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Abstract

Glial fibrillary acidic protein (GFAP), microtubule-associated protein tau, and amyloid S peptide (Af42) have been
proposed as diagnostic and prognostic biomarkers in traumatic brain injury (TBI). Single molecule array (Simoa) is a
novel technology that employs highly sensitive immunoassays for accurate measurements of candidate biomarkers found
at low concentration in biological fluids. Our objective was to trace the trajectory of tau, GFAP, and A 42 levels in plasma
from the acute through subacute stages after TBI, compared with controls. Samples from 34 TBI subjects enrolled in the
Citicoline Brain Injury Treatment Trial (COBRIT) were studied. Injury severity was assessed by Glasgow Coma Scale
(GCS) and admission CT. Glasgow Outcome Scale Extended (GOSE) was assessed 6 months after injury. Plasma was
collected within 24 h (Day 0), and 30 and 90 days after the TBI. Plasma collected from 69 healthy volunteers was used for
comparison. At every time point, increases were noted in plasma GFAP ( p <0.0001 for all comparisons), tau (p <0.0001,
p<0.0001, and p=0.0044, at Days 0, 30, and 90, respectively), and Ap42 (p<0.001, p<0.0001, and p=0.0203, re-
spectively) in TBI cases compared with controls. The levels were maximal at Day O for GFAP and tau and at Day 30 for
Ap42. Area under curve (AUC) analyses for Day 0 GFAP and tau were excellent for discrimination of complicated mild
TBI (cmTBI) from controls (0.936 and 0.901, correspondingly). Discriminant component analysis (DCA) for all three
biomarkers at Days 0 and 30 differentiated controls from cmTBI (91.1% and 89.7% correctly classified, at each time
point). Duration of post-traumatic amnesia (PTA) correlated weakly with tau levels at 30 days (Spearman’s r=0.40; 95%
CI 0.0003-0.60, p=0.044). The Marshall CT Grade on admission correlated weakly with Day 30 tau levels (Spearman’s
r=0.41; 95% CI1 0.04-0.68, p=0.027). Day 30 Af42 correlated with GOSE (standardized 5 —0.486, p=0.042). GFAP, tau
and Af42 were increased up to 90 days after TBI compared with controls. Total tau levels correlated with clinical and
radiological variables of TBI severity. Plasma A 342 correlated with clinical outcome. Combination of all three biomarkers
at Days 0 and 30 can be used to differentiate controls from cmTBI populations, and may be useful as biomarkers of TBI in
both acute and subacute phases.
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Introduction limiting our understanding of the natural history and the long-term
effects of TBI, as well as a barrier to TBI drug development.’
TRAUMATIC BRAIN INJURY (TBI) is the leading cause of death ~ Additionally, most of the work performed to date has focused on
and disability in people <45 years of age in industrialized the first few days after injury,®™® and much less is known about
countries.! Biomarkers have historically been critical to advances  biomarkers during the subacute (8-90 days) and chronic (>
in a broad range of clinical conditions.” Diagnostic and therapeutic =~ 90 days) periods after TBL® further hindering diagnostic and
breakthroughs in fields as diverse as cardiology and oncology have  therapeutic development in the later stages of the disease. Because
relied on quantitative biomarkers that are reliable indicators of the =~ TBI exposure has been associated with long-term neurodegenera-
underlying pathology as well as predictors of outcome.>* The ab-  tion, the late effects of TBI are an important and insufficiently
sence of validated biomarkers in the TBI field is a major factor studied issue.
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Glial fibrillary acid protein (GFAP),'®!" microtubule-associated
protein tau,">'* and amyloid f peptide (particularly the 1-42
fragment, A$42)'? have been proposed as promising diagnostic and
prognostic biomarkers in TBI. GFAP is a structural protein ex-
pressed almost exclusively in astrocytes and released upon disin-
tegration of the cytoskeleton.'> GFAP has been widely studied in
TBI, and elevated levels in plasma show promise as a diagnostic
and prognostic biomarker.'™!" In moderate and severe TBI, GFAP
levels are elevated in cerebrospinal fluid (CSF) and serum, par-
ticularly in patients who experienced an unfavorable outcome.'® In
addition, GFAP had excellent sensitivity to discriminate TBI pa-
tients from controls (with area under curve [AUC] 0.87) in the
Transforming Research and Clinical Knowledge in TBI (TRACK-
TBI) study in which 85% of the patient cohort had mild TBIL.'" It is
of note that superior sensitivity and specificity for diagnosing TBI
were obtained when GFAP was combined with ubiquitin terminal
C - hydrolase 1 (UCH-L1) (AUC 0.94), thus supporting that
combination of biomarkers may be supportive for diagnosis com-
pared with each alone for diagnosis and prognosis of TBL'!
However, current assays for GEAP in blood are suboptimal,'” as up
to one quarter of TBI patients had GFAP levels below the lower
limit of detection (LLOD).""

