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ABSTRACT

Objective: To examine whether the brain biomarkers total-tata(i), glial fibrillary
acidic protein (GFAP), angramyloid (A3) isomers 40 and 42 in plasma relate to the
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corresponding concentrations in cerebrospinal f{Ai8F), blood-brain barrier integrity,
and duration of post-concussion syndrome (PCS}alvepetitive head impacts (RHI) in

professional athletes.

Method: In this cross-sectional study, professioathletes with persistent PCS due to
RHI (median of 1.5 years after recent concussiod)umninjured controls were assessed
with blood and CSF sampling. The diagnosis of P@S lased on the Diagnostic and
Statistical Manual of Mental Disorders (Fourth kuh). The athletes were enrolled
through information flyers about the study senthi® Swedish hockey league (SHL) and
the SHL Medicine Committee. The controls were datbthrough flyers at University of
Gothenburg and Sahlgrenska University Hospital, dame The participants underwent
lumbar puncture and blood assessment at Sahlgréhskarsity Hospital. The main
outcome measures were history of RHI and PCS $g\({@CS> 1 year versus PCS< 1
year) in relation to plasma and CSF concentratodistau, GFAP, 840, and A42.
Plasma T-tau, GFAP, [0, and 842 were quantified using an ultrasensitive assay

technology.

Results: A total of 47 participants (28 athletes [median a8e/ears, range 18-52] with
persistent PCS, due to RHI and 19 controls [medg®) 25 years, range 21-35])
underwent paired blood and cerebrospinal fluid (C#npling. T-tau, 40 and A42
concentrations measured in plasma did not correldkethe corresponding CSF
concentrations, while there was a correlation betwgdasma and CSF levels of GFAP
(r=0.45,p=0.020).There were no significant relationships betweesmkaT-tau, GFAP,
and blood-brain barrier integrity as measured bi#:€&um albumin ratio. T-tau, GFAP,
APB40, and 42 measured in plasma did not relate to PCS sgvBliine of the markers
measured in plasma correlated with number of ca@ions, except decrease@4® in

those with higher number of concussions (r=—0p40,04).

Conclusions: T-tau, GFAP, 840 and 442 measured in plasma do not correspond to
CSF measures, and may have limited utility forgtxaluation of the late effects of RHI,

compared with when measured in CSF.

Classification of Evidence: This study provides Class Il evidence that infessional

athletes with post-concussion symptoms, plasmaesurations of T-tau, GFAP, X0,
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and A342 are not informative in the diagnosis of lateef$ of repetitive head injuries.

Glossary
TBI = traumatic brain injuryGFAP = glial fibrillary acidic proteinT-tau = total-tau;Ap

= B-amyloid; CSF = cerebrospinal fluidPCS, Post-Concussive Syndrome.

INTRODUCTION

Accumulating evidence suggests that athletes wkie haen exposed to repetitive head
impacts (RH]I), including clinical concussions adlwas subconcussive impacts, may
develop behavioral, cognitive, and emotional symgopersisting for months to years,
referred to as post-concussion syndrome (PQ@8)r understanding of the
pathophysiological consequences of RHI is basgoostmortem studies showing various
histopathological changes, including axonal damblg®d brain barrier (BBB)

disruption, astrogliosis, and amyloid depositfotSigns of axonal injury, astrogliosis, and
amyloid dysmetabolism could be quantified by meiagutotal-tau (T-tau), glial fibrillary
acidic protein (GFAP), ang-amyloid (AB) in cerebrospinal fluid (CSF), respectivéiy.

