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Review article 

Blood-based biomarkers of inflammation in mild traumatic brain injury: A 
systematic review 

Koen Visser a,*, Milou Koggel b, Jurre Blaauw a, Harm Jan van der Horn a, Bram Jacobs a, 
Joukje van der Naalt a 

a Department of Neurology, University of Groningen, University Medical Center Groningen, Hanzeplein 1, 9713 GZ, Groningen, the Netherlands 
b Faculty of Science, Department of Biology, Utrecht University, Padualaan 8, 3584 CH, Utrecht, the Netherlands   
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A B S T R A C T   

VISSER, K., M. Koggel, J. Blaauw, H.J.v.d. Horn, B. Jacobs, and J.v.d. Naalt. Blood based biomarkers of 
inflammation in mild traumatic brain injury: A systematic review. NEUROSCI BIOBEHAV REV XX(X) XXX-XXX, 
2021. – Inflammation is an important secondary physiological response to traumatic brain injury (TBI). Most of 
the current knowledge on this response is derived from research in moderate and severe TBI. In this systematic 
review we summarize the literature on clinical studies measuring blood based inflammatory markers following 
mild traumatic brain injury (mTBI) and identify the value of inflammatory markers as biomarkers. Twenty-three 
studies were included. This review suggests a distinct systemic inflammatory response following mTBI, quanti-
fiable within 6 h up to 12 months post-injury. Interleukin-6 is the most promising biomarker for the clinical 
diagnosis of brain injury while interleukin-10 is a potential candidate for triaging CT scans. The diagnostic and 
prognostic utility of inflammatory markers may be more fully appreciated as a component of a panel of bio-
markers. However, discrepancies in study design, analysis and reporting make it difficult to draw any definite 
conclusions. For the same reasons, a meta-analysis was not possible. We provide recommendations to follow 
standardized methodologies to allow for reproducibility of results in future studies.   

1. Introduction 

It is estimated that around half of the global population will expe-
rience a traumatic brain injury (TBI) during their lifetime and TBI is 
foreseen to be within the top three causes of neurodisability up to 2030 
(Maas et al., 2017; WHO, 2006). Mild traumatic brain injury (mTBI) 
constitutes 80–90 % of all TBI cases of which more than 20–30 % suffer 
from persistent symptoms affecting daily functioning up to six months or 
later after injury (Bazarian et al., 2005; McInnes et al., 2017). Although, 
most individuals with mTBI fully recover, it is difficult to predict who 
will suffer from persistent symptoms. 

The pathophysiology of TBI is complex, with the outcome being 
determined by an interaction between the primary injury and secondary 
injury responses that include: neuroinflammation, blood-brain-barrier 
(BBB) disruption, and metabolic disturbances (Dixon, 2017; van der 
Horn et al., 2019; Werner and Engelhard, 2007). Dysregulation of these 
secondary injury processes may contribute to persisting symptoms and 
unfavourable outcome following TBI. 

To establish the diagnosis of mTBI, the main clinical tool used in the 
Emergency Department (ED) is head computed tomography (CT) to 
assess the presence of a structural intracranial lesion. However, CT lacks 
sensitivity for identifying more diffuse injuries such as traumatic axonal 
injury (TAI), which also can be found after mTBI. More advanced im-
aging modalities such as magnetic resonance imaging (MRI) have shown 
more specificity for detecting diffuse trauma-related brain damage. 
However, MRI is often not feasible to regularly assess in the acute phase. 
There is a need for more sensitive, readily available diagnostic tools at 
the ED to diagnose a mTBI and the possible presence of tissue damage. 

Biomarkers are an established research topic which might bridge this 
gap. A biomarker is generally defined as an objective indicator of bio-
logical state observed from outside the patient – which can be measured 
accurately and reproducibly (e.g., concentrations of biochemicals 
measured in blood or using advanced neuroimaging, such as diffusion or 
functional MRI) (Strimbu and Tavel, 2010; van der Horn et al., 2019). 
Measuring biomarkers after TBI could potentially aid in diagnosing 
injury, monitoring disease progression, and predicting long-term 
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outcome (Wang et al., 2018). 
In mTBI, biochemical markers are frequently subjects of investiga-

tion, owing to the aforenoted limitations of routing clinical neuro-
imaging. A recent scoping review of biochemical biomarkers in TBI 
reported that amongst 1036 studies, 540 unique biomarker candidates 
were analysed (Edalatfar et al., 2021). However, only a handful of these 
markers have been approved for clinical use: S100 calcium-binding 
protein B (S100B) in the Scandinavian neurotrauma guidelines (Undén 
et al., 2013) and a combination panel of Ubiquitin Carboxy-terminal 
Hydrolase L1 (UCH-L1) and Glial Fibrillary Acidic Protein (GFAP) by 
the Federal Drug Authority (FDA) (Bazarian et al., 2018). In both cases, 
clinical use is restricted to the purpose of identifying patients with a low 
risk of intracranial injury, removing the need for a head CT scan. Large 
international collaborations such as the CENTER-TBI and TRACK-TBI 
are spearheading the hunt for biomarkers that can predict outcome or 
monitor disease progression in the medical clinic (Manley and Maas, 
2013; Maas et al., 2015). 

The multi-faceted pathophysiology of mTBI makes the process of 
finding useful biomarkers challenging. Most individual biomarkers often 
lack the necessary sensitivity and specificity required for daily clinical 
care. Therefore, studies are now investigating biomarker panels con-
sisting of markers that cover possible active pathophysiological path-
ways in mTBI (Wang et al., 2018; Huie et al., 2019). Insights into these 
pathways may lead to better characterization of injury profiles, which 
may ultimately lead to individualized treatment strategies. However, 
currently little is known about which biochemical markers of secondary 
injury may contribute to such a panel. 

Dysregulated neuroinflammation is a pertinent secondary injury 
process in mTBI, that has often been implicated in unfavourable 
outcome (Schimmel et al., 2017). Microglia and Astrocytes are the 
central immune effectors, that initiate neuroinflammation in a response 
to damage-associated molecular patterns (DAMPs) released by cells 
damaged after trauma. Active neuroinflammation consists of a complex 
cascade of many intertwined and parallel running pathways, that can be 
upregulated or downregulated according to many factors (See reviews 
by (Simon et al., 2017; Xiong et al., 2018) for a comprehensive overview 
of the mechanisms of neuroinflammation in TBI). Dysregulation of these 
pathways can be damaging to healthy brain tissue, leading to secondary 

injury after TBI. Inflammatory signalling molecules such as cytokines, 
chemokines, and acute phase proteins (APPs) are potential biochemical 
markers of this response (Thelin et al., 2017). 

To accurately quantify the neuroinflammatory response, inflamma-
tory markers are ideally measured close to their source of origin. In 
moderate and severe TBI, cerebrospinal fluid (CSF) or micro dialysate 
can be analysed, for example at the intensive care unit (Zeiler et al., 
2017). This is not feasible in mild TBI as invasive techniques such as 
lumbar puncture to obtain CSF fluid are considered disproportionate to 
the severity of injury. Studies in mTBI are therefore limited to the 
measurement of inflammatory markers in less invasive fluid compart-
ments such as blood. Studies have demonstrated that the concentration 
of blood-based inflammatory markers are much lower than concentra-
tions identified in the CSF (Kossmann et al., 1995; Csuka et al., 1999). 
Furthermore, there are also numerous limitations inherent to the 
investigation of blood-based biomarkers in mTBI (see McDonald et al., 
2021 for a detailed discussion). Additionally, many non-TBI related 
factors have a strong influence on the concentrations of inflammatory 
markers measured in the individual patient (Fig. 1). 

A well-recognized limitation of inflammatory blood biomarkers is 
that they are non-specific to brain injury. Inflammation is present in 
response to almost any disease that involves cellular damage. For TBI 
specifically, extracranial injury is a major systemic source of inflam-
matory markers (McDonald et al., 2016) Systemic inflammation 
resulting from for instance extracranial injury, also has a direct influence 
on the magnitude of the neuroinflammatory response (Lassarén et al., 
2021). Pre-clinical studies have reported that the presence of extracra-
nial injury exacerbates the neuroinflammatory response after TBI 
(Shultz et al., 2015; Yang et al., 2016). These findings majorly limit the 
potential application of inflammatory markers in mTBI patients with 
concomitant extracranial injury. A major challenge is therefore to find 
methods of separating neuroinflammation from systemic inflammation, 
or to find markers that are specific to the neuroinflammatory response. 
Despite the many challenges for measuring blood-based inflammatory 
markers after TBI, important reviews of inflammation in moderate and 
severe TBI suggest that there is potential clinical utility for these markers 
(Zeiler et al., 2017; Woodcock and Morganti-Kossmann, 2013). 

Systematic reviews can help appraise and interpret the vast amount 

Fig. 1. Elements that determine the measured 
concentration of inflammatory markers in the 
blood after mTBI. I. Within hours after trauma, 
glial cells release inflammatory markers into 
the intracranial spaces. These markers enter the 
blood by the way of glymphatic clearance or 
leakage through the damaged blood brain bar-
rier. II. Organs such as the liver and spleen 
release inflammatory markers into the systemic 
circulation as a response to HPA and SNS acti-
vation caused by the injured brain. III. Sam-
pling and laboratory methods add further 
variance to the final concentrations of inflam-
matory markers measured. 
* The extent of the systemic inflammatory 
response has a direct influence on the strength 
of the CNS response (Lassarén et al., 2021). 
Note. Acute phase proteins (APP); Central ner-
vous system (CNS); Traumatic brain injury 
(TBI); blood brain barrier (BBB); 
hypotalamic-pituitary-adrenal (HPA); Sympa-
thetic nervous system (SNS).   
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of published TBI biomarker research, providing high quality evidence 
for the use of inflammatory markers in mTBI (Huie et al., 2021). We 
therefore aimed to systematically review the current knowledge on 
blood-based biomarkers of inflammation in mTBI. We focused on three 
key questions based on the common use cases of biomarkers in TBI. First, 
which inflammatory markers have been studied after mTBI and 
compared to blood levels in controls? Second, what is the ability of acute 
markers of inflammation to differentiate between patients with and 
without traumatic findings on conventional imaging (CT and MRI)? 
Finally, what is the ability of acute markers to predict long term func-
tional outcome? In this review we will also summarize the most 
frequently used methods in studies for measuring inflammatory 
markers. 

