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ABSTRACT
Importance: The long-term health effects of concussion are unknown. Inflammation is pivotal
to secondary injury processes and the etiology of neurodegenerative diseases. We characterized
circulating inflammatory mediators in healthy male and female athletes with and without a
history of concussion.
Methods: Blood samples from 53 healthy athletes (males, n = 29; females, n = 24) with (n = 28)
and without (n = 25) previous concussion history were assessed for 29 inflammatory markers and
4 neuroinjury markers by immunoassay.
Results: Numerous chemokine concentrations were elevated in athletes with a history of
concussion versus no history of concussion: monocyte chemoattractant protein (MCP)-4 (p =
0.003); thymus- and activation-regulated chemokine (p = 0.001); interferon gamma induced
protein -10 (p < 0.001), interleukin-8 (p = 0.019), MCP-1 (p = 0.006), macrophage-derived
chemokine (p = 0.039), and macrophage inflammatory protein (MIP)-1 (p < 0.05). Brain
derived neurotrophic factor (BDNF) was also elevated (p = 0.016). A positive correlation was
found between number of previous concussions and both TARC (r = 0.45, p = 0.001) and IP-10
(R = 0.44, p = 0.001). An inverse correlation was found between days from the last concussion
and both IP-10 (r = -0.45, p = 0.041) and MIP-1 (r = -0.49, p = 0.020).
Interpretation: Athletes with concussion history displayed elevated systemic chemokine
concentrations versus athletes without concussion history. Chemokines were associated with the
number of concussions and time from last concussion. Further research is needed to investigate
the pathophysiology of systemic inflammation chronically after concussion.

Introduction
With concern about the potential deficits produced by concussion, there has been an
increased demand to delineate the pathophysiological mechanisms mediating long-term
outcomes.1 Presently, our conceptual understanding of the pathophysiology underlying
concussion consists of an acute disturbance of neurobehavioral function together with damage to
neuronal and glial cells.2 Most often, symptoms are short-lived, resolving within days to weeks;36

however, more recent objective neuroimaging and biomarker data have documented underlying

functional and structural abnormalities which persist beyond symptom resolution.7-9 How these
changes are related to long-term health outcomes or risk for future concussion is poorly
understood.
It is now recognized that secondary injury after neurotrauma is initiated by both local
central nervous system (CNS) and systemic inflammation.10,11 Until recently, inflammation has
been overlooked in the pathogenesis of concussive injury (or mild traumatic brain injury;
mTBI),12 but more recent studies indicate inflammatory processes such as microglial activation
and peripheral immune cell recruitment also occur in mTBI.13,14 These processes play an
important role in aiding the repair and regeneration of damaged brain cells.15 However, when
dysregulated, inflammation may also exacerbate tissue injury,12,16 and is currently recognized as
an integral component to numerous neurodegenerative diseases.17 In view of this, experimental
animal models of TBI have provided strong evidence supporting acute neuroinflammation postinjury that may persist for months or possibly years.18,19 While the sequelae of inflammation
following TBI in humans is less clear,20 microglial activation has been identified up to 18 years
after a single TBI.21,22

Inflammation post-concussion has been difficult to characterize due to practical
limitations such as the inability to access tissue proximal to the site of injury, and the invasive
nature of cerebral spinal fluid (CSF) acquisition. Nevertheless, peripheral blood samples have the
potential to provide meaningful pathophysiological information between the CNS and periphery
in response to brain injury, encompassing processes such as neuroinflammation and brain tissue
injury in a relatively cost-effective, non-invasive manner.23 In view of this, recent evidence has
shown that increased circulating C-reactive protein levels post-injury may predict persistent postconcussive syndrome symptoms,24 and coated platelet levels, which serve as an indirect
inflammatory correlate, are elevated in mild TBI patients up to 9 years post-injury.25 Yet,
research examining the systemic inflammatory response in human concussion is limited,
particularly concerning the role of key inflammatory mediators such as cytokines and
chemokines.
Historically, there has been a lack of concussion research on females.26 Despite this,
available evidence suggests that females may be at a greater risk for concussion,27,28 report more
symptoms post-concussion,27,29 and take longer to recover.27,30 Such evidence is aligned with
severe TBI research which has shown that women may sustain worse outcomes.31 In addition, it
is known that males and females show distinct immunological responses; women exhibit
stronger cellular and humoral immune responses, are more prone to many autoimmune diseases,
but are less susceptible to various of bacterial, viral, and fungal infections.32,33 However, the
relationship between concussion and the inflammatory response in relation to potential sex
differences has not been investigated.