In a study, CSF T-tau was significantly elevatedtimetes with history of multiple
concussions compared to contrdls. the same study, higher CSF T-tau was also
associated with reduced fractional anisotropy wress white matter tracts, including the
cingulum bundle and corpus callosum. Increased C&fti and GFAP have been reported
in boxers 7-10 days after a bout compared to theldeafter three months of rest from
boxing. In the same study, CSFBAO and 442 were also measured and there were no
significant differences between the levels at Hags after a bout compared to the levels
after three months of reStn a previously published pilot study, we founditathletes

with PCS due to RHI have reduced CSF422 In an expanded cohort including patients
from the pilot study, we performed a detailed chedzation of amyloid metabolism and
astrogliosis in CSF. We found decreased CSF coratenmts of A338, AB40, and 442,

with the largest reduction inp&2 in athletes with persistent PCS. In the samaystue
also measured CSF GFAP and found increased GFAfletes with PCS as compared to
controls? A drawback of the previous studies was that itinegl lumbar puncture (LP) to
measure CNS-derived proteins in CSF, which is gasive procedure and not always
readily available. In contrast, blood is easieat¢oess, and could be stored for long-term

analysis. However, the concentration of CNS-derpeadeins in the peripheral blood is
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very low compared to CSF due to biologically plalsireasons. The current notion is that
the levels of CNS-derived proteins may increageeiipheral blood when there is
disruption of the BBB integrity® TBI causes disruption of the BBB integrityClinically,
CSF:serum albumin ratio is commonly used as a gateomarker of BBB integrit}/

Recent advances in the immunoassay technologyrhade it possible to quantify T-tau,
GFAP, and & species in blood with high analytic sensitivity**In this current study, we
have recruited additional participants to the paaihort and measured T-tau, GFAP,
AB40, and 42 in plasma using ultrasensitive assays. Thugpiingary research
guestions in this study werel) (to assess whether T-tau, GFAB4AA, and 442

measured in plasma would correlate with levels 3FChypothesizing that plasma
concentrations would correlate with CSE} {0 examine the relationship between plasma
T-tau, GFAP, 840, and 442 to BBB disruption as reflected by CSF:serum maiiou

ratio, hypothesizing that higher plasma biomarksroentrations would correlate with
increased CSF:serum albumin ratio; aBdt¢ assess whether plasma T-tau, GFAP, and
AB40 and A42 would be altered in athletes with RHI, hypotheg that athletes with
RHI would have increased plasma T-tau and GFAPedsas reduced p42 compared

with controls.

METHODS
Standard protocol approvals, registrations, and patient consents
The ethics committee at the University of Gothegh&@weden approved the study. All

participants gave written informed consent.

Study population

This cross-sectional study involved professionaledés with PCS due to repetitive head
impact (RHI) and healthy controls who all undertwegnipuncture and LP. The
participants were enrolled between September 268d4ane 2016 at the Neurochemistry
Laboratory, Sahglrenska University Hospital, Mollh@&weden. The 28 athletes and 19
controls have also been part of previous regott$> Inclusion criteria for the RHI group
were: () eighteen years of age or old@r) persistent post-concussive symptoms (for
more than three months following repetitive conauss (ii) no contraindications to LP:
decreased platelet count (< 50 X/L), focal neurologic sign, papilledema, reduced

consciousness, infection at puncture sit,r{o evidence of structural damage on MRI
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(T/T, and fluid-attenuated inversion recovery sequenees) ) no known history of
other neurological disorders such as multiple ssligr or seizures. The inclusion criteria
for controls were:if eighteen years of age or old@r) no history of concussion or head
injury, regardless of causeii] no contraindications to LP (as detailed above(l, @ no
known history of other neurological disorders sashmultiple sclerosis, or seizures.
The athletes were enrolled through informationiyabout the study sent to the Swedish
hockey league (SHL) and the SHL Medicine Commitlé® athletes who fulfilled the
above criteria and were willing to partake in thaedy, either reached out to the teams’
physicians to be referred or contacted the stuaintdirectly. The controls were enrolled
through flyers at the University of Gothenburg &ahlgrenska University Hospital. The
controls were asked during screening whether tlaew Inad, or recalled having had a
history of head trauma or concussion. Only paréictp who answered "no" to having a

prior concussion were included.

Study rationale and sample size justification

All participants who met inclusion criteria and sented to participate were included. The
data on T-tau, GFAP, [0, and A42 measured in blood (plasma or serum), and their
correlation to CSF and BBB have not been publigiregtiously. The 28 athletes and 19
controls presented here have also been part oigueveports: > °In a pilot study® we
measured T-tau, GFAP an@42 in CSF of 16 athletes and 15 controls (inclualed in

the current manuscripin the subsequent report, we replicated and dietailéd
characterization of B metabolism in CSF of the 28 athletes and 19 ctmftbe same as
the current study) A detailed summary of the studies related to tHe 8 provided
(eAppendix 1). The rationale for this study, a®atentioned in the introduction section,
was to assess the relationship between these edertloped ultrasensitive blood assays
and their relationship to CSF and BBB integrityisTis important from both clinical and

biochemical standpoint.

