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Abstract

Biomarkers for diffuse axonal injury could have utilities for the acute diagnosis and clinical care of concussion, including
those related to sports. The calpain-derived all-spectrin N-terminal fragment (SNTF) accumulates in axons after traumatic
injury and increases in human blood after mild traumatic brain injury (mTBI) in relation to white matter abnormalities and
persistent cognitive dysfunction. However, SNTF has never been evaluated as a biomarker for sports-related concussion.
Here, we conducted longitudinal analysis of serum SNTF in professional ice hockey players, 28 of whom had a con-
cussion, along with 45 players evaluated during the preseason, 17 of whom were also tested after a concussion-free
training game. Compared with preseason levels, serum SNTF increased at 1 h after concussion and remained significantly
elevated from 12 h to 6 days, before declining to preseason baseline. In contrast, serum SNTF levels were unchanged after
training. In 8 players, postconcussion symptoms resolved within a few days, and in these cases serum SNTF levels were at
baseline. On the other hand, for the 20 players withheld from play for 6 days or longer, serum SNTF levels rose from 1 h to
6 days postconcussion, and at 12-36 h differed significantly from the less-severe concussions (p=0.004). Serum SNTF
exhibited diagnostic accuracy for concussion, especially so with delayed return to play (area under the curve=0.87).
Multi-variate analyses of serum SNTF and tau improved the diagnostic accuracy, the relationship with the delay in return
to play, and the temporal window beyond tau alone. These results provide evidence that blood SNTF, a biomarker for
axonal injury after mTBI, may be useful for diagnosis and prognosis of sports-related concussion, as well as for guiding
neurobiologically informed decisions on return to play.
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Introduction

MILD TRAUMATIC BRAIN INJURY (MTBI) presenting with
negative head computed tomography (CT) findings, often
referred to as concussion, is the most common neurological injury
and is an increasing concern for participants in contact sports. For
athletes and other mTBI sufferers, postconcussion symptoms (PCS)
commonly resolve within hours or days, but for a small proportion
of cases, brain dysfunction and disability can persist, sometimes for
a year or longer."™ The main structural correlate for the long-
lasting brain dysfunction that can occur after mTBI is thought to be
diffuse axonal injury.”® Unfortunately, there is currently no ther-

apeutic or rehabilitative intervention clinically proven to amelio-
rate diffuse axonal injury (DAI) or improve long-term brain
function.”™"! Moreover, there is no established method for identi-
fying, at an early and potentially treatable stage, those individuals
suffering mTBI with negative head CT findings that nevertheless
are at risk of developing white matter (WM) damage and lasting
brain dysfunction. For athletes, challenges remain to make neuro-
biologically informed decisions on suitability for return to play and
vulnerability to repetitive injuries.'>!?

A blood biomarker whose levels relate to mTBI-induced DAI
and persistent brain dysfunction would have major diagnostic and
prognostic utilities for the clinical research and treatment of mTBI.
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A number of proteins have been evaluated as candidate blood bio-
markers for mTBI, including neuron-specific enolase, ubiquitin C-
terminal hydrolase L1, and oll-spectrin C-terminal fragments, as
well as the glia-enriched S100f and glial fibrillary acidic protein.
Unfortunately, none of these markers has a prognostic relationship
with patient outcomes for mTBI with negative head CT findings.'* ™!
One study, however, showed an increase in serum tau in concussed
hockey players correlating with the duration of PCS.** We identified
calpain-derived 1176 residue N-terminal fragment of o-spectrin,
SNTF, as a protein that accumulates preferentially in damaged
axons®> > and increases measurably in the blood after TBI, in-
cluding CT-negative mTBL2**” SNTF is normally undetectable in
axons, but is generated subsequent to stretch injury by intra-axonal
calcium overload and spectrin proteolysis mediated by the calpain
family of calcium-activated proteases.”>**?’ In a preliminary study
of mTBI treated in the emergency room, blood SNTF levels cor-
related with WM abnormalities detectable with diffusion tensor
imaging (DTI) as well as cognitive dysfunction that persisted for at
least 3 months.?” Consequently, SNTF is a promising, biologically
plausible blood biomarker for the DAI of functionally deleterious
mTBI. It has not been studied before as a marker for sports-related
concussion.