Thus, in this study we set out to examine a panel of systemic inflammatory cytokines and
chemokines in a sample of male and female athletes, in order to characterize the relationship
between previous concussions and peripheral inflammation.

2. METHODS
2.1 Participants
Participants were recruited from University of Toronto intercollegiate athletic “varsity” teams. A
research team member provided an overview of the research project and requested consent to
obtain blood samples and use the Sport Concussion Assessment Tool (SCAT) results for
research purposes. Medical history was obtained by the team’s therapist/trainer, followed by
administration of the SCAT. Sixteen teams (8 male, 8 female) were contacted for research
purposes, including the following sports: basketball, baseball, field hockey, football, ice hockey,
lacrosse, rugby, soccer, wrestling and volleyball. Study procedures were approved by the
university institutional review board (protocol reference # 27958), and all participants provided
written informed consent prior to the study.
2.2 Measures
Sport Concussion Assessment Tool 3 (SCAT3): The SCAT3 combines aspects of several
previously published concussion tools into eight components designed to assess concussion
symptoms (number endorsed and severity), cognition (Sideline Assessment of Concussion or
SAC and Maddocks questions), balance (firm conditions of the Balance Error Scoring System or
BESS), Glasgow Coma Scale (GSC) and neurological signs (physical signs, coordination).34
Each of the eight components are scored and recorded. The symptom score is comprised of a 22item post-concussion symptom scale using a seven-point Likert scale rating. The symptom

severity is obtained by summing the rated symptom score for each symptom.34 This symptom
scale has been shown to be reliable and valid for the assessment of both symptom presence and
severity.29,34,35
2.3 Blood Sample Collection
Venous blood samples were drawn from athletes after consent was obtained. Samples were
drawn into a 10-mL K2EDTA (with 4mM sodium metabisulfite [Na2S2O5]) or 4-mL nonadditive (Vacutainer, Becton Dickinson, NJ, USA) tube. After one hour, specimens were
centrifuged at 1600 x g for 15 minutes at 4°C, the plasma supernatant was aliquoted and frozen
at -70°C until analysis.
2.4 Biomarker Analysis
Thirty of thirty-three markers were analyzed using a Meso-Scale Discovery (MSD®) Sector
imagerTM 6000 with Discovery Workbench software (version 3.0.18), using MSD® 96-Well
MULTI-ARRAY/-SPOT® V-plex Human Immunoassay Kits purchased from MSD (MD, USA)
(see Table 1 for complete list of markers analyzed). Three additional neuroinjury markers were
assessed using commercial ELISA technology; Glial fibrillary acidic protein (GFAP; EMD
Millipore, HE, Germany), s100 calcium-binding protein B (s100B; EMD Millipore, HE,
Germany), neuron specific enolase (NSE; R & D system, MPLS, USA). All assays were
performed according to manufacturer’s instructions, in duplicate, and without alterations to the
recommended standard curve dilutions.
2.5 Statistical Analyses
A two-way analysis of variance (ANOVA) with between group factors - previous history of
concussion (yes vs no) and sex (male vs female), was conducted on blood biomarker
concentrations. Significant main effects and interactions were considered at P < .05 (2-tailed).

We reported the absolute adjusted differences with 95% confidence interval for both history of
concussion and sex. In cases where the interaction between history and concussion and sex was
significant, a Tukey’s multiple comparisons test was employed to identify specific differences.
To evaluate the relationship between inflammatory marker concentrations and number of
previous concussions, a spearmans’ rank correlation coefficient (rho) was calculated. To assess
the relationship between inflammatory marker concentrations and the time from the last
concussion, a Spearman’s rho or Pearsons’ product-moment correlation coefficient was
calculated, where appropriate. All data were analyzed using GraphPad Prism Version 6.0f
(GraphPad Inc., CA, USA) and Stata Version 13.1 (StataCorp, TX, USA).