2. Materials and methods 

This systematic review is reported according to the Preferred 
Reporting Items for Systematic Reviews and Meta Analyses (PRISMA) 
guidelines (Page et al., 2020). Prior to the commencement of this review 
a protocol was published to the PROSPERO database (registration 
number CRD42021227196). 

2.1. Information sources and search strategy 

The databases PubMed, PsychInfo (EBSCO host), EMBASE, and Web 
of Science were systematically searched using search terms related to 
mTBI, inflammatory blood biomarkers and observational studies. Re-
sults relating to animal studies were explicitly excluded in the search 
strategy. The search was last updated on the 5th of October 2021 and 
went as far back as data was available. Supplementary Material S1 
provides the full search strategy used in each database. 

Included articles were forward searched using Google scholar and 
their references were checked for additional studies which may have 
been missed by our database search. 

2.2. Study selection 

Citations identified by database searching were first uploaded into 
EndNote X9 (Philadelphia, PA) for automatic and manual de- 
duplication. Citation screening occurred in two stages: First unique ci-
tations were uploaded into Rayan QCRI (Ouzzani et al., 2016) for title 
and abstract screening. Next the full text of relevant articles were ob-
tained and assessed against the study eligibility criteria. Both stages 
were performed by two reviewers (K.V. and M.K.). At each stage, the 
reviewers first independently assessed the studies, blinded to the de-
cisions of the other. On completion discrepancies were discussed and 
any remaining conflicts were resolved by a third reviewer (J.v.d.N). 

2.3. Eligibility criteria 

To be eligible for inclusion in this review studies had to: Include 
patients with mTBI, measure a minimum of one inflammatory 
biomarker in blood (plasma or serum) and either assess its levels relative 
to controls, and/or in relation to conventional imaging findings, and/or 
with long-term outcomes (no restriction on the outcome measure was 
used). Additionally, studies had to be in English, peer reviewed, avail-
able in full text with, an observational or diagnostic accuracy design. 
Mild TBI is defined by the author’s definition, however an initial Glas-
gow Coma Scale (GCS) score between 13− 15 was a minimal 
requirement. 

Studies were ineligible if they included non-human subjects or 
children with non-accidental TBI. There was no restriction on age. 
Studies also measuring markers of inflammation in subjects with more 
severe TBI or in fluid compartments other than blood were excluded if 
they did not provide a separate analysis of mTBI patients or blood 
compartment data. Studies with overlapping populations were included 

if they had <50 % overlap or measured separate outcomes or 
biomarkers. 

2.4. Assessment of methodological quality 

The New-Castle Ottawa scale for observational studies (NOS) was 
used to assess the bias of observational studies (Wells et al., 2000). The 
Quality Assessment of Diagnostic Accuracy Studies 2 (QUADAS-2) was 
used to assess the risk of bias in studies of diagnostic accuracy (Whiting 
et al., 2011). Both criteria were modified to match this review. One 
reviewer (K.V.) performed bias checking of the studies included in this 
review. A second reviewer (M.K.) checked for completeness. No study 
was removed on account of the quality assessment as this review is 
exploratory in nature and no clear standards are available yet. 

2.5. Data extraction 

Data extraction was carried out using a piloted data extraction form. 
One reviewer (K.V.) independently carried out data extraction. A second 
reviewer (M.K.) successively checked theses data extraction forms for 
completeness. Data was retrieved for the following items: study design, 
first author, study setting, participant demographics (age, sex, comor-
bidities), GCS score, post traumatic amnesia (PTA), loss of consciousness 
(LOC), mechanism of injury, inclusion criteria (definition of mTBI), 
laboratory aspects of biomarker measurement (assay, limits of quanti-
fication, concentrations of markers, methods of analysis, sampling time, 
storage temperature), relationship between conventional imaging (head 
CT and/or MRI) and blood markers (imaging protocol, definition of 
positive imaging, cut-offs, sensitivity, specificity, ROC curves), rela-
tionship between outcome tools and markers (outcome tools used, time 
points, results, statistical analysis used), study recommendations/con-
clusions, study limitations. 

2.6. Data synthesis 

Initially we planned, as stated in our PROSPERO protocol, to carry 
out a meta-analysis of our findings. The heterogeneity in study out-
comes, reporting and design made this infeasible. Data was therefore 
synthesized using a qualitative approach. Tables and figures were con-
structed for the main characteristics of the studies and for each key 
question of this review. Fig. 1 was made in Inkscape (v.1.1) the figures in 
Section 3 were constructed using Python (v.3.9.2) and the MatPlotLib 
library (Caswell et al., 2018). 

3. Results 

3.1. Search results 

Literature searching identified 1396 unique records, an additional 6 
records were obtained through citation searches of the included articles 
(See Fig. 2). Full texts were obtained for 62 articles, of which 23 were 
included in this review. Two studies showed overlap, data of (Lagerstedt 
et al., 2018a) was also used for the analyses in (Lagerstedt et al., 2018b), 
we therefore only reported results from the former which focused on the 
non-overlapping sub cohort. Similarly, study cohorts from (Lagerstedt 
et al., 2020) and (Meier et al., 2020) were drawn from the same study 
population as (Posti et al., 2019) and (Nitta et al., 2019) respectively. 
However, both studies reported distinctly different outcomes and were 
included. The most common reason for article exclusion was incorrect 
study type, being conference abstracts. Some articles (Huie et al., 2019; 
Posti et al., 2020) lacked stratification of their analyses to the mTBI 
cohort. 

3.2. General characteristics of the included studies 

The general characteristics of each included study are displayed in 
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Table 1. All studies were published in recent years, from 2014, with 
eighteen (78 %) being published from 2019 onwards. Population sizes 
ranged from 10 up to 1030 mTBI patients. Twelve studies (52 %) 
included less than 100 mTBI patients. Most study cohorts (n = 18) 
comprised mTBI patients seen at the ED, one study comprised military 
personnel (Edwards et al., 2020a), and four studies solely included 
athletes (Di Battista et al., 2019, 2020b; Meier et al., 2020; Nitta et al., 
2019). Definitions of mTBI differed; ten studies defined mTBI solely on 
the GCS score, whereas others used published definitions; most 
commonly the WHO Collaborating Centre Task Force definition (Carroll 
et al., 2004). Most studies (n = 15) only considered mTBI patients with 
isolated head injury. The abbreviated injury score (AIS) and Injury 
Severity Score (ISS) was most often used to define extracranial injury. 

A wide variety of inflammatory markers were measured between the 
studies. Marker selection was often based on evidence found in studies of 
other neurological conditions (for instance epilepsy or, stroke). Four 
studies took an exploratory approach and measured a large variety of 
markers to discover potentially novel markers (Anada et al., 2018; 
Carabias et al., 2020; Lagerstedt et al., 2018b; Sharma et al., 2017). 
Regarding the blood compartment in which the studies were performed 
eleven were done in plasma and twelve in serum. Multiplex was the most 
common assay technique. For further details regarding the collection, 
processing and storage of samples see Supplementary Material S4. 

3.3. Timing of blood sampling, conventional imaging, and outcome 
measure(s) 

The timing and number of blood draws varied between studies 
(Fig. 3). Ten studies sampled at only one time-point post injury 
compared to thirteen studies that longitudinally measured the inflam-
matory profile. Sampling intervals ranged from six hours after injury up 
to twelve months post-injury. Only two studies included a baseline, pre- 
injury measurement (Meier et al., 2020; Nitta et al., 2019). Computed 
tomography (CT) imaging was done within 24 h after injury in all 

studies. Eleven studies also measured various outcomes at different time 
points (see Section 3.7. of this review). 

3.4. Methodological quality of the included studies 

Eighteen observational cohort studies were assessed using the 
Newcastle Ottawa scale (NOS) ranging from 0 (high bias) – 8 (low bias). 
No study scored a maximum of 8 points. Five of the sixteen studies 
scored 7. The lowest score was 2 which was obtained by two studies 
(Shetty et al., 2019; Su et al., 2014). See Supplementary Material S2 for 
the risk of bias of all individual studies. Five studies were assessed using 
the QUADAS-2 tool for studies of diagnostic accuracy (see Supplemen-
tary Material S3). Similarly, to the NOS scale all studies had a high risk 
of bias for at least one item. The lowest score was 2 (Posti et al., 2019). 

3.5. The inflammatory response following mild traumatic brain injury 

Fourteen studies measured levels of inflammatory markers in con-
trols. Most studies 11/14 (79 %) considered only healthy controls. One 
study included only orthopaedic controls (Anada et al., 2018) and the 
remaining two studies included both (Vedantam et al., 2021; Xu et al., 
2020). In almost all studies, controls were age and sex matched, with 
studies predominantly including male subjects (Table 2). In these 
studies, 26 different inflammatory markers were analysed (Fig. 3). In 
Section 3.3 the time intervals in which each study assessed the levels of 
biomarkers are reported. 

Tumor necrosis factor alpha (TNFα) was the most frequently 
measured marker, but its concentration was only significantly elevated 
relative to controls in two out of eight studies (Chaban et al., 2020; 
Thompson et al., 2020). Interleukin-6 (IL-6) was the next most 
frequently measured marker. The concentration of IL-6 was significantly 
elevated compared to controls in six out of the seven studies in which it 
was measured. Significant elevations were quantified within six hours 
after mTBI (Nitta et al., 2019) and up to six months (Vedantam et al., 

Fig. 2. PRISMA flow diagram showing each stage of the screening process for article inclusion.  
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Table 1 
General characteristics and outcome parameters of the included studies.  

