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Introduction: Blood biomarkers have been identified as an alternative tool for
predicting secondary outcomes following concussion. This systematic review
aimed to summarize the literature on blood biomarkers of secondary outcomes
following concussion in both pediatric and adult cohorts.

Methods: A literature search of Embase, Medline and PubMed was conducted.
Two reviewers independently assessed retrieved studies to determine inclusion in
systematic review synthesis.

Results: A total of 1771 unique studies were retrieved, 58 of which were included
in the final synthesis. S100B, GFAP and tau were identified as being associated with
secondary outcomes following concussion. Seventeen percent of studies were
performed in a solely pediatric setting.

Conclusions: Validation of biomarkers associated with secondary outcomes
following concussion have been largely limited by heterogeneous study cohorts
and definitions of concussion and mTBI, presenting a hurdle for translation of these
markers into clinical practice. Additionally, there was an underrepresentation of
studies which investigated pediatric cohorts. Adult markers are not appropriate
for children, therefore pediatric specific markers of secondary outcomes following
concussion present the biggest gap in this field.

KEYWORDS

concussion, mild traumatic brain injury, biomarkers, secondary outcomes, systematic
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1. Introduction

Each year, ~45 million people globally will experience a concussion or mild traumatic
brain injury (mTBI), which accounts for ~90% of all traumatic brain injuries (1). Whilst
concussion was originally seen as a largely insignificant injury, it is now associated with
long-term emotional, cognitive and physical disability (2-7).

The phenotype of a concussion can be characterized by the secondary outcomes
experienced as a result of the injury, and include those that occur at an acute timepoint,
as well as those experienced weeks, months or years post-injury. In this review, outcomes
are defined as variables that are monitored during a study to document the impact that an
exposure has on the health of a given population. The primary outcome in this study is
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defined as the diagnosis of concussion, with secondary outcomes
being additional outcomes monitored to help interpret the
results of the primary outcome (8). The specific secondary
outcomes include the number, type and severity of symptoms,
abnormalities observed using neuroimaging, delayed recovery
post-concussion and post-concussion syndrome (PCS). Blood
marker concentration and abundance can be a useful tool to
measure such outcomes. Given that the secondary outcomes of a
concussion define the injury itself, the ability to assess, predict and
treat secondary outcomes experienced post-concussion is of high
clinical importance.

There have been significant efforts to develop a tool that
can be used for the prognosis of secondary outcomes post-
concussion. Blood biomarkers have been identified as an alternative
or complementary prognostic tool for secondary outcomes from
concussion, in addition to the current protocol of clinical
assessment and imaging. In 2007, SI00B was introduced into the
Scandinavian management guidelines for mTBI with the aim to
reduce CT scans and save costs (9). More recently, the US Food
and Drug Administration approved the use of glial fibrillary acidic
protein (GFAP) and ubiquitin carboxyterminal hydroxylase L1
(UCH-L1) as serum biomarkers to aid in the detection of abnormal
CT scans in adults with a concussion (10).

This systematic review aims:

1. To summarize the state of knowledge focusing on blood
biomarkers of secondary outcomes following concussion, and

2. To analyze their potential as clinical tools for personalized
treatment, with the aim of optimizing clinical care and
reducing the long-term burden of concussion.

2. Methods
2.1. Study design

This systematic review was conducted based on the Preferred
Reporting Items for Systematic Review and Meta-Analyses
(PRISMA) guidelines (Supplementary Table 1) (11).

2.2. Search strategy and selection criteria

Medline, Embase and PubMed were used to identify studies
based on the following criteria:

(I)  Adult and pediatric populations who have sustained a
concussion, mTBI, mild head injury or minor head injury.

(II) Biomarkers in blood, serum or plasma that predict or are
associated with secondary outcomes following concussion.

(III) English language.

(IV) Human study.

(V) Published between 2011 and 2021.

The specific search terms used for each database search are
outlined in the Supplementary material.

The titles and abstracts of studies identified using these search
terms were screened by two authors (ES and TC) to assess eligibility.
Studies were excluded if they met the following criteria:
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(I) mTBI results not presented separately from moderate or
severe TBI.