[Insert Table 1 Here]
3. Results
3.1 Demographics and Clinical Characteristics
Physical characteristics and concussion histories of the two groups are listed in Table 1. The
mean age for all athletes (n = 62) was 20.3 years (SD = 1.8; range 17-24) with no differences in
age between groups (difference, -.86 [95% CI, −2.07 to .34]; P = .15). There was an equal
representation of male and female athletes in both groups with no differences in reporting of
history of migraines, learning disabilities, anxiety/depression/psychiatric disorders, or family
history of psychiatric illness. Athletes reported a total score 3.1 (SD = 3.7) on the SCAT3, with
no significant differences between groups of athletes with or without previous concussion history
(difference, -.1.67 [95% CI, −4.09 to 0.39]; P = .10; table 1). In addition, symptom severity
scores did not differ between groups (difference, -3.31 [95% CI, −7.52 to 0.90]; P = .12; Table
1).

3.2 Systemic inflammatory marker analysis
[Insert Table 2 Here]
3.2.1 Previous concussion history
Of the 62 athletes enrolled, 4 athletes were excluded due to the presence of seasonal allergies,
and 5 athletes were excluded due to prescription drug use. Fifty-three patients remained for
blood analysis (males, n = 29; females, n = 24). Mean concentrations of inflammatory markers
stratified by concussion history are displayed in Table 2. Eight markers were significantly
elevated in the peripheral blood of healthy athletes with a history of concussion vs. those without
a history of concussion (Table 2 & Figure 1). BDNF was the only neurological injury marker
elevated in athletes with a history of concussion (difference, 990.2 [95% CI, 191.6 – 1788.7]; p =
0.016, 2 = 0.10) (Table 2 & Figure 1, Panel A). The remaining 7 markers elevated in healthy
athletes with a history of concussion were chemokines. The greatest absolute difference in
chemokine concentrations between healthy athletes with a history of concussion vs. those
without was seen in MCP-4; levels were over 1.5 fold higher in athletes with a history of
concussion (difference 14.3 [95% CI, 5.2 – 23.4]; p = 0.003, 2 = 0.12) (Table 2 & Figure 1,
Panel E). However the largest effect size was seen in TARC – healthy athletes with a history of
concussion had levels approximately 1.5-fold higher than healthy athletes without a history of
concussion (difference 17.1 [95% CI, 7.8 – 26.4]; p = 0.001, 2 = 0.22) (Table 2 and Figure 1,
Panel H). Additionally, healthy athletes without a history of concussion displayed elevations in
IP-10 (difference, 72.9 [95% CI, 34.2 – 111.7]; p < 0.001, 2 = 0.20), IL-8 (difference, 0.65
[95% CI, 0.11 – 1.2]; p = 0.019, 2 = 0.08), MCP-1 (difference, 14.2 [95% CI, 4.2 – 24.1]; p =
0.006, 2 = 0.11), MDC (difference, 117.3 [95% CI, 6.3 – 228.4]; p = 0.039, 2 = 0.06), and

MIP-1 (difference, 1.8 [95% CI, 0.03 – 3.5]; p < 0.05, 2 = 0.09) (Table 2 and Figure 1).
[Insert Figure 1 Here]
[Insert Table 3 Here]
3.2.2 Sex
Peripheral blood concentrations of inflammatory and neuroinjury markers in healthy athletes
dichotomized by sex are displayed in Table 3. Compared with males, regardless of concussion
history, females had lower levels of a number of inflammatory mediators; Cytokines, IL-16
(difference, -117.3 [95% CI, -170.9 – -63.8]; p < 0.001, 2 = 0.27) and TNF-α (difference, -0.3
[95% CI, -0.5 - -0.03]; p = 0.03, 2 = 0.08) ; Chemokines, Eotaxin (difference, -21.5 [95% CI, 35.8 – -7.1]; p = 0.004, 2 = 0.13), IP-10 (difference, -40.7 [95%CI, -79.4 – -2.0]; p = 0.04, 2 =
0.05), IL-8 (difference, -0.7 [95% CI, -1.2 – -1.8]; p = 0.010, 2 = 0.1), MCP-1 (difference, -11.4
[95% CI, -21.4 – -1.4]; p = 0.026, 2 = 0.07) , and MCP-4 (difference, -19.0 [95% CI , -28.1 – 9.9]; p < 0.001, 2 = 0.22) (Table 3). Additionally, s100B levels were 1.5-fold higher in healthy
female athletes vs. healthy male athletes (difference, 6.1 [95% CI, 2.8 – 9.3]; p < 0.001, 2 =
0.22) (Table 3).
An interaction was found between sex and history of concussion for IL-8 and MIP-1
(Figure 2, Panels A & B, respectively). Post hoc analysis revealed that healthy males with a
history of concussion had significantly higher IL-8 levels compared to healthy males with no
previous concussion history (difference, 1.2 [95% CI, 0.2 – 2.2]; p = 0.012); there were no
significant differences in IL-8 concentrations between healthy female athletes with and without a
history of concussion (Figure 2, Panel A). However, no specific differences between history of
concussion and sex were identified for MIP-1 (Figure 2, Panel B)