Reference 
(Year) 

Inclusion criteria Poly- 
trauma/ 
ECI 

Subjects (n), 
CT+/MRI+

Diagnostic 
criteria for 
mTBI 

Markers of 
inflammation 
analyzed 

Blood compartment, 
assay (Manufacturer) 

Study goals(s) Bias 
(NOS) 

(Anada 
et al., 
2018) 

Admission with 
TBI & age 18− 50 

X *ED (10), 
CT+ (N.A.) 

GCS 14− 15 **CRP, SAA1 & 
A1A 

Serum, ELISA (Abcam, 
USA) 

Differentiating severity of 
TBI 

6 

(Carabias 
et al., 
2020) 

Admission with 
closed head injury, 
age 15− 85 & 
indication for head 
CT 

Yes *ED (90), 
CT+ (N.A.) 

GCS 13− 15 **SAA1 Serum, ELISA (Anogen, 
Canada) 

Differentiating severity of 
TBI and extracranial injury 

5 

(Chaban 
et al., 
2020) 

Age 16− 59 & 
referral for head CT 

Yes ED (207), 
MRI+ (11.1 
%) 

WHO **IL-1RA, IL-8, IL- 
9, IL-17, Eotaxin, 
IFNγ, IP10, MCP- 
1, MIP-1β, TNFα, 
TARC 

Plasma, Immunoplex 
(Bio-Rad, USA) 

Temporal profile of 
inflammatory markers 
compared to controls & 
association between acute 
phase cytokine levels and 
demographic variables. 

7 

(Di Battista 
et al., 
2019) 

No concussion 
within 6 months of 
enrollment 

X University 
Athletes (43), 
CT+ (N.A.) 

Concussion in 
Sport Group 
Guidelines 

**IFNγ, IL-8, 
TNFα, MPO, MCP- 
1, MCP-4, MIP-1β, 
IP-10, CCL17, 
Eotaxin 

Plasma, Multiplex (Meso 
Scale Diagnostics, USA) 

Characterize inflammatory 
profiles after SRC & 
differentiating between 
MSK and SRC 

6 

(Di Battista 
et al., 
2020b) 

No concussion 
within 6 months of 
enrollment 

X University 
Athletes (41), 
CT+ (N.A.) 

Concussion in 
sport group 
guidelines 

IL-6 Plasma, Multiplex, 
(ProteinSimple, USA) 

Characterize profile of IL-6 
after SRC while addressing 
confounders 

7 

(Edwards 
et al., 
2020a) 

Provider diagnosed 
concussion without 
other major injury 

X Military (45), 
CT+ (0 %) 

Department of 
Defense 
Protocol 

IL-6, IL-10, TNFα Serum, Simoa 
(Quanterix, USA) 

Characterize the 
relationship between 
cytokines and recovery in 
active-duty service members 

5 

(Edwards 
et al., 
2020b) 

Age 18− 96, GCS >
13 & Initial visit 
<24 -hs post-injury 

N.A. ED (250), 
CT+ (25.6 %) 
& MRI+ (32 
%) 

GCS 13− 15 IL-6, IL-10, TNFα Plasma, Simoa 
(Quanterix, USA) 

Differentiating mTBI 
patients with and without 
CT and MRI findings 

6*** 

(Huang 
et al., 
2020) 

Closed TBI, 
positive head CT & 
admission < 24 h 

X *Admission 
or ICU (20), 
CT+ (100%) 

GCS 13− 15 TNFα Serum, ELISA (Xitang 
Biological co., China) 

The relationship between 
serum G-CSF and serum 
TNFα 

5 

(Lagerstedt 
et al., 
2018a) 

GCS < 15, age >
14, blood sample <
6 h & CT < 24 h 

Yes ED (109), 
CT+ (16 %) 

GCS 15 IL-10 Serum, Multiplex (Meso 
Scale Diagnostics, USA) 

Differentiating mTBI 
patients with negative or 
positive head CT 

4*** 

(Lagerstedt 
et al., 
2018b) 

GCS 15 & either: 
headache; nausea; 
or vomiting 

Yes Admission 
(133), CT+
(16.5 %) 

GCS 15 **MCP-1, MIP1-α, 
IL-10 

Plasma, Multiplex (Meso 
Scale Diagnostics, USA) 

Differentiating mTBI 
patients with negative or 
positive head CT 

4*** 

(Lagerstedt 
et al., 
2020) 

Age ≥ 18, 
admission <24 h, 
indication for CT, 
outcome data at 
6− 12 months 

Yes *ED (49), 
CT+ (42.6%) 

GCS 13− 15 IL-10 Serum Multiplex (Meso 
Scale Diagnostics, USA) 

The utility of IL-10 as a 
prognostic marker 

4 

(Meier 
et al., 
2020) 

SRC within study 
timeframe 

X University 
athletes, 
(106), CT+
(N.A.) 

CDC IL-6, IL-1RA, CRP Serum Multiplex (Meso 
Scale Diagnostics, USA) 

Differentiating concussed 
athletes from 
non–concussed athletes. 

7 

(Nitta et al., 
2019) 

SRC within study 
timeframe 

X University 
Athletes (41), 
CT+ (N.A.) 

CDC **IL-6, IL-1RA, IL- 
10, TNFα, CRP, 
IFNγ 

Serum, Multiplex (Meso 
Scale Diagnostics, USA) 

The relationship between 
acute inflammatory markers 
and symptom recovery in 
SRC 

7 

(Parkin 
et al., 
2019) 

Age 5− 18 & Initial 
visit < 48 h post- 
injury 

X ED (18), CT+
(0%) 

Berlin/ Zurich 
concussion in 
sports 
statements 

IL-8, IL-1β, IL-6, 
IL-10, TNFα 

Plasma, Multiplex (R&D 
Systems, USA) 

Differentiate pediatric 
concussion with persistent 
symptoms and without & 
predicting persistent 
symptoms 

5 

(Posti et al., 
2019) 

Triaged for head 
CT after head 
injury & age > =

16 

Yes *ED (93), 
CT+ (39.8 %) 

GCS 13− 15 IL-10 Plasma, Multiplex (Meso 
Scale Diagnostics, USA) 

Differentiating mTBI 
patients with negative or 
positive head CT 

2*** 

(Sharma 
et al., 
2017) 

Initial visit <24 h 
post injury, One 
symptom of head 
trauma & initial 
GCS >13 

Yes ED (92), CT+
(14.1 %) 

GCS 14− 15 **CRP Serum, Multiplex (Meso 
Scale diagnostics, USA) 

Differentiating between 
complicated and 
uncomplicated mTBI 

5*** 

(Shetty 
et al., 
2019) 

Initial visit < 30 
days & negative 
neuroimaging. 

X ED (311), 
CT+ (0%) 

ACRM hsCRP Serum, hsCRP reagent 
(Vitros Chemistry 
Products) 

Characterizing the 
relationship between hsCRP 
and mTBI 

2 

(Su et al., 
2014) 

Age 18− 60, 
normal head CT, & 
GCS 13− 15 

X ED (213), 
CT+ (0%) 

WHO hsCRP Plasma, 
Immunoturbidimetric 

Predict persistent adverse 
outcomes 

3 

(continued on next page) 
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2021). Interferon gamma-induced protein 10 (IP-10), thymus and 
activation-regulated chemokine (TARC), myeloperoxidase (MPO), and 
IL-11 were the only inflammatory markers that were not significantly 
different to control concentrations at any time point. However, apart 

from IP-10 which was investigated in two studies (Chaban et al., 2020; 
Di Battista et al., 2019), TARC, MPO and IL-11 were only investigated 
once (Chaban et al., 2020; Di Battista et al., 2019; Tylicka et al., 2020). 

Acute IL-6 levels had good predictive value (AUC 0.82 [95 % CI 
0.72− 0.90]) for differentiating military personnel with mTBI from non- 
mTBI (Edwards et al., 2020a). Similar results were found for differen-
tiating between mTBI and non-mTBI athletes (AUC 0.79 [0.65− 0.92]) 
(Nitta et al., 2019). This was further confirmed by one study (AUC 0.75 
[SD 0.10]) who drew their cohort from the sample population as the 
previously mentioned study (Meier et al., 2020). Taking a multivariate 
approach one study reported that combining the concentrations of IL-6, 
TNFα and IL-10 slightly improved the diagnostic capability compared to 
IL-6 alone [AUC 0.82, CI 0.73–0.90] (Edwards et al., 2020a). Also, a 
combination panel consisting of IL-1β, IL-6 and Monocyte Chemo-
attractant Protein-1 (MCP-1) presented similar diagnostic capabilities 
(AUC = 0.83 [CI 0.76–0.89]) (Sun et al., 2019). 

3.6. The relationship between acute markers of inflammation and 
conventional imaging 

Five studies examined the ability of inflammatory markers to di-
agnose a positive head CT (Edwards et al., 2020b; Lagerstedt et al., 
2018a, b; Posti et al., 2019; Sharma et al., 2017). In general, the visu-
alizations of one or more traumatic abnormalities (for example, epidural 
haemorrhage, subdural haemorrhage, cerebral oedema, arterial dissec-
tion, and skull fractures) were used to classify a CT as positive. In the 
study by Posti et al. grading of CT scans was based on the Marshall 
criteria. The markers investigated included IL-6, IL-10, TNFα, and 
C-reactive protein (CRP) (Table 3). IL-10 was most frequently measured 
(n = 4) and showed AUC values ranging from 0.52 – 0.74 for predicting 
intracranial traumatic abnormalities. However, AUC values were higher 
for IL-6 and TNFα (0.87 and 0.75 respectively) which were only studied 

Table 1 (continued ) 

Reference 
(Year) 

Inclusion criteria Poly- 
trauma/ 
ECI 

Subjects (n), 
CT+/MRI+

Diagnostic 
criteria for 
mTBI 

Markers of 
inflammation 
analyzed 

Blood compartment, 
assay (Manufacturer) 

Study goals(s) Bias 
(NOS) 

assay (Siemens 
Healthcare, Germany) 

(Sun et al., 
2019) 

Initial visit within 
1 week of injury & 
head CT 

X ED (95), CT+
(N.A.) 