The aim of the present study was to evaluate serum SNTF as a
diagnostic and prognostic biomarker for concussion in a prospec-
tive cohort study involving professional ice hockey players in the
Swedish Hockey League. This study design and player cohort was
used recently to evaluate other candidate serum biomarkers for
concussion in professional athletes.?> Here, in a parallel approach,
we compared the serum levels of SNTF longitudinally post-
concussion with their baseline levels before the start of the season,
evaluated relationships between serum SNTF concentrations and
the severity of PCS, and conducted multi-variate analyses of SNTF
and the other markers in relation to the incidence and severity of
concussion.

Methods
Study population

The prospective study of concussion among professional ice
hockey players from the Swedish Hockey League has been de-
scribed before.?? The study was approved by the Ethics Committee
for Medical Research at the University of Gothenburg (Molndal,
Sweden) and by the Swedish Ice Hockey Association. Written in-
formed consent was obtained from all 288 study participants
comprised of 24 players from each of the 12 teams. The physicians
for each team documented signs and symptoms of concussion and
performed physical examinations in the event of concussion during
the first half of the 2012-2013 season. The diagnosis of concussion
(n=28) was made according to the latest guidelines on sports-
related concussion.*° Blood samples were obtained at 1 (n=25), 12
(n=22), 36 (n=20), and 144 h (n=18) after concussion as well as
on the day of return to play (n = 10). Physicians recorded the date of
concussion and the date at which players completely recovered
from their injuries and returned to unrestricted competition. In
addition, before the start of the season, players from two teams were
sampled for baseline serum biomarker levels (n=45), and players
from one of these teams provided blood samples 1 and 12 h after a
training game without concussion incident (n=17).

Serum biomarkers

Blood samples were collected and sera prepared by the methods
described before.”? SNTF was quantified in the deidentified sera
using an electrochemiluminescence-based sandwich immunoas-
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say”’ by an experimenter blinded to the data on PCS severity and
serum levels of the other biomarkers. Briefly, standard 96-well
plates with an underside electrode (Meso Scale Discovery, Gai-
thersburg, MD) were coated with purified and highly cross-species
adsorbed goat anti-mouse immunoglobulin G (IgG; Southern
Biotechnology, Birmingham, AL) at 50 ng per well in phosphate-
buffered saline containing 0.03% Triton X-100, air dried, and
stored overnight at 4°C. The next day, wells were blocked with
0.5% bovine serum albumin (BSA) in TTBS (Tris-buffered saline
[pH 7.4] containing 0.05% Tween-20), then washed with TTBS.
The capture antibody (Ab), a mouse monoclonal to the SH3 domain
in the N-terminal half of spectrin all-subunit®' (Covance, Kala-
mazoo, MI) was applied as ascites fluid at 25 ng per well in 0.2%
BSA/TTBS for 1 h, then the wells were washed with TTBS. Next,
human sera diluted to 40% or SNTF standards mixed in 0.2% BSA/
TTBS were added in sextuplicate (25 uL per well) for 2 h, and then
the wells were washed with TTBS. A standard curve was generated
using a preparation of oll-spectrin isolated from mouse brain
membranes by high salt extraction and ammonium sulfate precip-
itation, followed by digestion with purified erythrocyte calpain I to
generate SNTF, as described before.”>*’ % The detecting Ab was a
cleavage site-specific purified rabbit IgG raised against the calpain-
generated neoepitope in the C-terminus of SNTF ending at oll-
spectrin residue 1176. This Ab was prepared in our laboratory and
characterized extensively by Western blotting, immunohisto-
chemistry, protease digest, and solid-phase immunoassay for spe-
cific reactivity with SNTF, but not the spectrin holoprotein or other
spectrin proteolytic fragments.”**® Negative controls were evalu-
ated in triplicate for every serum sample by replacing the SNTF-
specific IgG with purified IgG prepared from preimmune rabbit
serum and used at the same concentration (200 ng/mL). The re-
porter Ab was goat anti-rabbit IgG conjugated to ruthenium (Sul-
fotag; Meso Scale Discovery) and diluted to 1:500 in BSA/TTBS.
After three washes in TTBS, read buffer T containing tripropyla-
mine (Meso Scale Discovery) was added to each well and, using a
Sector 6000 system current, was applied to the plates and the
electrochemiluminescent product generated in each well was
quantified. Specific SNTF signal was calculated as the difference in
signal between triplicate wells containing either the SNTF IgG or
preimmune IgG and normalized to brain SNTF standards. One unit
of SNTF is defined as the signal generated by 1nL of the protein
standard per mL. The lower limit of detection (LLOD) was deter-
mined experimentally to be 14 units.