Tau is a microtubule-associated protein that acts as a structural
element in the axonal cytoskeleton and is linked to axonal dam-
age.'>® Most widely used assays for tau are adequate for CSF, but
not sensitive enough to reliably detect low concentrations found in
blood.'? Increases of tau were observed in CSF after severe TBI,
peaking 1 week after the brain trauma.'? Acute increases of tau in
CSF of severe TBI correlated with clinical outcome.'® Studies
using the highly sensitive single molecule array (Simoa) assay in-
dicate that sports-related TBIs are also associated with increases in
tau in plasma.®*°

Increased Af42 is associated with long-term neurodegenerative
conditions, such as Alzheimer’s disease (AD).?! Even a single TBI
may be associated with aff42 deposits in the postmortem brains of
short-term (6h to 7 days) or long-term (1-47 years) TBI survi-
vors.>*? Further, positron emission tomography studies using
carbon 11-labeled Pittsburgh Compound B ([“C]PiB) showed
increased amyloid deposition following acute TBI compared to
controls.”*

Simoa is a novel technology that employs highly sensitive
immunoassays and allows accurate measurements of candidate
biomarkers found at low concentrations in blood.>> Simoa de-
tected increases of serum tau and Af42 after hypoxic brain in-
jury.?®?*” Plasma tau was increased in hockey players after
concussion,® and in military personnel who sustained a TBI.?
There was a correlation between tau and severity of post-
concussive symptoms (r=0.37; p=0.003).® However, to date,
the validity and reliability of a combination of plasma levels of
GFAP, tau and Af42 in TBI subjects using the ultrasensitive
Simoa technology have never been assessed, particularly during
the subacute period.

The Citicoline Brain Injury Treatment Trial (COBRIT), a phase
3, double-blind randomized clinical trial conducted between July
20, 2007, and February 4, 2011, enrolled 1213 patients at eight
United States level 1 trauma centers, to compare the effects of
citicoline versus placebo in patients with complicated mild, mod-
erate, or severe TBI. Extensive clinical and imaging data were
collected while participants were hospitalized, and functional and
cognitive status was assessed at 90 and 180 days after injury. There
was no benefit from citicoline treatment noted in the COBRIT
trial.>® A subset of the COBRIT TBI participants enrolled at a

single site donated blood for future biomarker research, and these
well-characterized samples were tested in this study.
We hypothesized that:

1. Plasma levels of GFAP, tau, and Af42 are elevated after
TBI compared with controls.

2. Plasma levels of tau and Af42 remain elevated for several
weeks after TBI, whereas GFAP levels decline.

3. Elevations of GFAP, tau, and Af342 are associated with in-
jury severity.

4. Elevations of GFAP, tau, and Af42 are associated with
clinical outcome 6 months after injury.

Methods
Study population

A total of 34 TBI subjects enrolled in the COBRIT at the Uni-
versity of Texas Southwestern Medical Center were included in the
study. All participants or their legally authorized representatives
(LAR) gave informed consent for the use of the participant’s blood
samples and clinical data in TBI research. If an LAR provided
consent originally, the participant directly provided consent for
continued involvement upon recovery of decision-making capac-
ity. Baseline CT scans, vital signs, medical history, demographics,
and injury information were obtained and recorded as described
elsewhere.”’

Non-fasting blood samples were collected from COBRIT partic-
ipants within 24 h of injury and again at 30 and 90 days after injury.
Blood was collected into plastic dipotassium ethylenediaminete-
traacetic acid (EDTA) tubes, immediately placed on ice, centrifuged
(15 min, 2000g, room temperature) and frozen in aliquots within 1 h
after collection. Samples were stored at —80°C until tested.