(II)  Study involves non-accidental head trauma *.

(IIT) Case reports, conference abstracts, comment, editorial,
practice guideline, letter, meta-analyses, reviews.

(IV) Markers indicate a feature of blood (blood pressure or
oxygen saturation) instead of marker concentration.

head that are
purposefully inflicted, including those due to assault, abuse

*Non-accidental head trauma: injuries
and domestic violence.

Full texts of the remaining studies were then screened by one
author (ES) to confirm that they met the inclusion and exclusion
criteria. Studies that passed full text review were imported into
Covidence for data extraction and quality analysis.

2.3. Data extraction and quality analysis

Data extraction and quality analysis was conducted by one
author (ES) in Covidence. The following data was extracted
from included studies: title, author, year of publication, study
design, sample size, age of participants, definition of concussion
used, sample type, biomarkers measured, analysis method used,
secondary outcomes measured, post-injury timepoint, statistical
analysis methods used, key results. The Newcastle Ottawa Scale
(NOS) was used to judge included studies based on sample
selection, group comparativeness, and ascertainment of exposure
(12). Studies received a score out of nine possible “stars” with more
stars indicating a more robust study design.

3. Results

The literature search yielded 1,771 articles. Of these, 58 met the
inclusion criteria (Figure 1).

NOS was used to perform quality assessment for all included
studies. Separate NOS criteria was used for case-control and
cross-sectional studies. The average score was 5.4 and 6.0 out
of 9 for case-control and cross-sectional studies respectively
(Supplementary Table 2).

3.1. Study characteristics

The details including patient demographics, study design,
sample size, clinical outcomes and results of the 58 included
studies are presented in Supplementary Table 2, with a list of
clinical outcomes presented in Supplementary Table 3. Thirty
studies (52%) were case-control studies, while 28 studies (48%) had
a cross-sectional study design. The median participant number of
all included studies was 103, ranging from 13 to 1,494, including
controls. Thirty-eight studies (66%) included adult participants
only, 10 studies (17%) included pediatrics participants only, and
the remaining 10 studies (17%) included both adult and pediatric
participants. Eighteen studies investigated biomarkers in plasma,
38 in serum and 2 in both sample types.

Of the 58 included studies, 18 studies (31%) did not include a
definition of concussion or mTBI. Thirty (52%) studies included a
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FIGURE 1
Summary of study selection process following PRISMA guidelines.

previously developed definitions of concussion, most commonly,
definitions from the Consensus Statements on Concussion in Sport
(n = 8) and the American Congress of Rehabilitation Medicine
(n = 4) (13-17). A summary of all included study definitions is
presented in Supplementary Table 4.

3.2. Blood biomarkers

A total of 55 blood biomarkers were investigated across the 58
studies, with a focus on their ability to predict secondary outcomes
following concussion. The biomarkers that were studied most
frequently were S100B (n = 18), tau (n = 14), GFAP (n = 12),
NFL (n = 8) and UCH-LI (n = 5). A summary of all biomarkers
investigated across included studies, and the number of times that
each biomarker was investigated is presented in Table 1.

The different types of analysis methods used, and the number
of times they were used is presented in Table 2. Fourteen different
analysis methods were used across the 58 studies included in
this review. Most pertinently, 41 studies utilized some type
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of immunoassay, including electrochemiluminescence assay,
radioimmunoassay and multiplex immunoassay. Importantly,
16 of the 41
Quanterix’s Single Molecule Array, a rapidly emerging digital

studies which utilized immunoassays used

immunoassay platform for measurement of fluid biomarkers in
serum or plasma.

3.3. Sample collection timepoints

There was no consistent definition for the acute timepoint
of blood sample collection across included studies. The acute
collection timepoint ranged from <3h post-injury to <14 days
post-injury. The most common acute collection timepoint was
<24 h post-injury (n = 10), closely followed by <6 h post-injury (n
=9). Studies which utilized the 24-h timepoint investigated a wide
range of markers, whereas those which utilized the 6-h timepoint
predominantly investigated S100B (n = 6) and GFAP (n = 2).