WHO IL-1β, IL-6, IL-12, 
IL-4, IL-10, MCP- 
1, IL-8, IFNγ, 
TNFα 

Serum, Multiplex 
(Luminex, USA) 

Characterize inflammatory 
profile after mTBI & the 
relationship with cognitive 
consequences 

6 

(Thompson 
et al., 
2020) 

Independently 
perform activities 
of daily life & 
understands 
English 

X ED (171), 
CT+ (32.5 %) 

CDC IL-2, IL-1β, IL-4, 
IL-5, IL-6, IL-7, IL- 
8, IL-10, IL-12, 
IFNγ, TNFα, 
Fractalkine 

Plasma, Multiplex 
(BioRad, USA) 

Differentiating mTBI 
patients from healthy 
controls in an old and young 
cohort 

6 

(Tylicka 
et al., 
2020) 

Age 7− 17 & Initial 
visit <6 h post- 
injury. 

N.A. ED (29), CT+
(0%) 

GCS 13− 15 IL-8, IL-11 Plasma, ELISA (N.A.) Differentiating children 
with and without loss of 
consciousness 

4 

(Vedantam 
et al., 
2021) 

Age 18− 50 & 
negative head CT 

Yes ED (53), CT +
(0%) 

GCS 13− 15 IL-1β, IL-2, IL-4, 
IL-6, IL-10, 
IL12p70, IL-17a, 
IFNγ, TNFα 

Plasma, Luminex Magpix 
(Luminex, USA) 

Characterize inflammatory 
profile after mTBI & the 
relationship between 
neuropsychological 
outcomes 

7 

(Xu et al., 
2020) 

Admission at ED 
with indication for 
head CT 

Yes ED (1030), 
CT+ (N.A.) 

GCS 13− 15 hsCRP Serum, Assay (Abbott 
Architect C8000) 

Characterizing the profile of 
hsCRP after TBI & its utility 
as a prognostic biomarker 

6 

Note. American Congress of Rehabilitation Medicine (ACRM); Alpha-1-antichromotrypsin (A1A); C-C Motif Chemokine Ligand (CCL-17); Center for Disease Control 
and Prevention (CDC); C reactive protein (CRP); Computed tomography (CT); Emergency department (ED); Enzyme-linked immunosorbent assay (ELISA); Extra 
cranial injury (ECI); Glasgow coma score (GCS); Granulocyte-colony stimulating factor (G-CSF); High sensitivity C Reactive protein (hsCRP); Intensive care unit (ICU); 
Interferon gamma (IFNγ); Interferon gamma induced protein (IP); Interleukin (IL); Macrophage inflammatory protein (MIP); Magnetic resonance imaging (MRI); 
Monocyte Chemoattractant Protein (MCP); Myeloperoxidase (MPO); NOS: Newcastle Ottawa Scale (NOS); Not Available (N.A.); Receptor antagonist (RA); Serum 
amyloid a1 (SAA1); Sports related concussion (SRC); singular molecular array (Simoa); Thymus and activation-regulated chemokine (TARC); Traumatic brain injury 
(TBI); Tumor Necrosis Factor α (TNFα); World Health Organization (WHO). 

* Study also included patients with moderate and severe TBI. 
** Study used an exploratory approach to identify which markers to study. 
*** Bias assessed using the QUADAS-2 tool for studies of diagnostic accuracy. 

Fig. 3. The sampling time points for studies included in the review. Studies are 
listed in order of increasing sample size (bottom to top). 
Note. Computed tomography (CT); Magnetic resonance imaging (MRI). *Also 
sampled blood at 12 months. 
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once (Edwards et al., 2020b). Values of sensitivity and specificity where 
only reported for IL-10. A sensitivity of 100 % was present with speci-
ficity ranging from 2.8 % to 27 % (Lagerstedt et al., 2018b; Posti et al., 
2019). There were also slight differences in cut-offs reported: 0.12− 0.16 
pg/mL. Two studies reported a significantly higher level of IL-10 in CT 
positive patients compared to those who were CT negative (Lagerstedt 
et al., 2018a, b). While three studies reported no significant difference 
between imaging groups (Edwards et al., 2020b; Posti et al., 2019; 
Sharma et al., 2017). 

These aforementioned studies also included non-inflammatory bio-
markers in their analysis. These markers were combined with the in-
flammatory markers to form combination panels. Biomarker panels 
outperformed single markers in all cases. For example, a panel consist-
ing of three biomarkers IL-10, Heart-Fatty Acid Binding Protein (H- 
FABP), and GFAP demonstrated a specificity of 69 % at a sensitivity of 
95 % (Lagerstedt et al., 2018b). When sensitivity was locked at 100 % 
the same panel only had 50 % specificity (Lagerstedt et al., 2018a). 
Similarly, a biomarker panel including two biomarkers IL-10 and GFAP 

reported 37.5 % specificity at 100 % sensitivity. The highest specificity, 
87 % with a sensitivity of 85 %, was shown by a panel consisting of CRP, 
matrix metalloproteinase-2 (MMP-2), and Brain-type creatine kinase 
(CKBB) (Posti et al., 2019). 

The study by Edwards et al. also included a cohort of MRI positive 
patients but the criteria for a positive MRI were not given (Edwards 
et al., 2020b). The markers IL-6, IL-10 and TNFα had AUC values of 0.69, 
0.46 and 0.56 for discriminating between MRI positive and negative 
patients. The combination panel consisting of IL-6, IL-10, TNFα, and 
vascular endothelial growth factor (VEGF) had an AUC of 0.71, which 
was lower than when it was used to stratify between CT positive and 
negative patients (AUC = 0.92). Chaban et al. also performed MRI im-
aging (Chaban et al., 2020). However, instead of using biomarkers to 
diagnose MRI findings, multivariate regression models were constructed 
to investigate whether MRI findings (and other clinical factors) affected 
biomarker levels. The inflammatory markers IP-10, IL-9, Eotaxin and 
Macrophage inflammatory protein-1beta (MIP-1β) were negatively 
associated with MRI findings; patients with a positive MRI finding had 

Table 2 
Biomarkers of inflammation in mTBI relative to controls.  

Reference mTBI (n), age & % 
female 

Control type (n), age & % 
female 

Time point(s) Biomarkers significantly elevated 
compared to controls (p < 0.05) 

Significant changes between time points 
(inflammatory profile) 

(Anada et al., 
2018) 

10, (18− 50), 50% Healthy (10), N.A., N.A. T1: <24 h T1: CRP, SAA1, & A1A N.A. 

(Carabias et al., 
2020) 

90, 45 (IQR 31− 62), 
31% 

Healthy (15), 40 (IQR 
31− 62), 47% 

T1: <24 h T1: SAA1 N.A. 

(Chaban et al., 
2020) 

207, 32.4 (SD 13.2), 
37 % 

Healthy (82), 33.02 (SD 
12.9), 44% 

T1: <72h T1, T2, & T3: IL-8, IFNγ, 
IL-17a showed a significant time-by-group 
effect. 

T2: 3m TNFα, MCP-1, MIP-1β, Eotaxin, IL- 
17a, & IL-9 

T1 → T2, increase, T2 → T3, no change 
T3: 12m 

(Di Battista 
et al., 2019) 

43, 21.2 (IQR 
18.9− 22.1), 51% 

Healthy athletes (87), 
21.2 (19.6− 22.3), 47% 

T1: <7d T1: MCP-4 & MIP-1β Levels of inflammatory markers had 
returned to baseline at medical clearance 

T2: <5d after 
medical clearance T2: None 

(Di Battista 
et al., 2020b) 

41, 20.9 (IQR 
19.6− 22.0), 49% 

Healthy athletes (55), 21 
(IQR 19− 22), 62% T1:<7d T1: None N.A. 

(Edwards et al., 
2020a) 

45, 26.6 (SD 6.98), 
0% 

Healthy military (49), 
26.4 (SD 5.75), 6.7 % 

T1: <8h T1: IL-6 T1 → T2: IL-6 decreased 66.7 % in 
concussed subjects, increased 34 % in 
healthy controls 

T2: 24 h after T1 T2: None 

(Huang et al., 
2020) 

20, 52.3 (SD 15.5), 10 
% 

Healthy (20), 48.4 (SD 
9.58), 15 % 

T1: <24 h 

T1, T2, T3, & T4: None 
No significant changes in the levels of TNFα 
within or between groups 

T2: <4d 
T3: <7d 
T4: <14d 

(Meier et al., 
2020) 106, 18 (SD 1.52), 0% 

Contact controls (84), 
18.37 (SD 1.68), 0% 

T1: Baseline T2: IL-1RA & IL-6 
IL-6 and IL-1RA peaked at T2 IL-6 returned 
to baseline by T3, Il-1RA had not. T2: <6 h T3: IL-1RA 

T3: <2d T1: None 

(Nitta et al., 
2019) 

41, 17.8 (SD 1.79), 
0% 

Healthy athletes (43), 
18.1 (SD 1.67), 0% 

T1: Baseline T2: IL-6 & IL-1RA 
IL-6 and IL-1RA peaked at T2 before 
returning to baseline by T3 

T2: <6 h T3: <2d 
T1, T3, T4, T5, T6: None T4: <8d T5: 

<15d T6: <45d 

(Sun et al., 
2019) 

95, 35.9 (SD 13.7), 42 
% 

Healthy (54), 35.74 (SD 
11.5), 46 % 

T1: <7d T2: 1 m T1: MCP-1, IL-1β, & IL-6 T1 → T2: MCP-1 (35 %) 

T3: 3m T2 & T3: None 
T2 → T3: MCP-1 (29 %), IL-1 β (-8.1%), IL-6 
(-23%) 

(Thompson 
et al., 2020) 

Young TBI (96), 35.0 
(SD 9.4), 38 % 

Healthy young (80), 35.1 
(SD 10.0), 35 % T1: <24 h 

Young: T1: IL-1β, IL-2, IL-4, IL-5, IL- 
6, IL-7, IL-8, IL-10, IL-12, IFNγ, 
TNFα 

No within group analysis of time. 
Old TBI (75), 66.5 
(SD 8.9), 35 % 

Healthy old (62), 65.7 
(SD 8.1), 36 % 

T2: 1 m T2: TNFα, IL-7, IL-8 

T3: 6m 

T3: IL-5, IL-7, IL-8, IL-12, TNFα 
Old: 
T1: IL-6, IL-8, IL-10, Fractalkine 
T2: None 
T3: Fractalkine 

(Tylicka et al., 
2020) 

29, (7− 17), N.A. Healthy (13), N.A., N.A. T1: <6 h T1: IL-11 N.A. 