Tau and S100f were quantified from the sera as published pre-
viously.?> One unit of tau and S100f are defined as the signal
generated by their respective protein standards at 1 pg/mL.

Statistical analyses

For comparison of biomarker levels after concussion or training
versus their preseason or pretraining levels, the two-tailed 7-test was
used. Longitudinal biomarker levels were compared by Mann-
Whitney’s U test between participants with return to play within
less than 6 days and 6 days or greater. Linear regression analyses
compared longitudinal postconcussion serum levels of SNTF with
tau and S100p. For serum SNTF levels below the LLOD of 14
units, a value of 13 units was assigned for all statistical analyses.
The area under the receiver operator characteristics curve (AUC)
for SNTF levels postconcussion versus preseason or as a function of
the delay in return to play was calculated using GraphPad Prism
software (GraphPad Software Inc., La Jolla, CA). Multi-variate
analyses examined the combination of serum SNTF and tau after
concussion in relation to preseason levels and with respect to the
delay in return to play, using the statistical methods described
above. Equal weighting was placed on SNTF and tau by re-
presenting each concentration as a fraction of the mean for that
marker and summing the two fractional means for the combined
measure.
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Results

In this study of serum SNTF, all 28 hockey players suffering a
concussion during the first half of the 2012-2013 season in the top
professional league in Sweden were evaluated, along with 45
players analyzed during the preseason, 17 of whom were also tested
before and after a training game without concussion incident. Mean
ages were essentially the same for the groups of players tested
during the preseason (27.6 years), before and after a training game
(27.2 years), or subsequent to an in-season concussion (27.2 years).
Among the concussion cases, 3 suffered a loss of consciousness and
all experienced PCS, including headache, confusion, dizziness, or
nausea. Based on grading according to the latest guidelines for
sports concussion,’ 8 of the players became symptom free within a
few days of their injury, but in 20 players, symptoms persisted for 6
days or longer. Persistent symptoms that delayed return to play
included dizziness, confusion, headache, cognitive impairment,
nausea, insomnia, and irritability.

Serum SNTF levels were variable and generally low in samples
taken during the preseason, with concentrations being below the
LLOD in 58% of the players. Detection of serum SNTF above the
lower limit in a subset of experienced professional athletes (levels
were at least twice the LLOD in 16% of cases) contrasts with a pilot
study of serum SNTF in nonprofessional athlete healthy controls,
whose levels were below the LLOD in 100% of cases.?’ Moreover,
during the hockey season, serum SNTF concentrations increased in
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FIG. 1. Sustained increase in serum SNTF concentrations in
professional ice hockey players after concussion, but not con-
cussion-free training. SNTF levels were measured in serum during
the preseason (n=45) or serially after an in-game concussion
(n=28), or before and after a training game (n=17). The mean
serum SNTF levels (*standard error of the mean) were elevated
at 1, 12, 36, and 144 h postconcussion, compared with the mean
preseason baseline concentration, and the increases at the latter
three time points were statistically significant (two-tailed z-test;
*p <0.03; ¥*p<0.002). At the time of return to play (RTP) after a
period of rest, SNTF levels returned to their preseason baseline. In
contrast to the pronounced effects of concussion, SNTF was un-
changed 1 or 12 h after concussion-free training (p=0.87). SNTF,
calpain-derived oll-spectrin N-terminal fragment.
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a rapid and prolonged fashion in players who sustained a concus-
sion. Mean SNTF concentration was up to 2-fold higher at 1, 12, 36,
and 144 h postconcussion, compared with preseason levels, and the
increases at the latter three time points were statistically significant
(Fig. 1). By the time players were symptom free and permitted to
return to play, SNTF levels returned to near preseason baseline. To
distinguish the effects of concussion on serum SNTF separate from
any influence of physical exertion, the marker was measured seri-
ally in 17 players during the preseason and at two time points after a
concussion-free training game. In contrast to the pronounced ef-
fects of concussion, serum SNTF levels were unchanged at 1 or 12 h
after a training game, compared with their pregame levels.