When investigating intra-timepoint marker change, 36 studies
did not discuss the half-life of blood markers being investigated at
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TABLE 1 Blood biomarkers and the number of studies in which they were
investigated.

TABLE 1 (Continued)

10.3389/fneur.2023.989974

Protein name Acronym Number of
studies
included

2}3’-cyclic-nucleotide CNPase 1
3’-phospodiesterase

3-hydroxykynurenine 3HK 2
Adrenocorticotropic hormone ACTH 1
Alpha-synuclein - 1
apoA-1 apoA-I 1
Beta amyloid peptide 40 AB40 1
Beta-amyloid peptide 42 AB42 3
Brain derived neurotrophic factor BDNF 1
C-reactive protein CRP 2
Calcitonin gene related peptide CGRP 1
Cleaved tau protein CTP 1
Cortisol - 2
Dehydroepiandrosterone sulfate DHEA-S 1
Excitatory amino acid transporter 1 EAAT1 1
Exosome enriched marker CD81 1
Free thyroxine 4 FT-4 1
Glial fibrillary acidic protein GFAP 12
Heart Fatty Acid Binding Protein H-FABP 1
Interferon gamma IFN-gamma 2
Interleukin 1 beta IL-1beta 3
Interleukin 1 receptor antagonist IL-1RA 1
Interleukin 10 IL-10 4
Interleukin 12 IL-12 1
Interleukin 4 IL-4 1
Interleukin-6 IL-6 4
Interleukin-8 IL-8 3
Kynurenine KYN 2
Kynurenine metabolite A KynA 2
Microglia-macrophage-specific protein CD11b 1
Microtubule associated protein 2 MAP2 1
Monocyte chemoattractant protein 1 MCP-1 2
Monocyte chemoattractant protein 4 MCP-4 1
Motif chemokine ligand 2 CCL2 1
Neurofilament-light NFL 8
Neuron specific enolase NSE 3
Neuron-derived exosomes NDEs 1
Oligodendrocyte myelin glycoprotein OMG 1
Peroxiredoxin 6 PRDX-6 1
Progesterone - 1

(Continued)

Frontiersin Neurology

Protein name Acronym Number of
studies
included
Prolactin - 1
Quinolinic acid QuinA 2
S100B S100B 18
Soluble neural cell adhesion molecule sNCAM 1
Soluble vascular cell adhesion molecule sVCAM-1 1
Synaptophysin SYP 1
Synaptosome-associated protein 25 SNAP25 1
Tau - 14
Tau-A - 1
Tau-C - 1
Thyroid stimulating hormone TSH 1
Tryptophan TRP 2
Tumor necrosis factor alpha TNF-alpha 2
Ubiquitin-carboxyterminal-hydrolasing UCH-L1 5
enzyme
Visinin-like protein-1 VILIP-1 1
Von Willebrand Factor vWF 1

any given timepoint. Ten studies cited no statistically significant
change in blood marker concentration within the acute collection
window, whereas 12 studies cited a statistically significant change
in blood marker concentration. There was no correlation seen
between the length of the acute collection window and the
determination of a statistically significant change in blood
biomarker concentration at that timepoint.

3.4. Secondary outcomes following
concussion

Twenty-seven clinical outcomes were described across the 58
studies, the most common being abnormal CT (n = 11), recovery
duration (n = 8), persistent post-concussion symptoms (PCCS) (n
= 6) and PCS (n = 4). Notably, an additional 4 studies described
return to sport (RTP), or return to work or school (RTWS) as a
secondary outcome following concussion.

A summary of all secondary outcomes described in included
studies is outlined in Figure 2. This review focuses on five key
secondary outcomes as outlined below.

3.5. Abnormal CT

S100B was the most common biomarker studied in the setting
of abnormal CT following concussion or mTBI. Five studies
observed that S100B was able to predict intracranial pathology
(p < 0.05), with only one of the five studies investigating
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TABLE 2 Analysis methods and the number of studies in which they were
used.