(Vedantam 
et al., 2021) 53, 26 (18− 49), 38% 

Orthopedic (24), 28 
(20− 50), 33% female 

T1: <24 h T1: IL-2, IL-6 T1 → T2: IL-1β, IL-4, IL-6, IFNγ 
significantly decreased, IL-2 increased T2: 6m T2: IL-6 

(Xu et al., 2020) 171, N.A., N.A. Orthopedic (19), NA, NA 

T1: <24 h 

T1, T2, T3, & T4: None N.A. T2: 3d 
T3: 5d 
T4: 2w 

Note. Alpha-1-antichromotrypsin (A1A); C reactive protein (CRP); Days (d); Hours (h); Interferon gamma (IFNγ); Interleukin (IL); Interquartile range (IQR); 
Macrophage inflammatory protein 1beta (MIP-1 β); Mild traumatic brain injury (mTBI); Months (m); Monocyte Chemoattractant Protein (MCP); Not Available (N.A.); 
Standard deviation (SD); Serum amyloid A1 (SAA1); Tumor necrosis factor alpha (TNFα); Weeks (w). 
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lower levels of these biomarkers. 

3.7. The prognostic role of markers of inflammation for predicting (long- 
term) outcome 

Eleven studies related levels of inflammatory markers to long-term 
outcomes. The outcomes assessed (functional, neuropsychological, re-
covery time) varied and so did the timing of the outcome measurements 
(Table 4). The time to medical clearance was the most frequently used 
outcome measure determined in studies with athletes (Di Battista et al., 
2019, 2020b; Meier et al., 2020; Nitta et al., 2019). This term corre-
sponds with return to play (RTP) as defined in the Concussion in sport 
group guidelines (McCrory et al., 2017). Median RTP time for athletes 
varied from 11 to 27 days. Higher levels of IL-6 and IL-1RA were 
significantly associated with RTP when measured within six hours of 
trauma (Meier et al., 2020; Nitta et al., 2019). The concentrations of the 
chemokines MCP-4 and MIP-1β measured within seven days of injury 
were also significantly correlated with RTP (Di Battista et al., 2019). 
IL-10 had no prognostic utility for predicting functional outcome using 
the Glasgow Outcome Scale Extended (GOSE) (specificity 0% at sensi-
tivity 100 %) (Lagerstedt et al., 2020). 

4. Discussion 

With this systematic review we show that measuring blood based 
inflammatory markers in mTBI has only recently become a topic of in-
terest, with 19/23 included studies (83 %) being published within the 
last three years. The novelty of this topic is reflected in the heterogeneity 
of studies, with differences in study design, the analytical methods and 
reporting of results. Nevertheless, there is evidence for a distinct (sys-
temic) inflammatory response following mTBI, with increasing levels of 
inflammatory markers being present as early as six hours after injury 
and lasting up to twelve months in some cases. Furthermore, several 
acute inflammatory markers in mTBI have potential diagnostic and 
prognostic properties. It is however important to interpret these results 
within the current context, as the lack of standardisation does not allow 
for extrapolating of the reported findings to the general mTBI popula-
tion, and any conclusions drawn by this review must be further 
validated. 

4.1. The inflammatory response following mild traumatic brain injury 

The concentration of IL-6 was most often elevated in the mTBI group 

Table 3 
The association between markers of inflammation and traumatic abnormalities 
as found with head computed tomography.  

Inflammatory marker 
(s) 

n. of 
observations 

AUC Specificity & sensitivity 

IL-10 4 0.52 – 
0.74 

Sens (100 %), spec (2.8 %– 
27 %) 

IL-6 1 0.87 N.A. 
TNFα 1 0.75 N.A. 
CRP 1 0.70 N.A. 
Panel (IL-10+IL- 

6+TNFα + VEGF) 
1 0.92 N.A. 

Panel (CRP + MMP-2 
+ CKBB) 

1 0.96 Sens (85 %), Spec (87 %) 

Panel (IL-10 + GFAP) 1 N.A. Sens (100 %), Spec (38 %) 
Panel (IL-10 + H- 

FABP + GFAP) 
2 N.A. Sens (95 %), Spec (69 %); 

Sens (100 %), Spec (50 %) 

Note. Area under the receiver operating curve (AUC); Computed tomography 
(CT); Creatine kinase brain (CKBB); C-reactive protein (CRP); Glial fibrillary acid 
protein (GFAP); Heart fatty acid binding protein (H-FABP); Interleukin (IL); 
Matrix-metalloproteinase-2 (MMP-2); Not Available (N.A.); Sensitivity (Sens); 
Specificity (Spec); Tumor necrosis factor alpha (TNFa); Vascular endothelial 
growth factor (VEGF). 

Table 4 
Relationship between acute biomarkers of inflammation and long-term 
outcome.  

Reference Outcome(s) 
measured 
(population) 

Outcome(s) Conclusion(s) 

(Di Battista 
et al., 
2019) 

RTP (athletes) Time to RTP 
median 25 days 
(15− 55) 

Levels of MCP-4 and 
MIP-1b measured 
within 7 days of 
injury were 
positively correlated 
with RTP (p = 0.007 
& p=<0.001) 

(Di Battista 
et al., 
2020b) 

RTP (athletes) Time to RTP 
median 27 days 
(22− 51) 

Levels of IL-6 
measured within 7 
days showed no 
relationship with 
RTP (p = 0.508) 

(Lagerstedt 
et al., 
2020) 

GOSE at six months 
(ED) 

25 (51 %) complete 
recovery (GOSE =
8) 

Levels of IL-10 were 
higher in incomplete 
recovery group (not 
significant. At 100 % 
sensitivity, 0% 
specificity, AUC 0.0 
95 % CI 0.0− 0.6) 

(Meier 
et al., 
2020) 

RTP (athletes) Time to RTP 
median 11 days 
(9− 15) 

Higher IL-1RA at 6 h 
post injury was 
associated with 
greater symptom 
duration (HR 0.60 
[95% CI 0.38− 0.95], 
p = 0.03) 

(Nitta et al., 
2019) 

RTP (athletes) All athletes had 
RTP within 15 days 

Higher IL-6 at 6 h 
post injury were 
associated with a 
slower recovery rate 
(HR 0.61 [95% CI 
0.38− 0.96], p =
0.031) 

(Parkin 
et al., 
2019) 

Persistent post 
concussive 
symptoms 
(children) 

N.A. TNFα measured 
within 1− 4 days post 
injury were higher in 
children with PCS 
than those with 
normal recovery (p 
= 0.031) 

(Shetty 
et al., 
2019) 

Time to recovery 
(ED) 

Days of follow up 
lasted from 2 to 188 
days 

Initial hsCRP level 
(< 30 days) did not 
significantly 
influence time to 
recovery in a cox 
regression model 
(HR 0.94 [95% CI 
0.79− 1.13], p =
0.524) 

(Su et al., 
2014) 

PCS, Persistent 
psychological, 
physiological 
problems, and 
cognitive 
impairment (ED) 

3 months incidence 
of PCS was 16 %, 
persistent 
psychological 
problems 31 %, 
persistent cognitive 
impairment 25 % 
and physiological 
problems 25 % 

Elevated baseline 
CRP 
Persistent 
postconcussion 
syndrome (OR 2.72 
[95 % CI 
1.61− 4.59], p =
0.00) 
Persistent 
psychological 
problems (OR 1.54 
[955 CI 1.06− 2.22], 
p = 0.022) 
Persistent 
physiological 
problems (OR 1.33 
[95 % CI 
0.91− 1.96], p =
0.146) 
Persistent cognitive 
impairment (OR 1.69 
[95 % CI 

(continued on next page) 
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compared to the control group. Peak levels of IL-6 were found in the 
acute phase (<24 h) post-trauma. IL-6 is one of the best characterized 
inflammatory markers in TBI and several studies in moderate and severe 
TBI have reported similar systemic elevations of IL-6 within the acute 
phase of moderate and severe TBI (Edalatfar et al., 2021; Hergenroeder 
et al., 2010; Lustenberger et al., 2016; Rodney et al., 2018; Yan et al., 
2014). IL-6 is a pleiotropic cytokine, which is involved in promoting 
neuronal regeneration but also has a pro-inflammatory role by stimu-
lating the systemic acute phase response following TBI (Morganti--
Kossman et al., 1997; Woodcock and Morganti-Kossmann, 2013). 