[Insert Figure 2 Here]
3.2.3 Correlational Analysis
Associations were identified between systemic inflammatory chemokines and both
number of previous concussions and days from last concussion (Table 4). A significant positive
correlation was found between the number of previous concussions sustained by the athletes
(range = 0-7) and concentrations of TARC (r = 0.45, p = 0.001) and IP-10 (r = 0.44, p = 0.001).
(Table 4). In addition, an inverse correlation was found between the days from the last
concussion (range = 279 – 2335) and IP-10 (r = -0.45, p = 0.041) and MIP-1 (r = -0.49, p =
0.020) concentrations (Table 4).
[Insert Table 4 Here]
4. Discussion
In the present study we identified differences in peripheral markers of inflammation between
healthy athletes with and without a previous history of concussion. We found multiple
circulating chemokines positively correlated with the number of previous concussion sustained,
and inversely correlated with the time elapsed from the last concussion. Furthermore, we
identified differences in systemic inflammatory markers between male and female athletes, with
differential responses between sexes according to previous concussions.
The athletes in our study displayed symptom scores similar to previously reported values
in healthy athletic populations.36,37 However, our results indicate that individuals with a history
of concussion manifest a systemic inflammatory profile that is characterized by elevations in
markers with chemoattractant properties. The two most pertinent questions stemming from these
findings are: (1) what are the possible biological mechanisms governing systemic chemokine

alterations in relation to concussion? (2) what are the clinical implications of these findings on
patient health?
It is possible that chemokines may enter the systemic circulation from the site of injury in
the CNS. Mechanical trauma and subsequent damage of brain tissue initiates local
neuroinflammation.15,38 Activated microglia release cytokines and chemokines, which may then
travel into the systemic circulation across a damaged BBB, and subsequently recruit peripheral
leukocytes to the injured brain tissue.15,38 Furthermore, cell fragments and other markers of
injury, termed DAMPs (damage associated molecular patterns) are also released from the CNS
into the periphery where they may become immunogenic and cause subsequent systemic
cytokine/chemokine release through their interactions with peripheral leukocytes.39,40
While the presence of DAMPs such as s100B may be elevated for months after mTBI in
humans,41-43 that we did not find differences in s100B molecules between athletes with and
without a history of concussion suggests that it may not be the primary mediator of chronic
inflammation after concussion. However, GFAP, a DAMP by definition, but not previously
examined with respect to its immunogenic role in the peripheral circulation, was detectable in
68% of samples from previously concussed athletes, as compared with 39.3% of samples from
athletes with no prior concussions (Supplement 1). Hence, further research on the involvement
on a multitude of DAMP molecules in chronic inflammation after concussion is warranted.
Alternatively, it is conceivable that individuals with a history of concussion may have
altered sympathetic nervous system (SNS) function. SNS activation results in the release of
norepinephrine and epinephrine into the circulation, a process previously shown to occur acutely
following moderate and severe TBI.44,45 This hyperadrenergic state can mediate inflammation
through sympathetic terminals in innervated tissues, and also via receptor-mediated interactions