Analysis method name Acronym Number of
studies
included*

Electrochemiluminescence assay - 14
Enzyme immunoassay - 3
Enzyme linked immunosorbent assay ELISA 11
High-performance liquid HPLC 2
chromatography

Immunoassay (unspecified) - 4
Immunofluorescence assay - 1
Immunonephelometric assay - 1
Micro-RNA polymerase Chain reaction Micro-RNA PCR 2
Microparticle based immunoassay - 1
Multiplex immunoassay - 6
Radioimmunoassay - 1
Single molecular array Simoa® 14

*Some studies utilized more than one analysis method.

pediatric patients (18-22). Conversely, 3 studies found S100B to
be ineffective in predicting intracranial pathology, with two of the
three studies investigating pediatric patients (23-25).

Two studies investigated the ability of the protein GFAP to
detect intracranial pathology. Huebschmann et al. found GFAP
to be a significant predictor of intracranial pathology in adults,
whereas Forouzan et al. found it to be insignificant in predicting
intracranial pathology in children and adults combined (26, 27).
Diaz-Arrastia found GFAP to be unable to predict intracranial
pathology, however found UCH-LI to do so in an adult cohort (28).
This was the only paper to investigate the ability of GFAP to predict
intracranial pathology in plasma.

In a separate study, Forouzan et al. concluded that serum
cleaved-tau protein (CTP) was able to predict intracranial
pathology in pediatric and adult cohorts, whilst Stukas et al. saw no
association between CT findings and serum total tau in pediatric
patients (29, 30).

3.6. Symptom burden

Nine studies investigated blood biomarkers of symptom burden
at an acute point of care.

In 2018, Asken et al. investigated the association between
symptom severity in adults directly post-concussion and the
UCH-L1,
2,3’ -cyclic-nucleotide  3’-

concentration of serum GFAP, tau, microtubule
(MAP2),

phospodiesterase (CNPase), S100B and amyloid beta peptide

associated  protein 2

42 (AB42) and found no association between blood biomarker
concentration and symptom severity (31). In 2020, McCrea
et al. found no association between serum UCH-L1, tau and
symptom severity directly post-injury in adult collegiate athletes,
however found that athletes who experience loss of consciousness
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or post-traumatic amnesia have significantly higher levels of
GFAP (32).

Ritchie et al. investigated the role of serum cortisol in
pediatric sport-related concussion, and found low cortisol levels
to be associated with symptom severity directly post-injury
(33). Similarly, Begum et al. investigated 92 inflammatory
markers in serum in children and adults directly post-concussion
and found fibroblast growth-factor 21 (FGF21) and monocyte
chemoattractant protein 1 (MCP-1) to be related with an increase in
the number and severity of symptoms (34). Di Battista et al. found
a between-sex difference in the relationship between symptom
burden and systemic inflammation in athletes, where plasma
interferon-gamma (IFN-gamma) was positively correlated with
symptom severity in male athletes, but negatively correlated with
symptom severity in female athletes (35). This study also observed
a relationship between myeloperoxidase (MPO), tumor necrosis
factor alpha (TNF-alpha) and monocyte chemoattractant protein
4 (MCP-4) and symptom severity in female athletes.

3.7. Recovery duration

Ten (17%) studies investigated the relationship between

blood biomarkers and recovery duration. The definition
of recovery duration varied between studies. Seven studies
measured the number of days each participant took to
(36-42). The

investigated whether

completely recovery from their concussion
three
were symptom free at 30 days, 6 months and 12 months

remaining studies participants
respectively (43-45).

Six studies investigated the ability of tau to predict recovery
duration in both adult and pediatric cohorts. Asken et al., Anzalone
et al., Hossain et al. and Kawata et al. all found an insignificant
or negligible relationship between tau concentration and recovery
duration (36, 37, 43, 44). Shahim et al. combined tau and S100B
concentration in ice-hockey players 1 h post-concussion and found
a significant correlation with the number of days for symptom
resolution (38). Studies utilized both serum and plasma, however
difference in samples types did not account for the inconsistency in
tau concentration predicting recovery duration. Namely, Anzalone
et al, Hossain et al, and Kawata et al. all investigated tau
concentration in plasma, whereas Asken et al. and Shahim et al.
investigated tau concentration in serum.