Serum concentrations of total tau are elevated in this cohort
of concussed professional hockey players relative to preseason
and pretraining game levels.?” Given that tau is an axon-enriched
microtubule-associated protein,>* and SNTF accumulates prefer-
entially in damaged axons after TBI,>*2%** the serum elevations in
these two cytoskeletal proteins may be mechanistically related to
each other, as well as to TBI-induced DAI. To begin assessing this
possibility, the serum levels of SNTF and tau were compared on a
per-player basis. As shown in Figure 2A, the mean serum SNTF
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FIG. 2. Serum levels of SNTF after concussion are related to
serum tau, but not S1003. The mean serum SNTF concentration
at 12 and 36h postconcussion is linearly related to the serum
tau concentration measured at 1 h postconcussion (A), but not to the
serum level of S100/ at 1 h (B). For measures of either SNTF or tau
at all other time points, the correlation between the two markers is
less strong (data not shown). Levels of each marker are represented
in units (see Methods for more details). SNTF, calpain-derived oll-
spectrin N-terminal fragment.
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level at 12-36 h postconcussion was linearly related to serum tau
level assessed 1h postconcussion (R*=0.84; n=24). The rela-
tionship between serum SNTF and tau was less strong when either
marker was evaluated at other times after concussion (data not
shown). Serum concentrations of the astroglial-enriched S100/ are
also elevated at 1 h postconcussion, compared with its preseason
baseline concentration, in this player cohort.”> However, in contrast
to the correlation between serum concentrations of SNTF and tau,
there was no relationship between serum levels of SNTF and S1003
(Fig. 2B).

Diagnostic accuracy of serum SNTF

To assess the accuracy of serum SNTF for the diagnosis of
sports-related concussion, the AUC was analyzed comparing SNTF
levels tested at different times postconcussion with preseason
SNTF concentrations. The AUC=0.76 for SNTF 36h after con-
cussion versus SNTF during the preseason (Fig. 3A), which com-
pares favorably to the AUC for tau various times after concussion
versus the preseason (highest AUC=0.74 at 1 h; Fig. 3B). SNTF at
36 h showed greater accuracy in diagnosing concussion in players
experiencing persistent PCS that delayed return to play to 6 days or
longer (AUC =0.85; Fig. 3C). Finally, the AUC =0.87 for the mean
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serum SNTF at 12-36h in players with PCS lasting for at least 6
days, compared with preseason biomarker levels (Fig. 3D).

Serum SNTF

A fast, objectively quantified blood biomarker test could be
valuable for the clinical research and management of sports-related
concussion. As described above, the diagnostic accuracy of serum
SNTF from 12 to 36 h after concussion was especially high for the
subset of cases experiencing PCS persisting at least 6 days. To
investigate further the relationship between longitudinal measures
of serum SNTF and the persistence of PCS, we compared bio-
marker levels between concussion cases with return to play in less
than 6 days with those requiring a delay in return to play of 6 days or
longer (Table 1). At times ranging from 1 h to 6 days postconcus-
sion, serum SNTF was essentially unchanged from preseason
baseline levels for the subset of players with rapidly resolving PCS.
In sharp contrast, for cases with persistent PCS lasting 6 days or
longer, serum SNTF levels were higher by up to 2.5-fold from 1 h to
6 days postinjury, compared with concentrations either at preseason
baseline or in players with less-severe PCS. The difference in serum
SNTF concentration after concussion as a function of PCS severity
was significant at the 36-h time point (p=0.014) and from the mean
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FIG. 3. Diagnostic accuracy of serum SNTF and tau assessed by receiver operator characteristics AUC analyses. (A) Serum SNTF
levels at 36 h postconcussion versus preseason levels. (B) Serum tau levels at 1h postconcussion versus preseason levels. (C) Serum
SNTF levels at 36 h for concussions with return to play =6 days versus preseason levels. (D) Mean serum SNTF levels at 12-36 h for
concussions with return to play =6 days versus preseason levels. SNTF, calpain-derived oll-spectrin N-terminal fragment; AUC, area

under the curve; CI, confidence interval.
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TABLE 1. LONGITUDINAL SERUM SNTF, TAaU, AND S1008 CONCENTRATIONS IN RELATION TO PCS SEVERITY

Time postconcussion <6 days RTP >06 days RTP p value
SNTF, 1h 204£3.1 (n=8) 35.5£12.9 (n=16) >0.5
12h 19.0£2.4 (n=28) 50.4+£19.0 (n=14) 0.087
36h 19.3£3.0 (n=6) 41.0+8.4 (n=14) 0.014
12/36 h mean 18.6£2.1 (n=28) 458+£11.6 (n=17) 0.004
6 days 17.0£4.0 (n=5) 44.6+154 (n=13) 0.15
Tau, 1h 9.0£2.1 (n=8) 23.1£7.0 (n=17) 0.070
12h 4.8+1.8 (n=8) 179174 (n=15) 0.039
36h 57£1.6 (n=7) 28.0£12.5 (n=14) 0.11
6 days 8.0x1.7 (n=5) 35.6+14.5 (n=12) 0.34
S1004, 1h 106£21 (n=8) 72.7£5.6 (n=17) 0.27
SNTF12/36 + Taul2 6918 (n=8) 224465 (n=17) 0.011