In regards to the sample size, we detected sigmifidifferences in the levels of these
biomarkers between the RHI and control group wdthbower (almost half of the current
sample size) and with the same sample %iZ€hus, based on the CSF differences in this
cohort, we hypothesized that these biomarkers medsa blood of these athletes would

perform similar to CSF.
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Diagnosis of concussion and severity

Concussion severity was graded according to thesspelated concussion guidelines,
which is based on the number of days it takes icathlete to return to pldy.The

athletes who displayed clinical signs of concussionng the game were removed from
the game and followed a graded return to play patt The diagnosis of PCS was based
on the Diagnostic and Statistical Manual of Meiorders (Fourth Edition). Athletes
who had remained symptomatic for more than a yeat,chosen to resign from
professional play upon recommendation by the telysipians. The teams’ physicians
were present at all regular season games, documgesigins and symptoms of concussion
and physical examination findings in the event obacussion. The teams’ physicians
also recorded the date when an athlete had compitetmvered from his concussion and
was able to return to play. All athletes were assgsvith Rivermead Post-Concussion
Questionnaire (RP&and lifetime number of clinical concussions, doemted by the
teams’ physicians. At enrolment, the RHI group alederwent assessment with RPQ,
including total number of clinical concussion assesnt, which was documented by the
teams’ physicians and affirmed by the athlete axgssion. The RHI group was also
assessed with RPQ at the end of the study. Oreeddthletes reported regular usage of
central stimulant for attention deficit hyperadyvilisorder. None of the of the

participants reported other regular medications.

Main outcome measures

The main outcome measures were history of RHI &8 Severity (duration of PGS1
year versus > lyear) in relation to plasma and &8i€entrations of T-tau, GFAP BAO,
and AB42.

Biochemical procedures

Lumbar puncture

LP was performed in the lateral decubitus positibrgugh L3-L4 or L4-L5, between
10.00 a.m. to 2.00 p.m. Twenty-gauge, atraumatclies were used for all the LPs. A
total of 8-10 mL CSF was collected in a single pobpylene tube from each participant.
The CSF was gently mixed and a cell count was pmed to exclude blood
contamination. Thereafter, the CSF was centrifU@e@0 x g at 4°C for 10 minutes) and
the supernatant was aliquoted in 0.5 mL portiorolypropylene screw cap cryo tubes

that were stored at —80 °C pending analysis.
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CSF analyses
CSF T-tau, GFAP, B40, and 442 concentration were measured using ELISAs desttrib

previously® % 19

CSF: serumalbumin ratio

Serum and CSF albumin concentrations were measyradmunonephelometry on a
Beckman IMMAGE Immunochemistry system (Beckmanrbnsents, Beckman Coulter,
Brea, CA, USA). CSF: serum albumin ratio was cated as CSF albumin (mg/L)/serum
albumin (g/L).

Plasma procedure

Blood samples were collected by venipuncture ifdd & tubes and centrifuged within
20-60 minutes. Plasma samples were aliquoted aneldsat —80°C pending biochemical
analysis. Plasma concentrations of T-tau (HumaalTi@u 2.0, #190, GFAP (GFAP
Discovery, #102336), p40 and A42 (Human Neurology 3-Plex A, # 101995) were
measured using the Single Molecule Array technol@yanterix, Billerica, MA, USA}?

All analytes had an average coefficient of varianté %.