Three studies investigated the relationship between NFL and
recovery duration in adult and pediatric cohorts and concluded
that there was no significant relationship in either plasma or serum
samples (36, 37, 43).

An additional 27 markers were investigated across all studies
that identified recovery duration as a secondary outcome. Di
Battista also investigated the evidence of a distinct peripheral
inflammatory profile in sport-related concussion by studying the
association between 20 plasma inflammatory biomarkers and
days to recovery (39). Dehydroepiandrosterone sulfate (DHEA-
S), progesterone, prolactin, MCP-1, MCP-4, interleukin-6 (IL-6)
were found to be associated with recovery duration, however there
was no association between recovery duration and the remaining
21 markers.
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FIGURE 2
Summary of secondary outcomes following concussion identified in included studies. BSI- GSI, brief symptom inventory - Global Severity Index; CBF,
cerebral blood flow; CPTH, chronic post-traumatic headache; CT, computer tomography; GConn, global connectivity; GCS, Glasgow Coma Scale;
GOSE, Glasgow Outcome Scale Extended; LOC, loss of consciousness; PCS, post-concussion syndrome; PCSI, post-concussion symptoms
inventory; PPCS, persistent post-concussion symptoms; PTA, post-traumatic amnesia; PTH, post-traumatic headache; RTP, return to play; RTWS,
return to work and school; SCATS5, sports concussion assessment tool 5.

3.8. PPCS/PCS

Ten studies investigated blood biomarkers of PPCS
and PCS. The of PPCS and PCS differed
between studies. Three studies defined PCS as experiencing

definitions

symptoms at 3 months post-injury, whereas another study
defined PCS as symptoms 1
46-48). PPCS was measured continuously in 2

experiencing month post-
injury (23,
studies, where blood sample collection and cognitive testing
was conducted at multiple timepoints (49, 50). In 4 other
PPCS was defined as
symptoms at 48h, 6 days, 2 weeks, and 4 months post injury
(49, 51-53).

Four studies investigated S100B as a blood biomarker of
PPCS or PCS. Of those four studies, three were conducted in
pediatric cohorts, two of which concluded that S100B was not

studies, continuing to experience

associated with PCS or PPCS in plasma and serum, with the
remaining study concluding that patients with PCS 3 months post
injury had significantly higher levels of serum S100B (23, 48,
49).

Additional biomarkers that were investigated for their
ability to predict PPCS or PCS were alpha-synuclein, CRP,
GFAP, acids (micro-RNAs),

interleukins, micro-ribonucleic

Frontiersin Neurology

NFL, tau-A, tau-C and UCH-L1. Su et al. concluded that
baseline plasma CRP levels were associated with persistent
PCS in adults (46). Additionally, Shahim et al. found that
serum tau-A was correlated with the duration of post-
concussion symptoms (51). In a pediatric cohort, Parkin
et al. found that there was a significant increase in plasma
TNF-alpha protein expression at 1-4 days post-injury in children
with persisting symptoms compared to those with normal
recovery (49).

3.9. Return to play, work and school

Three studies investigated blood biomarkers of return to play
(RTP) in adult athletes. All of these studies investigated tau as a
biomarker for RTP, and produced conflicting results (54-56). Gill
et al. and Pattinson et al. concluded that a higher concentration of
plasma total tau (t-tau) was associated with longer RTP. In contrast,
Mondello et al. found that there was no correlation between plasma
t-tau and RTP.

One study investigated the relationship between serum S100B
and return to work or school (RTWS), and found no significant
association between these factors (57).
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3.10. Statistical analysis to determine
biomarker efficacy

To determine efficacy of biomarkers in predicting secondary
outcomes, a number of statistical tests were used across the 58
studies, including parametric and non-parametric hypothesis tests,
regressions, and receiver operating characteristic curves. Most
commonly, receiver operating characteristic curves were used
to determine the value of biomarkers in predicting secondary
outcomes (n=23), whereas Spearman rank correlation coeflicients
were used to determine relationships between biomarkers and
secondary outcomes (n = 10). Regression models were also
commonly utilized, including uni- and multi-variate linear
regression models (n = 4) and uni- and multi-variate logistic
regression models (n = 4).