The serum concentrations of the three markers (mean units + standard error of the mean) are presented in relation to the severity of PCS, dichotomized
on the basis of a delay in RTP of <6 days or 26 days. SNTF and tau serum concentrations were higher in the players with more persistent PCS, whereas
S100f serum levels were not. The increase in serum SNTF was statistically significant by Mann-Whitney’s U test at 36 h and for the 12- to 36-h mean,
whereas the elevation in serum tau was statistically significant at 12 h postconcussion. The multi-variate measure of serum SNTF (mean at 12-36h) and
tau (at 12h) was also significantly different based on the persistence of PCS, but at no combination of time points were multi-variate analyses of SNTF
and tau related more strongly to PCS severity than the mean SNTF levels at 12-36h alone. The bolded p values are statistically significant.

SNTF, calpain-derived all-spectrin N-terminal fragment; PCS, postconcussion symptom; RTP, return to play.

at 12 and 36 h (p=0.004). Serum tau levels also were higher in the
subset of concussions requiring at least 6 days for return to play,
compared with cases with shorter-lasting PCS, with the difference
at 12 h being significant (p =0.039). On the other hand, whereas the
serum level of S100f at 1 h postconcussion was above its preseason
baseline concentration,?” there was no difference in S100f levels
between concussions associated with relatively rapid (<6 days)
and delayed (=6 days) return to play. To determine whether the
combined measure of serum SNTF and tau was associated more
strongly with PCS severity than either marker alone, an equal-
weight multi-variate analysis was performed. The multi-variate
measure of two markers across all combinations of time points
correlated less strongly with the dichotomized delay in return to
play than serum SNTF concentrations alone. The addition of SNTF
improved the correlation with PCS severity achieved with serum
tau alone and broadened its temporal window (Table 1).

Discussion

SNTF reportedly increases in serum in a subset of cases after
CT-negative mTBI,>’ but until now had not been evaluated as a
blood biomarker for sports-related concussion. Here, we demon-
strate that SNTF is elevated in serum of professional ice hockey
players who suffered a concussion in comparison with its preseason
level. Longitudinal analysis finds that the serum concentration of
SNTF increases as early as 1h postconcussion and remains ele-
vated significantly above preseason baseline for up to 6 days
thereafter, before returning to baseline at the time of return to play
(Fig. 1). The rise in serum SNTF levels is not simply a result of the
physical exertion of hockey, given that the marker is unchanged in
players evaluated serially before and after a concussion-free
training game. Perhaps, most important, serum SNTF relates to the
severity of the PCS, as assessed by the latest guidelines for sports
concussions. For players whose PCS resolved within a few days,
serum SNTF levels are essentially unchanged from their preseason
baseline. On the other hand, for concussed players with persisting
PCS requiring they be withheld from play for 6 days or longer,
serum SNTF concentrations are significantly elevated from 12 to
144 h postinjury compared with preseason baseline and also from
12 to 36 h compared with concussed players whose symptoms re-

solved within a few days (Table 1; p=0.004). Serum SNTF has
accuracy for diagnosing concussions, especially the subset with
persisting PCS (Fig. 3; AUC=0.87). These results provide evi-
dence that serum SNTF analyzed subacutely after injury may have
utilities for the diagnosis and prognosis of sports-related concus-
sion and might facilitate objective, neurobiologically informed
decisions on fitness for return to play.