between catecholamines and peripheral leukocytes.46,47 While the current study did not assess
adrenergic function, our group and others have previously identified autonomic dysfunction post
concussion with measures of heart rate variability.48-50 Undoubtedly, this correlative evidence
requires further investigation, though it is supportive of the general hypothesis that concussion
may induce chronic alterations to sympathetic tone, and this may alter systemic inflammation.51
It is difficult to speculate on the clinical implications of the present findings, in part due
to pleiotropic properties of chemokines. In pathological conditions, chemokines are primarily
involved in coordinating leukocyte recruitment to injured tissues.52,53 Animal models of TBI
have implicated chemokines in the recruitment of macrophages and neutrophils to the CNS, and
inhibition of this process has been associated with improved recovery and cognitive function.54,55
Furthermore, it has been suggested that BBB breakdown after TBI is largely mediated by
chemokines,38 and the BBB may be damaged for months after concussion.56 However,
chemokines may also aid in neuronal repair, mediating regenerative processes such as axonal
sprouting.57,58 Indeed, we found an inverse correlation between systemic chemokine levels and
days from last concussion, possibly reflective of ongoing recovery. This is further supported by
our findings of elevated BDNF levels in athletes with a history of concussion; BDNF is the most
abundant neurotrophin found in the brain, promoting neuronal health and survival. Our group
previously showed elevated BDNF acutely after moderate and severe TBI,42 and decreased
BDNF levels were associated with patient mortality.59 Our findings provide justification for
further mechanistic experimentation to identify the underlying consequences of an altered
systemic inflammatory profile chronically after concussion.
We found higher levels of inflammatory markers were positively associated with the
number of reported previous concussions, supportive of previous studies suggesting multiple

concussions may have deleterious health effects.60-62 In view of this, it has been speculated that
resident microglial cells may be “primed” by an initial injury, resulting in an exaggerated
inflammatory response to subsequent insults,63 although it is still unclear how the systemic
inflammatory response may react to repeated concussive injuries.
We observed significantly lower chemokine levels in females compared to males,
regardless of concussion history, and sex-specific alterations in IL-8 and MIP-1α concentrations
according to concussion history. While these novel findings are supportive of previous evidence
regarding sex-specific responses following concussion,3,5,27,30 the gap in sex-based inflammatory
research in TBI prevents any speculation on their mechanistic interpretation. In addition, we
found female athletes had higher s100B levels than males regardless of concussion history.
While not related to concussion history directly, this finding is pertinent due to the prominence
of s100B in concussion research. Previous studies addressing sex-specific differences in systemic
s100B concentrations have been inconsistent,64,65 possibly due to differences the biological fluids
being measured (i.e., blood vs. CSF), and the analytical techniques employed. Yet, we did not
find differences in s100B levels between athletes with and without a previous concussion history,
and thus do not have evidence to implicate s100B in the chronic sequelae of concussion.
The current study was limited by a number of factors. A cross-sectional design limited
the ability to evaluate pre-injury inflammatory marker levels in our athlete-cohort. Furthermore,
a larger sample size would improve the strength of our findings, particularly for combined sex
and concussion history stratification. Yet, despite these limitations, our results demonstrate
systemic inflammatory alterations in athletes with previously diagnosed concussions, and
provide evidence that a subset of these differences appear to be sex-specific.

5. Conclusion
Previous history of concussion is associated with alterations in systemic inflammatory
biomarker concentrations in a sample of healthy athletes. Specifically, circulating chemokine
levels are elevated in athletes with a history of concussion compared to athletes with no previous
concussion history. Furthermore, peripheral chemokine concentrations are positively associated
with the number of previous concussions sustained, and inversely associated with the time from
the last concussion. In addition, systemic inflammatory profiles differ between male and female
athletes, and sex-specific differences exist in the inflammatory profiles of athletes with a history
of concussion vs. those with no previous concussion history. Future concussion studies should
consider the role of systemic inflammatory mediators and sex when investigating the biological
underpinnings of post-concussion recovery and long-term health outcomes.
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Tables
Table 1. Demographics and clinical characteristics
Unless otherwise stated, results are reported as the mean and percent ‐ n (%).
Characteristics
Demographics
Age (years) – (mean ± SD)
Male Gender
Medical History
Migraines
Learning disability
Anxiety/depression/psychiatric disorders
Family history of psychiatric illness
Sport
Basketball
Hockey
Lacrosse
Rugby
Volleyball
Wrestling
Current SCAT symptom scores – (mean ± SD)
Total symptoms
Symptom severity

No Concussion History
(n=29)

Concussion History
(n=24)

19.8 ± 1.7
15 (53.6)

20.8 ± 1.9
13 (46.4)

0 (0.0)
1 (3.4)
2 (6.9)
5 (17.2)

1 (4.2)
1 (3.3)
1 (4.2)
5 (20.1)

8 (27.5)
3 (10.3)
1 (3.4)
4 (13.8)
9 (31.0)
4 (13.8)

2(8.3)
14 (58.3)
0 (0.0)
2 (8.3)
6 (25.0)
0 (0)

2.1 ± 2.1
3.5 ± 4.4

3.9 ± 4.2
6.5 ± 8.1

No significant differences were found between subjects with a history of concussion versus
those without, by unpaired student’s t‐test (p <0.05).