All samples were analyzed at the same time usiegdéme batch of reagents by certified

laboratory technicians blind to clinical informatio

Biofluid-based biomarker source of origin and clinical interpretation

T-tau is a microtubule-associated protein predontlgaxpressed in short cortical
unmyelinated axon®.GFAP is manly found in astroglial cells and is arker of

astroglial activatiorf The amyloid deposition or plaques seen in TBIpeglominantly
composed of 42 amino acid-long and aggregationgAf42, which are also seen in
Alzheimer’s disease (AD¥ #In contrast, 840 and 4842 measured in plasma have been
shown to be increased in AB.It is worth pointing out that for GFAP, the assayork
equally on plasma and serum, while for T-tau afid@®and 442 the levels are lower in
serum compared with plasfaThus, plasma is a better source for quantificatibf-tau
and A340 and A42, which is the rationale for the quantificatidrtttese biomarkers in

plasma instead of serum in this study.
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Statistical analysis

The correlations between the plasma and CSF lefdie biomarkers were assessed
using Spearman’s rank correlation. We used thesGbared test for assessing the
categorical variables between the RHI group androtsn We used the Mann-Whitné&y
test for comparison between the RHI group and otsitThe Kruskal-Wallis analysis of
variance was used to compare continuous varialelessen the groups. All tests were
two-sided and statistical significance was deteeaiiatp<0.05. The statistical analyses
were performed in GraphPad Prism 8 (GraphPad, la J0A, USA) and R (v.3.0.3, The

R Foundation for Statistical Computing).

Data availability
The data supporting the findings are available ueoest from the corresponding

author.

RESULTS

Demographic characteristics

Twenty-eight athletes with RHI (assessed with gh€SF and plasma a median of 1.5
years since most recent concussion) and 19 neurallyghealthy controls were enrolled
prospectively (Table 1). Of 28 athletes with RHhenof the athletes returned to play or
were symptom free within one year, while 19 had PC§ear and had resigned from the
game due to persistent symptoms. As previouslyrtegpoathletes in the PCS> 1 year
group had higher RPQ score and number of concSgge, sex, and race did not differ
significantly between the athletes with RHI andtcols (Table 1).

Plasma biomarkersin relation to CSF and BBB integrity
Plasma GFAP correlated with CSF (r=0.460.003), while no significant correlations
were found between plasma and CSF T-tgid0A and A42 (Figure 1A).

T-tau, GFAP, and B40 measured in plasma did not significantly coteelaith
CSF:serum albumin ratio, however, plasnfi2 correlated inversely with CSF:serum
albumin ratio (Figure 1). Furthermore, in the cohgroup, plasma 40 and 442

correlated inversely with CSF:serum albumin raim(re 1).
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Plasma biomarkersin relation to diagnosis of RHI and RTP

Plasma concentrations of T-tau, GFABAA, and 442 did not differ significantly
between athletes with RHI and controls, or betwbese who could return to play versus
those who had resigned due to persistent PCS @Rjur

Plasma biomarkersin relation to injury severity and number of concussions
There were no correlations between T-tau, GFARIOA\ or A342 and total RPQ score
(Figure 3A).

There were no correlations between plasma T-ta®yFGEnd A40 and number of
clinically evident concussions, except decreasadrph 842 correlating with higher
number of concussions (r=—0.4%50.04; Figure 3B).

Classification of Evidence: This study provides Class Il evidence that in pssional
athletes with post-concussion symptoms, plasmaesurations of T-tau, GFAP, 0,
and A342 are not informative in the diagnosis of lateef$ of repetitive head injuries.

DISCUSSION

Herein, we found thatdj T-tau, A340 and 442 measured in plasma do not correlate
significantly with the levels in CSF, while plasieaels of GFAP correlated with CSF
levels; @) there were no significant correlations betweespla concentrations of these
biomarkers and BBB integrity, except for an invereerelation between p42 and
CSF:serum albumin ratio; an8) (plasma T-tau, GFAP, 40 and A42 showed no
significant associations with the duration of PG tb RHI.

We observed a moderate correlation between plasth&8F GFAP, while there were no
significant correlations between plasma T-tafj4®, and 442 and corresponding CSF
levels, suggesting that plasma GFAP, to a certegnek, reflects CSF, while plasma
assays for T-tau, p40, and 842 may not reflect CSF or brain pathophysiologye Th
moderate or weak correlations seen here could $everal explanations, including faster
clearance of these biomarkers from the blood, madalue to different integrity of the
BBB among participants, or be related to the arayperformance of the blood assays
used. There are no existing studies in which imhligls with a history of RHI and healthy

controls have been assessed with paired CSF and beompling, restricting direct
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comparison of these results. These findings sudgasCSF may be a better fluid source
of quantification of GFAP, p40, and 442 in assessing signs of astroglial injury or

amyloid metabolism in those with a history of RHI.