SNTF is a biologically plausible blood biomarker for sports-
related concussion. Although the mechanisms underlying the se-
rum rise in SNTF concentrations after mTBI are not completely
understood, several findings suggest that it may be a mechanism-
based marker for DAI. SNTF is absent from healthy neurons, but
accumulates as a stable N-terminal 1176 residue fragment of the
nonerythroid spectrin o-subunit®® in degenerating neurons after
activation of calcium-dependent calpain proteases.”>® Stretch-
induced injury of axons in vitro triggers intra-axonal calcium
overload, calpain activation, proteolysis of spectrin and other cal-
pain substrates, and the accumulation of SNTF in the damaged
axons.?®?*37 SNTF also builds up in axons after TBI in vivo,?**
including in a head rotational acceleration large-animal model of
sports-related concussion as well as in human TBL* In a recent
human study of serum SNTF in CT-negative mTBI treated in the
emergency room, the marker increased preferentially in the subsets
of cases exhibiting WM abnormalities detectable with DTI and
persistent postconcussion cognitive deficits.”” Together with the
present findings linking serum SNTF to the incidence and severity
of sports-related concussions, the collective data support the hy-
pothesis that SNTF is a mechanism-based blood biomarker for the
DAI underlying brain functional impairment after mTBI.>~ The
correlation on a per-player basis between the postconcussion serum
level of SNTF with the axon-enriched tau, but not the glial-enriched
S100f (Fig. 2), further supports this hypothesis.

In this study, serum level of SNTF is generally low in players
during preseason sampling, but is above the LLOD in 42% of cases.
The finding of detectible serum SNTF in a subset of professional ice
hockey players during the off-season contrasts with a small pilot
study of healthy controls not participating in contact sports, in
which serum SNTF levels were below the LLOD in 100% of
cases.”” These preliminary data raise the possibility that serum
SNTF might be elevated chronically in a subset of highly
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experienced contact sports participants. The robustness of this
finding and its bearing on the vulnerability of concussed athletes to
developing a progressive neurodegenerative condition in the
chronic postinjury time period***!' will require further investiga-
tion. The current study has additional limitations. The sample sizes
are relatively small, and there is incomplete assessment of the re-
lationship of serum SNTF concentrations with brain structural and
long-term functional changes after sports-related concussion. Pre-
season blood samples were not available for all of the players,
precluding direct comparisons of baseline and postconcussion
biomarker levels in the same professional athletes. More research
will be required to define the potential utilities of blood measures of
SNTF, both alone and with other neuronal injury biomarkers, and in
combination with neuroradiological, physiometric, and behavioral
assessments, for comprehensive evaluation of contact sports par-
ticipants suspected of suffering brain injuries.

It has been challenging thus far to develop a simple, objective
blood biochemical test useful for the prognosis and management of
mTBI, including for sports-related concussions. In a study using the
same sera evaluated herein, Shahim and colleagues reported that
levels of tau and S100f increase in concussed professional hockey
players, and the serum tau concentration at 1 h relates to the persis-
tence of PCS.?? Here, we demonstrate that serum SNTF relates with
PCS severity in a temporally prolonged manner, suggesting that it
may offer greater practical utility than a measure confined to the first
hour postconcussion. We also found that serum SNTF and the
combined measure of serum SNTF and tau relate more strongly to
the severity of PCS than does serum tau alone. A number of addi-
tional nervous-system—enriched proteins have been investigated as
candidate blood biomarkers for mTBI, including glial fibrillary
acidic protein and S100f, as well as neuron-enriched ubiquitin C-
terminal hydrolase L1, neuron-specific enolase, and C-terminal «II-
spectrin proteolytic fragment SBDP145.!42! Unfortunately, these
candidates have failed thus far to demonstrate a prognostic rela-
tionship with the most common form of TBI, mTBI with negative
head CT findings, and have yet to show value in sports-related
concussions. Analogous to the success of a panel of cerebrospinal
fluid markers for early diagnosis of pre-clinical Alzheimer’s dis-
ease,*” the inclusion of serum SNTF in a panel of biomarkers for
mTBI might have greater utility than SNTF alone. In the current
study, multi-variate measures of serum SNTF coupled with tau or
S100f did not lead to improvements in diagnostic accuracy or
prognostic strength beyond SNTF by itself, and it remains to be
determined whether linking SNTF with other biochemical markers
for neuronal injury, such as neurofilament polypeptides, might fur-
ther improve patient prognosis. Combining blood SNTF with ra-
diological measures of brain structural abnormalities also merits
consideration, but has yet to be tested experimentally. The resolution
of these issues is important, given that rapid identification of the
subset of mTBI cases at risk of developing brain damage and per-
sistent dysfunction can be expected to foster clinical research into the
pathophysiology and treatment of functionally deleterious mTBI. For
sports-related concussions, decisions on suitability for return to play
currently depend on indirect and, in some cases, imprecise assess-
ments of brain functional status'***** and may benefit from an ob-
jective, quantitative measure of blood biomarkers tied to the
underlying pathogenic mechanisms of mTBL
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