Table 2. Concentrations of inflammatory mediators in healthy
Athletes stratified according to concussion history.
Markers
IL-1α
IL-1β
IL-2
IL-4
IL-5
IL-6
IL-7
IL-10
IL-12p40
IL-12p70
IL-13
IL-15
IL-16
IL-17A
TNF-α
TNF-β
GM-CSF
VEGF
IFN-γ
Eotaxin
Eotaxin-3
IP-10
IL-8
MCP-1
MCP-4
MDC
MIP-1α
MIP-1β
TARC
BDNF
s100B
GFAP (ng/mL)
NSE (ng/mL)

No Hx of Concussion Hx of Concussion
(n = 28)
(n = 25)
Cytokines
3.4  0.6
2.7  0.6
-------0.5  0.1
--2.2  0.4
3.2  0.4
0.3  0.0
0.3  0.0
112.7  6.9
133.0  7.7
----2.4  0.1
2.5  0.1
250.4  24.1
278.8  19.6
2.2  0.2
2.3  0.2
1.6  0.1
1.6  0.1
0.2  0.0
0.2  0.0
--42.1  3.4
42.2  3.4
6.0  0.5
5.5  0.5
Chemokines
84.3  6.9
70.0  2.8
24.1  2.5
27.9  3.6
158.9  8.2
232.7  18.5*
1.9  0.2
2.6  0.2*
52.7  2.2
67.2  4.9*
26.6  2.4
42.0  4.7*
737.3  31.0
853.1  45.3*
6.7  0.6
7.6  0.6*
34.5  2.7
40.0  2.7
32.2  2.5
49.4  3.8*
Neuroinjury Markers
1432.9  213.5
2336.5  332.0*
16.3  1.2
16.3  1.3
-9.8  1.6
4.1  0.2
4.2  0.1

Interleukin (IL) -1α, -1β, -2, -4, -5, -6, -7, -10, -12p40, -12p70,
-13, -15, -16, -17A, tumor necrosis factor (TNF) -α, -β, granulocyte
macrophage colony-stimulating factor (GM-CSF), vascular endothelial
growth factor (VEGF), interferon-gamma (IFN-γ), eotaxin, eotaxin-3,
interferon gamma-induced protein (IP) -10, IL-8. monocyte
chemoattractant protein (MCP) -1, -4, macrophage derived chemokine, (CONT ON NEXT PAGE)

(MDC), macrophage inflammatory protein (MIP) -1α, -1β,
thymocyte- and activation-regulated chemokine (TARC), brain derived
neurotrophic factor (BDNF), s100 calcium binding protein beta (s100B),
glial fibrillary acidic protein (GFAP), neuron specific enolase (NSE).
Data are presented as mean SEM in pg/mL unless otherwise stated.
* = adjusted P < 0.05 vs. athletes with no history of concussion.
“--” = below assay detection in >50% of samples analyzed.

Table 3. Concentrations of inflammatory mediators in healthy
athletes stratified according to sex.
Markers