Paired CSF and blood sampling also allow for assessof blood biomarkers in relation
to BBB integrity. CSF:serum albumin ratio is usedaasurrogate marker of BBB
integrity*? There were no associations between blood condiemtseof T-tau, GFAP and
CSF:serum albumin ratio, suggesting tHattiese biomarkers may be released into the
bloodstream independent of BBB integrit®) that CSF:serum albumin ratio may not be a
sensitive enough measure of BBB function or tBatl{ese biomarkers may be released
into the blood through other mechanisms, suchasha CSF and arachnoid villi or the
glymphatic systeri® ?’ Negative correlations were seen betwe@d®and 442 and
CSF:serum albumin ratio in the control group butRBII group. This is an interesting

finding, which needs further replication in a largehort of healthy controls.

Increased concentrations of CSF T-tau have preljidie®n seen in acute samples from
boxers with RHI. In the context of chronic TBI, a recent study fduto difference in
plasma T-tau in National Football League playeithwaihistory of RHI compared with
controls?® In direct comparison, herein, T-tau measured eeith CSF or plasma differed
between RHI and controls. These findings suggedtidbth CSF and plasma T-tau have
limited utility as a biomarker for the late effectisRHI.

GFAP measured in blood has been assessed in nusrstualies of acute TBI, where
GFAP concentration was increased in those witlaanémial bleeding®>! In the context

of sports-related concussion, increased levelsFkARSmeasured within 48 hours after a
concussion have been seen in collegiate athtet&Plasma GFAP has not been assessed
as a biomarker in the chronic phase or in therggetif professional athletes who have had
RHI. In contrast to CSF GFAP measured in this cohplasma GFAP did not relate to
diagnosis of RHI or injury severity, suggestingtthlasma GFAP is less sensitive than
CSF GFAP to detect astrogliosis in the chronic plaSRHI.

Experimental and postmortem studies suggest thkdtas who have had RHI may

develop brain amyloid depositidrt:** In direct comparison with these studies, we
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previously observed decreased CSR® and A42 in this cohorf,with the highest effect
size seen for pd2—a principal component of amyloid plaque seemenrodegenerative
disease$® »Unlike CSF 4 measured in this cohdtAp measured in plasma did not
differ between athletes with RHI and controls, ®giong that plasmafAis not as

sensitive as CSF in detecting amyloid dysmetabolism

One limitation of this study is the rather modesnple size. Nevertheless, it is difficult to
motivate professional athletes or healthy individua undergo LP. Furthermore, we did
not have longitudinal blood and CSF data to ingedé the precise relationship between
PCS and RHI. Lastly, there is always risk of sétgcbias. The participants enrolled in
this study were predominantly white and male, whiey not be representative of all
athletes who develop long-term PCS. A previousyshas shown that serum GFAP levels

may differ between white and black athlet®shich we could not assess herein.
These results suggest that T-tau, GFAR4@and A42 measured in plasma do not

correspond to CSF measures and may have limitkty fdir the evaluation of the late

effects of RHI, compared with when measured in CSF.
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FIGURE LEGENDS

Figure 1. Correlations between plasma and CSF and BBB integrity.

Panel A shows the correlations between plasma ;TG&AP, A340, and 4842 and
corresponding CSF. Panel B shows the relationstiywden plasma biomarkers and
CSF:serum albumin ratio. The correlations wereetegsing Spearman sign rank
correlation (r). The fitted line including the 95&énfidence interval is from a linear
regressionAbbreviation: CSF = cerebrospinal fluid; RHI = repetitive heagbact; T-tau
= total-tau; GFAP = glial fibrillary acidic proteid\p = p-amyloid.