Blood samples of controls without TBI were processed and
stored identically. One set of control samples (n=19) was collected
at the National Institutes of Health (NIH) Clinical Center under a
clinical protocol designed to recruit healthy individuals. All re-
search participants signed informed consent before participating in
the study. TBI was excluded by questionnaire, as well as severe
psychiatric conditions, congestive heart failure, active cancer, sleep
disorder, pregnancy or lactation in women, uncontrolled diabetes,
drug and/or addiction abuse or dependence, and medication with
diuretics, beta blockers, or narcotics. A second set of control
samples (n=50) was purchased from a commercially available
source (Bioreclamation) when controls were screened by a ques-
tionnaire and were determined to be free from hepatitis B and C and
from HIV infections. There was no difference in age, race, or
gender distribution between the two sets of controls. There were no
significant differences in biomarker levels between the two sources
of control samples. There was no gender difference in biomarkers
levels in the TBI or the control group.

Immunoassays

GFAP, tau, and Af42 concentrations in plasma samples were
measured with a digital array technology (Quanterix Corporation,
Lexington, MA), which uses a single-molecule enzyme-linked im-
munoarray method previously described.’® Simoa® is a novel
technology that employs highly sensitive immunoassays with LLOD
<100 fg/mL. The lowest limit of quantification (LLOQ), LLOD,
intra-assay coefficient of variation (%CV) and inter assay %CV for
GFAP, tau, and Af342 measured by Simoa are shown in Table 1.

Each plate of samples tested included an eight point calibration
curve (run in triplicate), two controls (run in duplicate), and plasma
samples (run in duplicate) with the tau, GFAP, and Af342 assays.
Samples were diluted offline manually using appropriate sample
diluents and preferred dilution factors according to the product
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TABLE 1. THE LOWEST LiMIT OF QUANTIFICATION (LLOQ)
AND THE LOWEST LIMIT OF DETERMINATION (LLOD),
INTRA-ASSAY COEFFICIENT OF VARIATION (%CV),

AND INTER-ASSAY %CV FOR GLIAL FIBRILLARY AcIDIC PROTEIN
(GFAP), TaUu AND Aff42 MEASURED BY SIMOA

LLOD?, LLOQ", Intra-assay Inter-assay
Assays pg/mL pg/mL % CV %CV
GFAP 0.8 1.6 14% 12%
Tau 0.068 0.104 6% 5%
Ap42 0.176 0.548 14% 2%

*Values are corrected for pre-dilutions (4 X).

inserts for each assay following the recommended procedures. The
laboratory scientists who undertook the analyses were blinded to
the participant groups, and there was no difference in the distri-
bution of cases and controls on the Simoa plates. Data analysis
showed that 14% of GFAP of TBI and 70% of control samples were
below LLOD. However, only 1 out of 34 of TBI samples was below
LLOD on Day 0. Importantly, all data for tau and A 42 in controls
and in TBI subjects were above the LLODs.

Evaluation of CT scans

All patients underwent CT imaging of the brain at the time of
initial presentation to the Emergency Department (ED). Each pa-
tient’s head CT was characterized using the recommendation of the
TBI - Common Data Element (CDE) Neuroimaging working group
including Marshall Grade.?' Each CT was de-identified, and re-
viewed by a blinded reader, who had been qualified to read CT
CDE:s through use of a training and evaluation set. Imaging features
were extracted in the database for the analysis.

Outcomes

The primary outcome measure of COBRIT was the 180 day
Glasgow Outcome Scale Extended score (GOSE).*> The GOSE
provides eight categories of outcome (1-8): Dead, Vegetative
State, Lower Severe Disability, Upper Severe Disability, Lower
Moderate Disability, Upper Moderate Disability, Lower Good
Recovery, and Upper Good Recovery. Ratings are based on patient
consciousness, social relationships, and other sequela of TBI. An
Upper Good Recovery score (8) indicates return to pre-injury
baseline with no residual effects from the TBI.

