sac-

Cohen et al. 2018 [41]

Neurological

cades, vertical saccades, horizontal and vertical VOR, VMS, and

NPC

BNA, brain network activation; CBF, cerebral blood flow; d, Cohen’s d; ERP, event-related potential; GSC, graded symptom checklist; HF, high frequency; Hfnu, High-frequency normalized
units; HR, log hazard ratio; NA, not available; NPC, near point of convergence; r, Pearson correlations; pNN50, number of pairs of successive RRs that differ by more than 50 ms, divided by

total number of RRs. VMS, visual motion sensitivity; VOR, vestibular—ocular reflex

outcomes) and 28% of the relations showing large effect
sizes (relations between the migraine cluster and clini-
cal outcomes). These findings suggest that the migraine
cluster is most strongly associated with clinical outcome,
while no evidence was found for associations between the
undefined feelings cluster and clinical outcome. Relations
between symptom clusters and clinical outcomes were also
consistently observed by studies with low relative risk of
bias, indicating that study quality did not account for the
observed associations between clusters and clinical outcome
measures. Together, these findings suggest that SRC symp-
tom clusters are associated with clinical outcomes, while it
remains unclear if and which specific SRC symptom clus-
ters are associated with impairments in particular functional
domains.

4 Discussion

This systematic review is the first to (i) systematically evalu-
ate and integrate all available evidence on the classification
of SRC symptoms into clusters, (ii) aggregate the available
evidence using a meta-analytic approach, and (iii) assess the
relation between SRC symptom clusters and clinical out-
come. Findings derived from 22 studies representing 5592
athletes with SRC provide strong and consistent evidence
for the existence of SRC symptom clusters and relevance
of these clusters for clinical outcome. The study findings
contribute to our understanding of the distinct heterogene-
ity of SRC and strongly support a transition from a unitary
approach to SRC clinical management towards individual-
ized and targeted SRC prognosis, clinical management, and
intervention strategies.

Studies that performed data-driven exploration of symp-
tom clusters provided strong and consistent evidence for
clustering of SRC symptoms. The clustering of symptoms
was subject to variability between studies, both in the num-
ber of clusters (ranging between 2 and 7 cluster solutions)
and the symptoms encompassed in the clusters (i.e. the spe-
cific symptom clustering together). These variable results
may be explained by differences in the methodology of stud-
ies (e.g. instrument used for symptom assessment, study
sample characteristics, time post-injury). In an attempt to
integrate the available evidence and provide an overarch-
ing interpretation of symptom clustering across studies, we
used MCA to quantitatively investigate the correspondence
between the clusters reported in the literature. The results
revealed meta-analytic evidence for the most consistently
reported clusters, which were identified as a migraine clus-
ter, a cognitive—emotional cluster, a sleep—emotional clus-
ter, a neurological cluster, and an undefined feelings cluster.
These findings provide convincing evidence for the existence
of (at least) five subtypes in SRC symptomatology.
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The observed evidence for the existence of SRC subtypes
is in line with the existing literature, such as the practice-
based model for delineation of SRC symptoms as proposed
by Collins and colleagues [22] that was recently revised in
an expert consensus-driven description of concussion sub-
types [50]. The current study used data-driven classification
to empirically confirm the segregation of SRC symptoms
into symptom clusters. With regard to specific subtypes, this
study directly confirms the existence of distinct symptom
clusters relating to migraine, cognitive, and emotional symp-
toms [50]. However, in contrast to consensus-driven defini-
tions, we found cognitive symptoms to cluster with emo-
tional symptoms (i.e. cognitive—emotional symptom cluster),
sleep symptoms to cluster with emotional symptoms (i.e.
sleep—emotional symptom cluster), and ocular symptoms
to cluster with vestibular and cervical symptoms (i.e. neu-
rological symptom cluster). The current study extends the
consensus-driven description of subtypes by providing a
meta-analytic aggregation of all available evidence on the
classification of SRC symptoms into clusters, resulting in an
empirical taxonomy of symptom clusters, and by assessing
the relation between these symptom clusters and clinical
outcomes.