A
150 400 20
All, r=-0.08, p=0.58 All, r=0.46, p = 0.003 All, r=-0.19,p=0.22 All, r=-0.26, p =0.09
= RHI, r=0.07,p=0.61 —~ RHI, r = 0.45, p = 0.020~ RHI, r=-0.11,p=0.60 —~ RHI, r=-0.25, p=0.13
E ¢l > Controls, r=-0.13, g —e— Controls, r=-0.10, g 34| —e— Controls, r=-0.29, € 15/ —— Controls, r =-0.25,
o p=0.61 ) p=0.73 5 p=026 = p=0.33
£ o 100 o e
g 4 e T 200 ° S 10
o,
hd [y (2 a Q. hd
h . G] hee * < ps s < 1
© © 5o Li\—/ © ’ © P
& 2 D G Pl & 100 & s °e
B 3 rR B ©
o ° o o o
.
0 0 0 0
0 100 200 300 400 0 200 400 600 800 0 5,000 10,000 15,000 0 500 1,000 1,500
CSF T-tau (pg/mL) CSF GFAP (pg/mL) CSF AB40 (pg/mL) CSF AB42 (pg/mL)
B
10 150 400 20
All,r=-0.12, p = 0.42 All, r=0.06, p = 0.073 All, r=-0.05,p=0.76 All, r=-0.31,p = 0.045
- RHI, r=-0.08, p=0.69 = RHI,r=-0.04, p=0.85~ RHI, r=-0.23,p=0.26 — RHI, r=-0.016, p = 0.76
€ 81 —e— Controls,r=-0.18, g —e— Controls, r=0.29, € 309/ —* Controls, r=-0.70, € 15| —— Controls, r=-0.72,
= p=0.47 = p=0.29 = p =0.0022 By p=0.0016
& a 100 o =
3 6 o o [oN]
4_,‘? < a 200 o g_ 10 °
E o4 U] %2 < = < ~ Q
© . © 50 © ® ©
€ € L ~ IS I AR
2 o S 8 set g g °
o e o o [a
0 0 0
0 2 4 6 8 10 0 2 4 6 8 0 2 4 6 8 10 0 2 4 6 8 10
CSF: Serum albumin ratio CSF: Serum albumin ratio CSF: Serum albumin ratio CSF: Serum albumin ratio

Figure 2. Plasma biomarkersin relation to diagnosis of RC and duration of PCS
(A-D) show the differences in plasma concentratiofithe biomarker in athletes with
exposure to RHI versus controls and PCS durafibbreviation: RHI = repetitive head
impact; PCS = post-concussive syndrome; T-taual-tau; GFAP = glial fibrillary acidic

protein; A3 = p-amyloid. n.s. = not significant.
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Figure 3. Plasma biomarkersin relation to post-concussion symptoms severity and
number of concussions. Panel A shows the relationship between plasmeldenf the
biomarkers and total RPQ scores. Panel B showsetagonship between plasma levels of
the biomarkers and number of lifetime concussidhg. correlations were tested using
Spearman sign rank correlation (r). The fitte@dimncluding 95 % confidence intervals
are from linear regression modeXhbreviations: RPQ, Rivermead Post-Concussion
Symptoms Questionnaire; T-tau = total-tau; GFARi& §brillary acidic protein; A = -

amyloid.
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Table 1. Demographic and clinical characteristics of professional athletes and controls

PCS,
Variables Repetitive CH:ealtth)ll p Value
Head | mpact ontrois
N 28 19 —
Age, years, median (range) 28 (18-52) 25 (21-35) | 0.10
Sex, male no. (%) 25 (89) 15 (79) 0.20
Race, white, no. (%) 28 (100) 19 (100) 1.0
Timesinceinjury, years, range 1.5(0.25-12) | — -
Total RPQ, range, 0-64 13 (6-35) 0 (0-0) <0.001
Post-lumbar puncture headache no. (%) | 2 (7) 4 (21) 0.18
No. of concussions, median (range) 5.5 (5-20) - -

Abbreviations. PCS, Post-Concussion Symptoms; RPQ, Total RivadnR®st-Concussion

Symptoms Questionnaire; Continuous variables avesstas median (range) unless denotg

otherwise. Mann-Whitney test was used for continuous group comparisonsCéuifctest
for categorical variables.
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