Statistical analysis

Descriptive statistics with means and proportions were used to
describe categorical variables. Biomarker levels were treated as
continuous data. The Shapiro—Wilk test was used for testing nor-
mality of the distribution. The Wilcoxon rank test or the Mann—
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Whitney test was used for continuous variables. Intracranial lesions
shown on initial CT scans were scored and analyzed as categorical
variables. We assessed the ability of each biomarker level to sep-
arate patients with complicated mild TBI (cmTBI) from controls.
This was quantified by receiver operating characteristic (ROC) and
AUC. In line with current statistical consensus, AUC of 0.8-0.9 is
considered very good, AUC of 0.7-0.8 is considered adequate, and
AUC <0.07 is considered poor. Spearman correlation and linear
regression were used to test the association of variables. The
Friedman test was used in a subgroup of patents for whom data at
all three time points were available, to compare paired biomarker
levels. Discriminant component analysis (DCA) was used to dis-
criminate cmTBI from controls. Results with two tailed p <0.05
were considered significant. P values were not corrected for mul-
tiple comparisons. Statistical analysis was conducted using
GraphPad Prism (v. 6.02) (Graph Pad Software, San Diego, CA) or
with Statistical Package for the Social Sciences SPSS (version 22,
IBM Corporation).

Results
Demographic and clinical characteristics

The majority (67%) of the COBRIT trial participants were di-
agnosed with cmTBI (GCS in the ED 13-15, with evidence of
traumatic intracranial injury on CT scan) with the remainder diag-
nosed with moderate to severe TBI (msTBI) (GCS in the ED 3-12).
Median Marshall Grade of TBI severity on admission CT scan was 3
and it ranged from 2 to 5. Table 2 summarizes the demographic
information on the participants whose samples were tested in this
study (85% of TBI subjects were male). The cmTBI participants
were somewhat older and had shorter mean duration of post-
traumatic amnesia (PTA) than that which was recorded for the co-
hort of msTBI Table 2). Median PTA was 4 days in the mTBI group,
indicating that many of these patients would be classified as having
moderate TBI (modTBI) using alternate TBI classification schemes.
Approximately one half of the cmTBI patients recovered to a GOSE
of 8 by 6 months. There was no difference between controls and TBI
subjects with respect to age, but the fraction of females was sig-
nificantly higher in controls than in TBI subjects (49% vs. 15%).

Temporal profiles of GFAP, tau, and AB42 in TBI
cohort compared with controls

Figure 1 shows the results for GFAP (Fig. 1a), tau (Fig. 1b), and
A 42 (Fig. 1c) for the controls as well as for the TBI patients on the
day of injury and 30 and 90 days later. GFAP was increased at Day
0 (median 17.60 pg/mL; interquartile range [IQR] 3.88-129.6 pg/
mL), Day 30 (1.330 [0.8-2.21] pg/mL) and Day 90 (1.350 [0.8870—
2.280] pg/mL) after TBI compared with controls (0.80 [0.8—1.070]
pg/mL), (p<0.0001 for all comparisons).

TABLE 2. DEMOGRAPHICS OF THE STUDY SUBJECTS

TBI patients Complicated mTBI Moderate-severe Controls
(n=34) GCS 13-15 (n=21) TBI GCS 3-12 (n=13) (n=69)
Age, yrs. median (IQR) 39 (23-52) 46 (29-58) 24 (21-40) 45 (31-52)
Gender (% male) 85% male 85% male 85% male 51% male
PTA, days (median, IQR) 7 (1-22) 4 (0-7) 58 (8-145) n/a
GCS (median, IQR) 13 (3-15) 15 (14-15) 3 (3-3) n/a
GOSE 180 days (median, IQR) 7 (3-8) 8 (5-8) 5@3-7) n/a

TBI, traumatic brain injury; mTBI, mild TBI; GCS, Glasgow Coma Scale; IQR, interquartile range; PTA, post-traumatic amnesia; GOSE, Glasgow

Outcome Scale Extended.
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Median and interquartile rate for glial fibrillary acidic protein (GFAP) (A), tau (B), and amyloid f peptide (Af42) (C) for

controls and for traumatic brain injury (TBI) patients at Days 0, 30, and 90. Color image is available online at www.liebertpub.com/neu

Tau was similarly increased at Day 0 (9.560 [5.895-17.10] pg/
mL), Day 30 (6.665 [4.705-9.163] pg/mL), and Day 90 (5.720
[3.850-7.180] pg/mL) compared with controls (4.340 [2.745-
5.128] pg/mL), (p<0.0001, p<0.0001, and p=0.0044, respec-
tively). Af42 was increased at Day 0 (8.3 [3.3-14] pg/mL), Day 30
(15.80 [8.67-24] pg/mL), and Day 90 (11.99 [2.7-22.3] pg/mL)

compared with controls (4.1 [2.3-5.6] pg/mL), (p<0.001,
p<0.0001, and p <0.0203, respectively).