3.11. Assessment of risk and bias

This systematic review was conducted based on the PRISMA
guidelines and assessed included studies based on the NOS scale.
Titles and abstracts were screened by two authors to assess
eligibility, and conflicts were resolved by a third author. Authors
did not discuss their screening during the process, and exclusively
used the inclusion and exclusion criteria as a guide to perform
screening. Any discrepancies between authors who screened
studies were resolved by a third author. Data extraction of included
studies was conducted using Covidence, a software which allows for
effective management and streamlining of systematic reviews.

4. Discussion

This review identified 55 biomarkers whose association with
secondary outcomes following concussion has been investigated.
Twenty-five biomarkers were shown to be associated with
secondary outcomes following concussion, 18 of which were only
shown to be successful in only one study. Of the remaining 7
biomarkers, S100B, tau and GFAP were shown to be associated with
the same secondary outcome more than once.

By definition, a higher total number of studies utilizing serum
(n = 38) compared to plasma (n = 18) resulted in a higher
absolute number of studies yielding statistically significant results,
as determined by the various statistical tests utilized across studies,
and outlined in section 3.10. However, the difference in sample
types cannot explain the fact that studies investigating the same
biomarker’s efficacy in predicting the same secondary outcomes
yielded inconsistent results.

Most studies failed to describe the correlation between blood
marker concentration and the post-injury collection time (n =
36). Of the studies that did investigate blood marker concentration
within the post-injury collection window (n = 22), 12 (55%) studies
found a statistically significant change in blood markers within
their chosen post-injury collection timepoint. A lack of insight into
the half-life of blood markers may be leading studies to select an
inappropriate blood marker collection window.
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4.1. Abnormal CT

Blood biomarkers to predict intracranial pathology on CT scans
have been heavily investigated in this area of research, as they are
seen as a cheap, non-invasive alternative to CT scans.

As outlined previously, S100B, GFAP and UCH-L1 have all
been approved for prediction of intracranial pathology on CT scans
in adult cohorts (10, 23-28). The studies investigated in this review
provided contradictory evidence for their effectiveness in doing
so, and particularly highlighted the ineffectiveness of S100B to
predict intracranial pathology in pediatric cohorts (23, 24). The use
of blood biomarkers to predict intracranial pathology in place of
CT scans would be particularly useful in pediatric cohorts as the
process to obtain a CT scan is often logistically difficult in that
children often have to be anesthetized (58). As such, this review
has highlighted the continued clinical need for blood biomarkers
of secondary outcomes following concussion.

4.2. Symptom burden

Blood biomarkers of symptom severity were identified as
being of high importance to improve understanding of the
underlying pathogenesis of concussion (33). With such an
understanding, neurometabolic pathways could be targeted to
accelerate therapeutic advancement to treat concussion (34).

Despite the pathophysiology of concussion being largely
unknown, 6 of the 9 studies (67%) that investigated symptom
burden in this review studied biomarkers related to inflammation
or hormonal disruption such as interleukins, MCPs and cortisol
(33-35, 59-61). Additionally, many of these studies investigated
similar inflammatory biomarkers and produced different
outcomes. These findings indicate that the mechanism of
concussion may be heterogeneous, with the cause of such
heterogeneity not yet being attributed to particular demographic
factors or injury mechanisms. As such, selecting markers that have
potential pathophysiological implications may not be a robust way
of detecting symptom burden following concussion.

4.3. Recovery duration, PPCS and PCS

Current clinical assessment tools used to diagnose concussion
at an acute point of care are not effective in predicting delayed
recovery from concussion, and as such clinicians are currently
unable to provide targeted treatment based on a patient’s predicted
recovery time (62). Increasing interest has been given toward blood
biomarkers of recovery duration as they would provide clinicians
with a method to identify at-risk patients early, and provide
personalized treatment.