Males (n = 29) Females (n = 24)
Cytokines
IL-1α
2.5  0.5
3.7  0.6
IL-1β
--IL-2
--IL-4
--IL-5
-0.6  0.1
IL-6
-0.7  0.1
IL-7
2.9  0.4
2.3  0.3
IL-10
0.3  0.0
0.3  0.0
IL-12p40
120.4  7.4
125.7  7.7
IL-12p70
--IL-13
--IL-15
2.5  0.1
2.5  0.1
IL-16
318.6  21.6
200.0  13.9*
IL-17A
-2.5  0.2
TNF-α
1.7  0.1
1.5  0.1*
TNF-β
0.2  0.0
0.2  0.0
GM-CSF
--VEGF
37.8  2.5
47.2  4.1*
IFN-γ
6.3  0.4
5.3  0.6
Chemokines
Eotaxin
88.0  6.2
65.8  3.5*
Eotaxin-3
-28.2  2.8
IP-10
213.0  16.2
172.4  13.7*
IL-8
2.5  0.2
1.8  0.2*
MCP-1
64.5  4.4
53.6  2.4*
MCP-4
42.4  4.0
23.2  2.1*
MDC
797.7  35.8
784.8  44.6
MIP-1α
-6.9  0.4
MIP-1β
39.0  2.8
34.9  2.7
TARC
43.2  3.5
37.4  3.8
Neuroinjury Markers
BDNF
1701.4  268.7
2141.4  320.1
s100B
13.7  1.2
19.7  1.0*
GFAP (ng/mL)
-8.1  1.2
NSE (ng/mL)
4.2  0.1
4.0  0.2

Interleukin (IL) -1α, -1β, -2, -4, -5, -6, -7, -10, -12p40, -12p70,
-13, -15, -16, -17A, tumor necrosis factor (TNF) -α, -β, granulocyte
macrophage colony-stimulating factor (GM-CSF), vascular endothelial
growth factor (VEGF), interferon-gamma (IFN-γ), eotaxin, eotaxin-3,
interferon gamma-induced protein (IP) -10, IL-8. monocyte
chemoattractant protein (MCP) -1, -4, macrophage derived chemokine,
(MDC), macrophage inflammatory protein (MIP) -1α, -1β, (CONT ON NEXT PAGE)

thymocyte- and activation-regulated chemokine (TARC), s100 calcium
binding protein beta (s100B), glial fibrillary acidic protein (GFAP),
neuron specific enolase (NSE), brain derived neurotrophic factor (BDNF).
Data are presented as mean  SEM in pg/mL, unless stated otherwise.
* = adjusted P < 0.05 vs. males.
“--” = below assay detection in > 50% of samples analyzed.

Table 4. Correlations between inflammatory markers and concussion
history indices

Marker
BDNF
IL-8
IP-10
MCP-1
MCP-4
MIP-1
MDC
TARC
IL-7
MIP-1β

Number of previous
concussions
r
P value
0.21
0.151
0.34
0.017*
0.44
0.001*
0.34
0.015*
0.41
0.003*
0.32
0.063
0.22
0.108
0.45
0.001*
0.36
0.009*
0.24
0.085

Days from last
concussion
r
P value
-0.06
0.795
-0.01
0.959
-0.45
0.041*
-0.09
0.699
0.17
0.439
-0.49
0.054
-0.22
0.317
-0.01
0.956
-0.09
0.692
-0.49
0.020*

Abbreviations: BDNF, brain derived neurotrophic factor; IL, interleukin;
IP-10, interferon-gamma induced protein - 10; MCP, monocyte chemoattractant
protein; MDC, macrophage-derived chemokine; TARC, thymus and activation
regulated chemokine; MIP, macrophage inflammatory protein.
* = P < 0.05 using spearman r.

Figure Legends

Figure 1. Changes in systemic inflammatory markers in athletes with a history of
concussion. brain derived neurotrophic factor (BDNF), interleukin (IL) -8, interferon gammainduced protein (IP) -10, monocyte chemoattractant protein (MCP) -1, -4, macrophage
inflammatory protein (MIP) -1, macrophage derived chemokine (MDC), and thymus and
activation-regulated chemokine (TARC) concentrations in healthy athletes with (n = 28) versus
without (n = 25) a previous history of concussion. Lines represent the mean and standard error of
the mean (SEM). * = p <0.05 versus athletes without a previous history of concussion by
student’s t-test with Welch’s correction, where appropriate.
Figure 2. Alterations in systemic inflammatory markers according to concussion history
and sex. interleukin (IL) -8 and macrophage inflammatory protein (MIP) -1 concentrations in
healthy athletes with (male, n = 15; female, n = 13) versus without (male, n = 14; female n = 11)
a previous history of concussion. Bars and lines represent the mean and standard error of the
mean (SEM). * = p <0.05 versus athletes without a previous history of concussion by Two-way
ANOVA and Tukey’s multiple comparisons test.