ROC analysis performed for each biomarker at the three time
points, compared with the uninjured controls revealed excellent
sensitivity and specificity for discrimination between uninjured
controls and cmTBI cases at Day 0 for both GFAP and tau (AUC
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TaBLE 3. AUC ror ROC ANALYSIS FOR PLASMA GFAP,
Tau, AND Ap42 IN COMPLICATED MILD TBI AT THREE TIME
POINTS AFTER THE INJURY VERSUS CONTROLS

Biomarker Day 0 Day 30 Day 90
GFAP 0.9360%* 0.6425 0.7482~
Tau 0.9013** 0.8225%* 0.6671
Ap42 0.6887 0.8362* 0.5543

*#p <0.0001, *p<0.001, *p<0.05.

AUC, area under curve; ROC, receiver operating characteristic; GFAP,
glial fibrillary acidic protein; Af42, amyloid f peptide; TBI, traumatic
brain injury.

0.9360 and 0.9013, correspondingly). At the later time points, the
plasma level for GFAP and tau decreased; however, it remained
moderately elevated at days 30 and 90 after injury, and their ability
to discriminate cmTBI from controls became lower. In contrast,
A 42 poorly discriminated between TBI subjects and controls at
days 0 and 90, but provided moderate to excellent discrimination at
Day 30 (AUC 0.8362), (Table 3).

Analysis of temporal biomarker levels of a subset (n=21 for tau
and GFAP and n =13 for Af42) of patients who had data available
at all three time points revealed that GFAP levels were the highest
within 24 h of injury (Fig. 2a), and in almost all cases, decreased by
30 and 90 days, while still being elevated compared with the
controls. The Friedman test revealed that the difference among the
three time points for GFAP was significant (p<0.0001). On the
other hand, tau levels decreased in some patients, but were stable or
even increased in others at the later testing dates. The Friedman test
showed a difference (p<0.0001) for tau levels among the three
time points. Importantly, Af342 levels increased over the 1st month
after injury (Fig. 2c), and then remained elevated in a number of
subjects. The Friedman test did not reach statistical significance of
AP42 (p=0.292).

Similar temporal biomarker profiles were observed when GFAP,
tau, and Af42 levels were analyzed separately for complicated
mild and moderate TBI cases for which three time point data were
available (GFAP and tau [10cmTBI and 11 modTBI] and Ap42
[5 cmTBI and 8 modTBI]). There as a difference among three time
points for GFAP for cmTBI (p <0.0002). There was no difference
among three time points for modTBI (p <0.06). No differences in
temporal profiles for all three time points in Af42 levels in cmTBI
or modTBI cases were found.

There were no differences in plasma levels of GFAP or Ap42
among participants by TBI severity (cmTBI compared with
moderate to severe) at any testing time (days 0, 30, or 90). There
was, however, a difference in the trajectory of plasma tau at Day
30 (Fig. 3). For cmTBI subjects, plasma tau levels declined be-
tween days O and 30, and remained low at Day 90, whereas for
moderate or severe TBI subjects, tau remained equally elevated at
Days 0 and 30 and only declined modestly by Day 90. There was
no difference in the trajectory of plasma Af42 levels by TBI
injury severity grade.

Correlations of GFAP, tau, and AB42 with clinical
and radiological measures of TBI severity

There was no relationship between GFAP and tau levels at any
time point and functional outcome 180 days after injury as mea-
sured by GOSE. However, there was a relationship between Day

BOGOSLOVSKY ET AL.

30 Af42 levels and GOSE at 180 days, after adjustment for age
(standardized 5 —0.486, p=0.042).

PTA, a recognized measure of injury severity, correlated with
plasma tau levels at Day 30 (Spearman’s r=0.40; 95% CI 0.0003—
0.60; p=0.044). Tau levels at Day 30 also weakly correlated with
injury severity as measured radiologically. Spearman’s correlation
coefficient between Day 30 tau levels and the Marshall CT grade on
admission was 0.41 (95% CI 0.04-0.68, p=0.027). However, tau
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FIG. 2. Temporal profiles (red represents complicated mild
traumatic brain injury [TBI] patients and blue represents moderate
to severe TBI for glial fibrillary acidic protein (GFAP) (A), tau
(B), and amyloid f peptide (Ap42) (C) at Days 0, 30, and 90. The
Friedman test showed that biomarker levels changed significantly
over 90 days for GFAP and tau (p<0.0001) but not for Ab42
(p=0.292). Ap42 levels showed bimodal distribution at Day 90.