A novel finding however is that the temporal profile of IL-6 points to 
a distinctly different inflammatory profile in sports related concussion 
(SRC) and military concussion versus the general unselected ED popu-
lation with mTBI. Whereas the first group of athletes (Nitta et al., 2019; 
Meier et al., 2020) and military personnel (Edwards et al., 2020a) 
showed early acute elevations (<8 h) with a return to baseline within 48 
h, the latter group (Vedantam et al., 2021) showed alterations lasting up 
to six months after injury. This is supported by a study of military 
personnel with moderate blast exposure (without diagnosis of mTBI) 
that showed significant acute elevations of IL-6 and TNFα compared to 
no blast controls which returned to baseline levels a day later (Gill et al., 
2017). This finding would also explain why Di Battista and colleagues 
found no difference between levels of IL-6 measured in healthy athletes 
and athletes with SRC measured at a median of four days after injury (Di 
Battista et al., 2020b). However, as levels of IL-6 were not measured at 
very acute time points (<8 h) in the civilian ED populations, it might be 
possible that this population shows similar early elevations as athletes 
and military personnel. Nevertheless, the earlier resolution of the in-
flammatory response in sports-related and military mTBI is a significant 
finding and indicates that this category might concern patients with 
milder injuries compared to the ED population with mTBI. 

The most frequently assessed inflammatory marker, TNFα, was only 
significantly elevated compared to controls in two out of the eight 
studies that measured it. This suggests that TNFα might contribute as a 
biomarker in mTBI but is not the most important marker. Other in-
flammatory cytokines were also reported to be elevated relative to 

controls in at least a single study. However, no conclusions can be drawn 
as other studies reported contradicting results (Fig. 4). There was also a 
marked acute phase response with acute phase proteins (APPs) SAA1, 
A1A and CRP being elevated relative to controls within 24 h of TBI 
(Anada et al., 2018; Carabias et al., 2020). APPs are produced by the 
liver as a response to inflammatory cytokines, adrenergic activity, and 
hypothalamic-pituitary-axes (HPA) activation (Fig. 1) (Baumann and 
Gauldie, 1990; Purkayastha et al., 2019). However, there is still limited 
evidence regarding the temporal profile of the APPs after TBI and their 
relation to TBI severity. 

It remains unclear if the acute findings of increased systemic markers 
are due to central nervous system or systemic inflammatory processes or 
both. There is clear evidence that cytokine production also occurs in 
response to extracranial injury (McDonald et al., 2016). Studies have 
demonstrated higher IL-6 levels in patients with concomitant extracra-
nial trauma compared to isolated head injury (Hergenroeder et al., 
2010). Similarly, APPs such as CRP have also found to be elevated in 
response to many other conditions such as infections, extracranial 
injury, and even psychological stress. Levels of CRP were also found to 
be significantly elevated in orthopaedic trauma controls as opposed to 
healthy controls (Anada et al., 2018; Xu et al., 2020). Conversely, 
Vedantam and colleagues reported that levels of IL-6 and IL-2 were 
significantly elevated in mTBI patients compared to orthopaedic con-
trols which might point to the effects of the brain injury. Altogether, 
these results indicate that it is important to acquire data of additional 
extracranial injuries that occur, for example using the ISS. 

Acute alterations of biomarkers are important as their assessment 
can help guide clinical decision making for example at the ED. However, 
many patients with mTBI are not seen at the ED in the acute phase but 
rather the general practitioner (especially relevant in rural settings). 
Therefore, measuring inflammatory markers sub acutely (<7 days) or in 
the chronic phase could also provide valuable information. Studies 
included in this review provide evidence for alterations in levels of in-
flammatory markers up to twelve months (Chaban et al., 2020; 
Thompson et al., 2020; Vedantam et al., 2021). However, in most cases a 
time course analysis of these inflammatory markers demonstrated a 
significant decrease in the chronic phase compared to their initial 
measurement. These findings suggest that the clinical utility of inflam-
matory markers may be limited to the acute and subacute phase. Future 
longitudinal studies on inflammatory markers are needed to investigate 

Table 4 (continued ) 

Reference Outcome(s) 
measured 
(population) 

Outcome(s) Conclusion(s) 

1.14− 2.51], p =
0.01) 

(Sun et al., 
2019) 

Neuro- 
psychological tests 
(ED) 

At 3 months PCS as 
measured using the 
RPQ were still 
significant 
compared with 
controls 

High MCP-1 within 7 
days were associated 
with higher Digital 
symbol coding score 
at 3 months (β 0.214, 
p = 0.009) 

(Vedantam 
et al., 
2021) 

Neuro- 
psychological tests 
(ED)  

Higher IL-2 (24 h) 
more severe RPQ at 1 
week (p = 0.001) 
lower IL-6 & IL-17a 
(24 h) more severe 
RPQ (p = 0.035, p =
0.007) 

(Xu et al., 
2020) 

GOSE (ED) N.A. Levels of hsCRP at 2 
weeks had an AUC of 
0.928 for predicting 
favorable outcome 
and an AUC of 0.547 
for predicting 
complete recovery 

Note. Area under the curve (AUC); Confidence interval (CI); Emergency 
department (ED); Glasgow Outcome Scale Extended (GOSE); Hazard ratio (HR); 
High sensitivity C reactive protein (hsCRP); hr (hour); Interleukin (IL); Mono-
cyte chemoattractant protein (MCP); Macrophage inflammatory protein (MIP); 
Not Available (N.A.); Odds ratio (OR); Post concussive symptoms (PCS); Return 
to play (RTP); Tumor necrosis factor (TNF). 

Fig. 4. Bar graph comparing the number of times a marker was measured 
compared with the number of times it was significantly elevated relative to 
levels in controls. 
Note. Alpha-1-antichromotrypsin (A1A); C Reactive Protein (CRP); Interferon 
gamma (IFNγ); Interleukin (IL); Interferon gamma inducing protein (IP); 
Macrophage inflammatory protein (MIP); Monocyte chemoattractant protein 
(MCP); Myeloperoxidase (MPO); Tumor necrosis factor alpha (TNFα); Thymus 
and activation-regulated chemokine (TARC). 
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recovery in the light of protracted immune responses. 
Most included studies reported significant elevations using group 

comparisons by comparing means or medians. Although this is useful in 
a research setting, it provides limited information on the clinical utility 
of the marker. The clinical validity is more accurately assessed using 
Receiver Operating Curves (ROC) curves and positive and negative 
predictive values (PPV’s and NPVs) (Wang et al., 2018) which were 
presented in only four of the articles included in this review (Edwards 
et al., 2020a; Nitta et al., 2019; Meier et al., 2020; Sun et al., 2019). 
Their findings infer that IL-6 may have clinical utility for diagnosing TBI. 

The concentrations of inflammatory markers may also be used to 
improve our understanding of the pathobiology of mTBI. Because, the 
inflammatory response consists of multiple complex inflammatory cas-
cades, investigating multiple markers simultaneously could provide 
insight into the inflammatory response of an individual. A recommended 
approach for future studies is to investigate an unbiased panel of 
markers and apply dimensionality reduction techniques such as prin-
cipal component analysis (PCA) to find markers which best represent the 
relevant inflammatory profile (Helmy et al., 2012). A good example 
reflecting this approach is the study of Huie and colleagues. In their 
study, 72 markers were investigated and PCA was carried out to identify 
a group of 21 largely inflammatory markers that best represented the 
biomarker profile following TBI (Huie et al., 2019). 

4.2. The relationship between acute markers of inflammation and 
conventional imaging 

Five studies examined the ability of acute levels of inflammatory 
markers to diagnose positive or negative head CT findings. The cytokine 
IL-10 was the most frequently studied marker for this purpose (Edwards 
et al., 2020b; Lagerstedt et al., 2018a, b; Posti et al., 2019; Sharma et al., 
2017). IL-10 is an anti-inflammatory marker that has been well studied 
in acute brain injury including TBI but also stroke (for a review see 
(Garcia et al., 2017)). It is thought to act by attenuating the immune 
response, suppressing pro-inflammatory markers such as IL-6, IL-1 and 
TNFα, initiating immune recovery. Acute levels of IL-10, within 24 h of 
mTBI, showed specificities comparable to that of S100B – the currently 
best characterized biomarker in TBI for this purpose (Edalatfar et al., 
2021; Mondello et al., 2018). The other reported biomarkers IL-6, TNFα 
and CRP also showed potential, however sensitivity and specificity 
values were not reported (Edwards et al., 2020b; Sharma et al., 2017). 

Although promising, these findings demonstrate that the clinical 
utility of individual markers is limited so far as their low specificity will 
not lead to decreased use of head CTs in daily practice. The included 
studies also assessed combination panels with biomarkers reflecting 
cellular brain damage such as H-FABP, S100B and GFAP. The use of 
multiple biomarkers improved the diagnostic capability showing 
increased specificity for diagnosing positive head CT compared to single 
markers. The highest specificity (87 % at 85 % sensitivity) resulted from 
a three-marker panel consisting of CRP, MMP-2, and CKBB (Sharma 
et al., 2017). These findings were compared to a FDA approved panel of 
biomarkers consisting of GFAP and UCHL-1 with a specificity of 37 % at 
a sensitivity of 97 % (Bazarian et al., 2018). This provides evidence that 
the right combination of biomarkers might lead to combination panels 
that are highly sensitive and specific. Inflammatory markers, such as 
IL-10, may play an important role in the formation of these panels. 

Although the panels of combined markers have shown good pre-
dictive value for findings on head CT, there is discussion on whether CT 
should be used as the golden imaging standard for diagnosing intra-
cranial traumatic abnormalities. MRI is more sensitive for this purpose. 
Especially, considering that frequently present diffuse (axonal) injuries 
are not visualized by CT (Lunkova et al., 2021). Only a single study on 
inflammatory markers in mTBI also reported MRI findings (Edwards 
et al., 2020b). The AUC values of the biomarkers IL-6, TNFα were much 
lower for MRI positive patients (as compared to CT positive patients). 
Although, the levels of these biomarkers were still significantly elevated 

in the MRI positive group compared to the CT negative and MRI negative 
control group (Edwards et al., 2020b). An explanation for this finding 
might be that the increased sensitivity of MRI leads to the detection of 
subtle intracranial injuries (e.g., micro-haemorrhages) that are less 
likely to result in a significant inflammatory response compared to the 
lesions detected with CT. For future studies it would be interesting to 
perform large observational studies to assess the correlation between 
levels of inflammatory markers and specific intracranial abnormalities 
as seen on conventional imaging. For example, questions to be answered 
are whether lesion type or location of injury within the brain impact the 
inflammatory response. 