Studies included heterogeneous definitions of PPCS and PCS
when they identified as secondary outcomes following concussion
presented heterogeneous study definitions of concussion, PPCS
and PCS. Most notably, clinical parameters used to define
PPCS or PCS were heterogeneous across studies. The Rivermead
Post-Concussion Symptom Questionnaire was used to predict
PPCS and PCS at various timepoints in 4 studies, whereas the
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remaining studies used different iterations of neuropsychological
and cognitive performance assessments, including the Beck
depression and anxiety inventory, diagnostic and statistical manual
of mental disorders and the Montreal cognitive assessment (46, 51,
53).

Additionally, studies presented various reasons for why specific
time periods post-concussion were used to measure recovery
duration. Shahim et al. posited that the continuous monitoring
of biomarkers over months and years post-injury is effective in
assessing the risk of a patient developing traumatic axonal injury,
which is a potential cause of long term disability (50). Conversely,
Parkin et al. aimed to predict delayed recovery from concussion at
1-4 days, 1 week and 2 weeks post-concussion in order to facilitate
personalized treatment as early as possible (49).

4.4. Return to play, work and school

A blood biomarker of return to school, work or sport was
identified as being clinically useful to ensure that patient do not
return to normal activity prior to full neuronal recovery (56). In
particular, athletes who return to sport prematurely are at risk of
long-term symptoms and deficits if they sustain a concussion, and
are at higher risk of developing chronic traumatic encephalopathy
(CTE) (63).

Of the four studies that investigated blood biomarkers of RTP
& RTWS, there was a significant association seen between tau and
days to return to sport in two studies (55, 56). This association can
be attributed to not only the brain injury itself, but also to physical
exertion, which increases neuronal activity, blood brain barrier
permeability, neurogenesis and neuronal plasticity (64). Further
study should be undertaken to better understand the influence of
physical exertion on concentrations of tau in a concussion setting to
indicate the robustness of tau in predicting time to RTP in athletes.

4.5. Adult vs. pediatric cohorts

Studies that investigated blood biomarkers of secondary
outcomes of concussion in pediatric cohorts are underrepresented
in this review. Additionally, unlike in adults, there is currently
no blood biomarkers which are approved in a clinical setting to
predict or assess any secondary outcome in children following
their concussion (9, 10). Ten studies investigated solely pediatric
cohorts, and an additional 10 investigated pediatric and adult
cohorts together. The proportion of studies that focus on pediatric
concussion does not reflect the frequency of occurrence nor
the burden of concussion on children. Pediatric concussion has
increased by 500% in the past 10 years, with 30-50% of children
experiencing delayed recovery, and younger age being a risk factor
for slower recovery (65). As such, the underrepresentation of
pediatric studies in this area cannot be justified.

4.6. Future directions

This review has identified three key points as future
considerations when investigating blood biomarkers of secondary
outcomes of concussion:
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(I)  Studies should endeavor to use a previously developed and
validated definition of concussion, which will allow for the
effectiveness of blood biomarkers in predicting secondary
outcomes to be determined more efficiently.

(II) Future studies should focus on untargeted analysis
approaches to identify proteins that are able to differentiate
between patient outcomes following concussion, which
would identify more robust biomarkers that are influenced
by the
concussion to a lesser extent.

varying pathophysiological mechanisms of

(IIT) Further study of blood biomarkers of secondary outcomes
of concussion in pediatric cohorts should be undertaken.
Children have the potential to experience a longer
and more detrimental period of disability relative to
adults following their concussion (65). Additionally, blood
biomarkers which are deemed effective in predicting
secondary outcomes of concussion in adults are yet to be
proven effective, or are ineffective in children.

4.7. Conclusion

There is evidence of S100B and GFAP being effective
biomarkers of intracranial pathology on CT scans, and tau as a
potential biomarker for recovery duration, in adults. However,
this systematic review demonstrates that whilst there have been
significant efforts to identify clinically useful blood biomarkers
of secondary outcomes following concussion with some success,
progress has been limited by heterogeneous study cohorts and
unstandardized definitions of concussion and mTBI. Additionally,
there was an underrepresentation of studies which focused on
pediatric cohorts and on developing clinically useful biomarkers
in a pediatric setting. With the knowledge that the composition of
pediatric blood differs vastly from adults, pediatric specific markers
of secondary outcomes following concussion present the biggest
gap in this area of research.
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