Color image is available online at www.liebertpub.com/neu
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FIG. 3. Trajectory of plasma tau levels for complicated mild
traumatic brain injury (TBI) (Glasgow Coma Scale [GCS] score
13-15 with abnormal CT), compared with moderate to severe TBI
(GCS score 3-12) on 0, 30, and 90 days after injury. The differ-
ence between groups for day 30 tau was significant (Mann—
Whitney test, p=0.0031).

levels at Day 0 or 90 were not correlated to either measure of injury
severity. There was no relationship between GFAP or Ap42 levels
and Marshall CT grade or PTA duration at any of the time points
evaluated.

GFAP and tau levels were moderately correlated (Spearman’s
r=0.526;95% C10.170 - 0.760; p =0.005). There was no correlation
between GFAP and A 42 levels or between tau and Af42 levels.

DCA for all three biomarkers at all three time points significantly
differentiated controls from the cmTBI cohort. Wilks A, re-
presenting a multivariate test of significance, was significant for all
three time points; however, it was better for Day 0 and Day 30
biomarker combinations. Particularly, DCA for Day 0 and Day 30
combination of GFAP, tau, and Af42 showed excellent discrimi-
nation between cmTBI and controls (Table 4).

Discussion

Our study shows that the ultrasensitive Simoa assay provides
measurable values for GFAP in most of the TBI cases. Previous
studies demonstrated increased GFAP in the acute period (1-24 h)
after TBI, '®!"'® but up to 23% of acute TBI had levels below
LLOD compared with only 3% in this study. For example, in a
study of 79 moderately and severely injured TBI subjects, GFAP
levels were increased, serving as a predictor of death (GOSE 1) or
an unfavorable outcome (GOSE 1-4).'® In a study of predomi-
nantly mTBI, GFAP levels were able to differentiate patients with
TBI from uninjured controls with a high level of sensitivity and
specificity (AUC of 0.90). Further, GFAP was able to discriminate
TBI severity, between those with intracranial lesions on CT
scanning and those without CT lesions (AUC 0.79).3 Similarly,
in our study using Simoa methodology, we noted excellent dis-
crimination of cmTBI from controls by GFAP at Day 1 (AUC
0.936). Further, our study is the first to show that even though
GFAP levels decrease over the first several weeks after injury,
they remain elevated compared with uninjured controls for up to 3
months in a subset of patients. These findings overall indicate that

TABLE 4. DCA oF CoMBINED PLAsMA GFAP, TAu, AND Af42
AT THREE TIME POINTS AFTER THE INJURY SHOWING ABILITY
TO DISCRIMINATE COMPLICATED MILD TBI FROM CONTROLS

% Correctly Canonical — Wilks’ Chi
classified  correlation lambda square p
Day 0 91.1% 0.576 0.668 21.184 <0.0001
Day 30 89.7% 0.740 0.453 43.216 <0.0001
Day 90 85.5% 0.534 0.715 17.255 0.001

DCA, discriminant component analysis; GFAP, glial fibrillary acidic
protein; Af42, amyloid f peptide; TBI, traumatic brain injury.

GFAP may have value as a brain-specific diagnostic biomarker in
the subacute period after TBI.

Standard immunoassays for peripheral tau, because of their
relatively high LLOD, are insufficiently sensitive to intracranial
TBI pathology, including the inability to differentiate controls from
those with cmTBIL?®** More recent publications using the more
sensitive technology, Simoa, have demonstrated elevations of
plasma tau after hypoxic-ischemic brain injury and sports con-
cussion.®?® A recent study in boxers showed increased plasma tau
immediately after a bout with head blows, but no loss of con-
sciousness (LOC) followed by decrease in plasma tau to the pre-
bout level after rest.’® A most recent TBI study using Simoa
showed increased plasma tau in service members who had sus-
tained a TBI during military deployment compared with controls.?®
In this study, total tau was significantly increased in the TBI group
(mean level, 1.13 pg/mL), compared with the controls (0.63 pg/
mL), and increased levels were associated with increasing severity
of the initial brain injury, increasing numbers of TBIs, and in-
creasing severity of post-concussive symptoms.”® Our results
confirm those earlier findings, and extend them by demonstrating
that in cmTBI, tau levels remained elevated up to 90 days after TBI.
These results support the hypothesis that plasma tau may be useful
as a diagnostic biomarker in the subacute period, and may also find
utility as a prognostic biomarker, because elevation at 90 days is
associated with increased TBI symptom burden. Further, as anti-tau
therapies are developed, plasma tau may be useful as a predictive
and pharmacodynamic biomarker to select those likely to respond
to the therapy and as a marker of therapy response.