4.3. The prognostic role of markers of inflammation for predicting long 
term outcome 

Return to play (RTP) was the most frequently investigated outcome 
measure, which was investigated in all four studies with athlete pop-
ulations (Di Battista et al., 2019, 2020b; Meier et al., 2020; Nitta et al., 
2019). Nitta and colleagues found that athletes with higher levels of IL-6 
within six hours after injury showed protracted recovery (Nitta et al., 
2019). Meier and colleagues showed similar trend, however the rela-
tionship between IL-6 levels and RTP was not statistically significant 
(Meier et al., 2020). These findings are conflicting with those of Di 
Battista and colleagues, who demonstrated no correlation between IL-6 
and RTP (Di Battista et al., 2020b). A potential explanation for this 
difference is that in the latter study levels of IL-6 were measured 
sub-acutely, after the temporal peak of IL-6. 

Other markers related to RTP were the chemokines MCP-1 and MIP- 
1β and the anti-inflammatory cytokine IL-1RA which, when elevated, 
were significantly positively correlated with later RTP. A study of ED 
patients failed to significantly correlate high sensitivity CRP concen-
trations with time to recovery in a cox regression model (Shetty et al., 
2019). This finding might imply that acute inflammatory markers are 
more sensitive in predicting recovery in athletes than in the general 
mTBI population. An explanation could be that the inflammatory 
response is milder in the relatively young and healthy athlete population 
compared to the average mTBI patient. On the other hand, assessing 
recovery using RTP does not guarantee that the athlete does not develop 
symptoms at a later stage as these are different outcome measures. 

Cognitive functioning and functional recovery were also used as 
outcome measures. Elevations of CRP associated with persistent psy-
chological impairments and increased levels of MCP with decreased 
information processing speed three months after trauma (Su et al., 2014; 
Sun et al., 2019). Further, increased IL-10 and IL-17A at six months post 
trauma were associated with increased frequency of post-traumatic 
stress disorder and executive function (Vedantam et al., 2021). 
Increased inflammation in the acute phase may be an important pre-
dictor of cognitive recovery following mTBI, while chronic levels of 
inflammatory markers could be used as a clinical tool for measuring the 
therapeutic effect of treatment and symptom resolution. 

The ability of inflammatory markers to predict functional outcome 
using the Glasgow Outcome Scale (GOS) or Glasgow Outcome Scale 
Extended (GOSE) are less clear. Although these scales have been widely 
used in research, they lack sensitivity for subclinical functional alter-
ations after mTBI because of a ceiling effect (Maas et al., 2017). Two 
included studies were unable to relate levels of inflammatory markers to 
recovery as all mTBI patients completely recovered according to the 
GOSE (Carabias et al., 2020; Huang et al., 2020). By dichotomizing 
GOSE scores into unfavorable outcome (GOSE < 5) and favorable 
outcome Xu and colleagues demonstrated that high sensitivity CRP 
levels measured at two weeks post-trauma may have potential as a 
prognostic marker (Xu et al., 2020). 

4.4. Caveats related to measuring inflammatory markers 

Despite the findings of this review there are some inherent 
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limitations of using inflammatory markers as biomarkers. In Fig. 1 and 
Section 1 of this review we briefly mentioned the complex interplay 
between the central nervous system and systemic inflammatory 
response, and external factors which may further influence this 
response. Therefore, we provided a discussion on some of these influ-
encing factors in relation to the articles included in this review. The most 
important influencing factor, especially in the acute stage post-trauma, 
is extracranial injury (the potential influence of extracranial injury is 
previously discussed in Section 4.1. paragraph 4). 

The inflammatory response is also sensitive to age. Advancing age 
has been shown to lead to dysregulation of the immune response 
resulting in a higher basal level of inflammatory markers (Shaw et al., 
2013). This process has been called ‘immunosenescence’ (Goronzy and 
Weyand, 2013). It is also believed that microglia and astrocytes as the 
central immune effectors undergo immunosenescence, which lead to a 
heightened pro-inflammatory response in the older population (Niraula 
et al., 2017). Thompson and colleagues aimed to assess the effect of 
ageing on the inflammatory response after mTBI (Thompson et al., 
2020). They found differences in IL-8, IL-6, and the chemokine fractal-
kine, however no analysis was done to determine if the age-related 
immune response influenced symptoms or recovery. Lagerstedt and 
colleagues also found that IL-10 was better at diagnosing cranial injuries 
in mTBI patients older than 65 years, compared to younger patients 
(Lagerstedt et al., 2018b). 

Sex has also been shown to influence the inflammatory response 
(Thelin et al., 2017; Xiong et al., 2018). Women are generally thought to 
have a milder neuroinflammatory response after TBI compared to males 
(Di Battista et al., 2020a; Villapol et al., 2017). The mTBI populations of 
the included studies in this review comprise predominantly males. It 
may be important for future studies to perform subgroup analyses and 
compare the inflammatory response and clinical utility of markers in 
both male and female patients. 

Prior brain injury might also influence the neuroinflammatory 
response (Di Battista et al., 2016; Rodney et al., 2020). It is believed that 
a brain injury might ‘prime’ microglia into a more active state much like 
ageing influences the inflammatory response. In an animal model of 
repetitive mTBI, mice that had experienced repetitive mTBI demon-
strated worse cognitive recovery compared to mice exposed to a single 
mTBI (Mouzon et al., 2018). Furthermore, a study measuring concen-
trations of inflammatory markers in military veterans with a history of 
TBI found that the mean concentration of IL-6 was higher in veterans 
who had experienced multiple TBI’s (Rodney et al., 2020). Repetitive 
concussions are especially relevant in the military and sports setting. A 
study measuring inflammatory markers in athletes with a history of 
concussion report higher concentrations of IL-1β in athletes with a his-
tory of concussion and those without (O’Brien et al., 2021). 

There are also technical limitations when measuring markers of 
inflammation. Studies have demonstrated that the measured levels of 
inflammatory markers are dependent on the collecting tube used, 
coagulation time, plasma or serum, storage temperature and number of 
freeze-thaw cycles (Hennø et al., 2017). There have been attempts made 
to define common data elements for the collection, preparation, and 
storage of biofluids for biomarkers (Manley et al., 2010). However only 
one study in this review abided by these common data elements (Xu 
et al., 2020). 

A further notable limitation is related to the platform chosen for 
biomarker analysis (McDonald et al., 2021). A study comparing different 
Immunoplex assays from various manufacturers reported different 
levels of inflammatory markers (Numis et al., 2021). Although, vari-
ability between platforms is an important issue, for mTBI detectability 
concerns a bigger problem as the concentrations of inflammatory 
markers are often detected in the low picomolar range. Certain analyt-
ical platforms such as ELISA or Immunoplex have little sensitivity at the 
lower limits of this range (Lasseter et al., 2020). This often leads to 
unknown concentrations of markers as these are often below the limit of 
detection of the platforms. For example, in two studies included within 

this review, the concentration of IL-6 was not detectable in a large 
portion of the study population (Chaban et al., 2020; Di Battista et al., 
2019). The fact that concentrations of inflammatory markers at the 
lower limit of the spectrum are not reliably detected may artificially 
inflate the reported concentrations. Researchers may consider using 
platforms with greater sensitivity such as platforms applying single 
molecule array (SIMOA) technology (Lasseter et al., 2020). 

4.5. Future perspectives 

We report that certain markers of inflammation might improve the 
clinical utility of combination panels for mTBI. However, current evi-
dence is confounded by heterogenous study design, analysis, and 
reporting. 

A first step towards improving the quality of evidence of markers of 
inflammation in mTBI would be the recruitment of study cohorts (for 
example using large multicentre initiatives, such as the CENTER-TBI and 
TRACK-TBI studies) which are representative and generalisable to the 
entire mTBI population (Mercier et al., 2017). Additionally, large mul-
ticentre studies may provide samples sizes which have the necessary 
statistical power to correct for the numerous factors that could influence 
concentrations of inflammatory markers such as age, gender, previous 
head injury, or the extent of extracranial injury. 

The ability to distinguish neuroinflammation from systemic sources 
(e.g., from extracranial injury) would vastly improve the clinical utility 
of inflammatory markers after mTBI. Some solutions are currently being 
considered: (1) Statistical correcting for extracranial injuries or inclu-
sion of orthopaedic injured patients in addition to healthy controls 
(Wilde et al., 2019), (2) Investigating the concentrations of inflamma-
tory markers in cranially derived extracellular vesicles (EVs), that could 
directly represent the cranial inflammatory response (Puffer et al., 2020; 
Beard et al., 2021), and (3) Measuring microRNAs as a surrogate 
biochemical marker of the inflammatory response (Zhou et al., 2021; 
Puffer et al., 2020). Proteomic techniques could also be considered to 
potentially find candidate biomarkers which are specific to the neuro-
inflammatory response (Lindblad et al., 2021). 

For future studies, we expect a shift away from traditional analytical 
platforms such as ELISA, Immunoplex, or SIMOA. Although some of 
these platforms, especially SIMOA, can solve the detectability issue of 
inflammatory markers, they are laboratory tests with the disadvantage 
of requiring several hours before a result is returned (Bazarian et al., 
2021; Okonkwo et al., 2020). Point of Care (POC) platforms using 
electrochemical biosensors have recently been gaining traction (Pan-
kratova et al., 2021). POC platforms can identify biomarker concen-
trations at the scene of injury, GP practice, or ED without requiring 
processing in a laboratory. It was recently reported that a POC test 
consisting of UCH-L1 and GFAP, demonstrated comparable sensitivities 
to laboratory-based platforms (Bazarian et al., 2021). Considering that 
certain inflammatory markers are expressed soon after injury, they may 
well be part of a POC combination platform that could be used in the 
early phase after mTBI. 