Studies included in the current review also support the
idea that there are meaningful relationships between SRC
symptom clusters and clinical outcomes. More specifically,
our findings showed that clusters reported in the literature
mapped most frequently to the migraine cluster. Moreover,
the effect sizes for the reported associations between the
migraine cluster and clinical outcomes were larger com-
pared to the other clusters. Findings also showed that the
sleep—emotional cluster, the cognitive—emotional cluster,
and the neurological cluster were related to clinical out-
come, while no evidence was found for associations between
the undefined feelings cluster and clinical outcome. These
observed associations between SRC symptom clusters and
meaningful clinical outcomes further support the idea that
subtypes require targeted clinical management and treatment
to improve athlete outcomes.

4.1 Limitations of Available Evidence

The current systematic review has some weaknesses, first
determined by the limitations of included studies. Most
of these studies had limitations that may have influenced
the validity of their findings. For example, only 13.6% of
included studies performed explorative data-driven classi-
fication of SRC symptom clustering, without prior-formu-
lating these symptom clusters based on hypothesis or other
research, and as such, analysis bias may have confounded
the identified clusters. Nevertheless this study still aimed to
provide a systematic aggregation of SRC clustering, by per-
forming MCA to elucidate the most consistent clustering of

symptoms across studies. Moreover, all studies included in
this systematic review investigated SRC symptom clustering
within the typical phase of recovery (within 1 month post-
injury). Consequently, little is known about the classification
of SRC symptoms into clusters beyond this recovery phase,
which is especially relevant for more complex forms of SRC
and the development of persistent symptoms after concus-
sion. Finally, only five of the included studies adjusted for
covariates, such as age, sex, and post-injury time, in their
analysis, which may also be important confounders and,
therefore, may have contributed to bias of the results.

4.2 Implications and Recommendations for Future
Research

SRC subtyping may facilitate the symptom-targeted treat-
ment approach through identification of the relevant com-
bination of available treatments (e.g. headache treatment,
vestibular treatment, psychological treatment, physical ther-
apy, targeted life style interventions) and the development
of novel treatments (e.g. pharmacotherapy, active exercise-
based interventions; 4,51,52). It remains unclear, however,
how SRC subtypes differentially relate to specific functional
impairments. Future studies may importantly contribute by
mapping symptom clusters to objective deficits in functional
outcome domains measures. This requires the use of a broad
battery of functional assessments across domains. Based on
our findings, the state of the literature warrants systematic
assessment of at least headache characteristics, neurocogni-
tive functioning, emotional functioning, neurological func-
tioning, and sleep. In addition, future studies should further
investigate the relation between SRC symptom clustering
and variables that might be predictive of the emergence of
SRC clusters, such as demographic and injury-related vari-
ables [27, 28]. Although it remains unknown to what extent
subtypes of concussion are specific to SRC, the current evi-
dence for the clinical relevance of SRC subtyping may also
be highly relevant for future research in the broader context
of (mild) traumatic brain injury. Since symptoms clusters
may overlap and/or co-occur, it could also be valuable to
investigate the potential existence of patient subtypes that
exhibit a comparable configuration of symptom subtypes.
Furthermore, more research is needed with regard to the
evolution of SRC (subtypes of) symptoms over time, espe-
cially beyond the typical course of recovery (> 1 month;
13,14). An innovative approach to investigate the dynamic
inter-relationships among persistent SRC symptoms is a net-
work analysis that was recently proposed by Iverson [53].
This network perspective for persistent symptoms posits
that a SRC can be viewed as a set of interacting symptoms
in which symptoms co-occur, because they are strongly
inter-related, activating, and amplifying. Adopting network
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analysis in future SRC research may improve our under-
standing of the temporal dynamics of SRC symptoms.

5 Conclusions

Systematic and meta-analytic evaluation of the literature
provides robust evidence for the existence of SRC symptom
subtypes. Meta-analysis of the available literature provides
evidence for the existence of at least five SRC clusters, iden-
tified as a migraine cluster, a cognitive—emotional cluster,
a sleep—emotional cluster, a neurological cluster, and an
undefined feelings cluster. Clusters mapping to the migraine
cluster were most frequently reported in the literature and
were most strongly related to aspects of clinical outcome,
while there was also evidence for the clinical relevance of
the cognitive—emotional, sleep—emotional, and neurological
clusters. Taken together, the state of the literature clearly
highlights the clinical relevance of SRC symptom subtyping.
The results of this study may pave the way for the transi-
tion from a unitary approach to SRC management towards
individualized and targeted concussion management and
treatment, with the ultimate aim to optimize the recovery of
SRC and prevent the development of persistent symptoms
after concussion.
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