Before inflammatory markers can be considered, high-quality evi-
dence is needed for the role of and application of blood-based bio-
markers in mTBI. To this end, we provide further recommendations for 
future studies (Table 5). These recommendations reiterate and com-
plement recommendations found in key literature of biomarkers in TBI 
(Mondello et al., 2018; Wang et al., 2018; Huie et al., 2021). 

4.6. Limitations 

Our review has several limitations which are related to both the 
methodology of the review process and the included articles. First, there 
is a chance for reporting bias as only peer reviewed studies are included. 
Second, we had strict eligibility criteria which may have led to the 
exclusion of potentially relevant studies. Third, there was no unifying 
definition of mTBI, reporting of results or interval from trauma to 
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measurement of inflammatory marker making comparison difficult. For 
this last reason, we were unable to perform a meta-analysis which would 
have increased the objectivity of our findings. Finally, by including 
studies investigating cohorts drawn from the same population and 
counting these as unique (i.e., Nitta et al., 2019; Meier et al., 2020) 
certain statistics could be artificially inflated. 

5. Conclusion 

This review of the available relevant literature suggests a distinct 
inflammatory response following mTBI, which is quantifiable in blood 
within six hours and up to twelve months post trauma. There is reason to 
believe that the temporal expression of inflammatory markers is 
different in military/ sports related mTBI compared to civilian mTBI. 
When assessed in combination with well-established markers such as 
GFAP and UCH-L1, the early expression of inflammatory markers might 
contribute to the development of combination panels and POC devices 
which could diagnose TBI at the scene, especially relevant in military 
and sports settings. IL-6 holds the most promise for this purpose. In-
flammatory markers such as IL-10 may also have capabilities for dis-
tinguishing between patients with and without imaging abnormalities. 
However, inflammatory markers may be better suited as part of a mul-
tiple biomarker panel including markers of other pathophysiological 
processes post-TBI. This review further suggests that inflammatory 
markers may also have potential for decisions regarding return to play 
for athletes or for predicting neuropsychological outcomes following 
mTBI. Before implementation of these biomarkers in clinical practice is 
possible, increased standardization of measuring techniques and study 
design must be done in large multicentre studies to provide high quality 
evidence. To this end, recommendations to aid and guide further 
research on this topic are provided. 
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of brain injury on the inflammatory response following severe trauma. 
Immunobiology 221, 427–431. https://doi.org/10.1016/j.imbio.2015.11.011. 

Maas, A.I., Menon, D.K., Steyerberg, E.W., Citerio, G., Lecky, F., Manley, G.T., Hill, S., 
Legrand, V., Sorgner, A., 2015. Collaborative European NeuroTrauma effectiveness 
research in traumatic brain injury (CENTER-TBI) a prospective longitudinal 
observational study. Neurosurgery 76, 67–80. https://doi.org/10.1227/ 
NEU.0000000000000575. 

Maas, A.I., Menon, D.K., Adelson, P.D., Andelic, N., Bell, M.J., Belli, A., Bragge, P., 
Brazinova, A., Büki, A., Chesnut, R.M., 2017. Traumatic brain injury: integrated 
approaches to improve prevention, clinical care, and research. Lancet Neurol. 16, 
987–1048. https://doi.org/10.1016/S1474-4422(17)30371-X. 

Manley, G.T., Maas, A.I., 2013. Traumatic brain injury: an international knowledge- 
based approach. J. Am. Med. Assoc. 310, 473–474. https://doi.org/10.1001/ 
jama.2013.169158. 

Manley, G.T., Diaz-Arrastia, R., Brophy, M., Engel, D., Goodman, C., Gwinn, K., 
Veenstra, T.D., Ling, G., Ottens, A.K., Tortella, F., 2010. Common data elements for 
traumatic brain injury: recommendations from the biospecimens and biomarkers 
working group. Arch. Phys. Med. Rehabil. 91, 1667–1672. https://doi.org/10.1016/ 
j.apmr.2010.05.018. 

McCrory, P., Meeuwisse, W., Dvorak, J., Aubry, M., Bailes, J., Broglio, S., Cantu, R.C., 
Cassidy, D., Echemendia, R.J., Castellani, R.J., 2017. Consensus statement on 
concussion in sport—the 5th international conference on concussion in sport held in 
Berlin, October 2016. Br. J. Sports Med. 51, 838–847. https://doi.org/10.1136/ 
bjsports-2017-097699. 

McDonald, S.J., Sun, M., Agoston, D.V., Shultz, S.R., 2016. The effect of concomitant 
peripheral injury on traumatic brain injury pathobiology and outcome. 
J. Neuroinflammation 13, 1–14. https://doi.org/10.1186/s12974-016-0555-1. 

McDonald, S.J., Shultz, S.R., Agoston, D.V., 2021. The known unknowns: an overview of 
the state of blood-based protein biomarkers of mild traumatic brain injury. 
J. Neurotrauma 38 (19), 2652–2666. https://doi.org/10.1089/neu.2021.0011. 

McInnes, K., Friesen, C.L., MacKenzie, D.E., Westwood, D.A., Boe, S.G., 2017. Mild 
Traumatic Brain Injury (mTBI) and chronic cognitive impairment: a scoping review. 
PLoS One 12, e0174847. https://doi.org/10.1371/journal.pone.0174847. 

Meier, T.B., Huber, D.L., Bohorquez-Montoya, L., Nitta, M.E., Savitz, J., Teague, T.K., 
Bazarian, J.J., Hayes, R.L., Nelson, L.D., McCrea, M.A., 2020. A prospective study of 
acute blood-based biomarkers for sport-related concussion. Ann. Neurol. 87, 
907–920. https://doi.org/10.1002/ana.25725. 

K. Visser et al.                                                                                                                                                                                                                                   

https://doi.org/10.1016/S1474-4422(18)30231-X
https://doi.org/10.1016/S1474-4422(18)30231-X
https://doi.org/10.1111/acem.14366
https://doi.org/10.1111/acem.14366
https://doi.org/10.1093/braincomms/fcab151
https://doi.org/10.1177/0885066619837913
http://refhub.elsevier.com/S0149-7634(21)00530-3/sbref0040
http://refhub.elsevier.com/S0149-7634(21)00530-3/sbref0040
http://refhub.elsevier.com/S0149-7634(21)00530-3/sbref0040
http://refhub.elsevier.com/S0149-7634(21)00530-3/sbref0040
http://refhub.elsevier.com/S0149-7634(21)00530-3/sbref0045
http://refhub.elsevier.com/S0149-7634(21)00530-3/sbref0045
https://doi.org/10.1089/neu.2019.6963
https://doi.org/10.1089/neu.2019.6963
https://doi.org/10.1016/s0165-5728(99)00148-4
https://doi.org/10.1016/s0165-5728(99)00148-4
http://refhub.elsevier.com/S0149-7634(21)00530-3/sbref0060
http://refhub.elsevier.com/S0149-7634(21)00530-3/sbref0060
http://refhub.elsevier.com/S0149-7634(21)00530-3/sbref0060
https://doi.org/10.1186/s12974-019-1402-y
https://doi.org/10.1186/s12865-020-0339-3
https://doi.org/10.1186/s12865-020-0339-3
https://doi.org/10.1371/journal.pone.0232053
https://doi.org/10.1371/journal.pone.0232053
https://doi.org/10.1016/j.pmr.2016.12.001
https://doi.org/10.1007/s12028-020-01173-1
https://doi.org/10.1186/s12883-020-01760-x
https://doi.org/10.1186/s12883-020-01760-x
https://doi.org/10.3389/fneur.2020.00348
https://doi.org/10.3389/fneur.2017.00244
https://doi.org/10.1016/j.bbi.2017.02.015
https://doi.org/10.1016/j.bbi.2017.02.015
https://doi.org/10.1038/ni.2588
https://doi.org/10.1371/journal.pone.0039677
https://doi.org/10.1371/journal.pone.0039677
https://doi.org/10.1016/j.cyto.2017.05.014
https://doi.org/10.1186/1742-2094-7-19
https://doi.org/10.1097/WNR.0000000000001397
https://doi.org/10.1097/WNR.0000000000001397
https://doi.org/10.1089/neu.2017.5449
https://doi.org/10.1089/neu.2019.6762
https://doi.org/10.1089/neu.2019.6762
https://doi.org/10.1097/00024382-199511000-00001
https://doi.org/10.1097/00024382-199511000-00001
https://doi.org/10.1371/journal.pone.0200394
https://doi.org/10.1371/journal.pone.0200394
https://doi.org/10.1371/journal.pone.0193278
https://doi.org/10.1371/journal.pone.0193278
https://doi.org/10.3389/fneur.2020.00376
https://doi.org/10.3389/fneur.2020.00376
https://doi.org/10.1186/s12974-021-02264-2
https://doi.org/10.1016/j.cytox.2020.100027
https://doi.org/10.1186/s13054-021-03503
https://doi.org/10.1002/hbm.25630
https://doi.org/10.1016/j.imbio.2015.11.011
https://doi.org/10.1227/NEU.0000000000000575
https://doi.org/10.1227/NEU.0000000000000575
https://doi.org/10.1016/S1474-4422(17)30371-X
https://doi.org/10.1001/jama.2013.169158
https://doi.org/10.1001/jama.2013.169158
https://doi.org/10.1016/j.apmr.2010.05.018
https://doi.org/10.1016/j.apmr.2010.05.018
https://doi.org/10.1136/bjsports-2017-097699
https://doi.org/10.1136/bjsports-2017-097699
https://doi.org/10.1186/s12974-016-0555-1
https://doi.org/10.1089/neu.2021.0011
https://doi.org/10.1371/journal.pone.0174847
https://doi.org/10.1002/ana.25725


Neuroscience and Biobehavioral Reviews 132 (2022) 154–168

167

Mercier, E., Tardif, P.-A., Emond, M., Ouellet, M.-C., De Guise, É., Mitra, B., Cameron, P., 
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