Ap42 (amyloid f 1-42) is a peptide produced by proteolytic
cleavage of amyloid precursor protein (APP) and is deposited in
plaques in AD.* There is an association between decreased CSF
Ap42 and autosomal dominant AD.*® In previous studies, CSF A 42
increased after msTBI, with a peak on Day 6 after the injury,®” but
without a detectable increase in peripheral blood.'>*® Similar find-
ings were recently reported by another group using Simoa,>® when
measurable Af42 levels were detected in plasma of severe TBI
subjects and in controls (17.02 [14.75-28.59] pg/mL and 7.289
[6.126-8.668] pg/mL), and also in CSF.** The study showed an
increase of A 42 levels in plasma after TBI compared with controls
(p<0.001), with concomitant decrease of Af42 in CSF in TBI
subjects compared with controls.*® The study also showed persis-
tently reduced levels of CSF Af42 and elevated levels of plasma
A4f2 over time, supporting that AB42 reflects pathophysiological
processes after TBL* Our study supports this observation and ex-
tends Af42 increase to the subacute and chronic phase after TBL

Compared with GFAP and tau temporal profiles in our TBI
cohort, our results demonstrated a distinct temporal pattern for
Af42 peptide. Although the levels are elevated compared with
uninjured controls in the 1st day after injury, in a number of
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subjects there is an increase in circulating peptide levels over the
first several months after injury. There is apparently a bimodal
distribution (Fig. 1c) for plasma Ap42 after TBI, indicating that
some but not all patients may show a deficit in amyloid clearance
pathways after TBI and potentially may be at risk for long-term
TBI-related neurodegeneration. Notably, similar bimodal distri-
bution was noted for patients with cmTBI and msTBI, indicating
that elevation of Ap42 is not primarily dependent upon the severity
of TBI. It is interesting that prolonged elevation of peripheral Af42
was noted in a subset of patients with hypoxia after cardiac arrest,
and that this was correlated with unfavorable outcome.?” Experi-
mental data indicate that TBI in triple transgenic AD model mice
causes accumulation and aggregation of Af oligomers in the brain,
which may contribute to developing AD later in life.*® Genetic
factors, such as presence of an ApoE4 allele** or neprilysin gene
transfer (GT) repeat polymorphism*’ may potentially explain the
bimodal distribution of Ap42 after TBI. Testing such a hypothesis
will require a larger sample size, as the number of patients in our
cohort was too small to allow adequately powered allelic associa-
tion studies. Further, extracerebral production of A4f2 by platelets
may contribute to increase of plasma Ap42.*'

TBI is a pleotropic condition with multiple mechanisms of
secondary injury and recovery. As a result, a single biomarker is
unlikely to reflect the extent and diversity of neural tissue damage,
aid in monitoring mechanism-directed therapies, or reliably fore-
cast outcomes. Accordingly, the different trajectories observed
among our three biomarkers may reflect different biological pro-
cesses triggered by TBI, and suggest the potential for assessing
multiple biomarkers at several specified time points to adequately
reflect potential inter-individual differences in pathophysiology
and associated biomarker elevation profiles.'!

In this study, TBI severity was determined basing on clinical
(GCS, LOC, and PTA) and CT imaging variables. It is widely
accepted that assessment of TBI severity based on GCS, LOC, and
PTA is imprecise.** Further, scoring of GCS may be compromised
in patients who are intubated and sedated, and in an acute setting
has lower inter-rater reliability.** These factors may explain why
we did not observe differences in tau levels by injury severity.
However, our study showed a relationship of tau levels with injury
severity by demonstrating a correlation between duration of PTA
and Day 30 tau, and between injury severity by Marshall Grade and
tau levels at Day 30.

Our study has several limitations. The most important is the
small sample size, which made it impossible to assess the contri-
bution of confounders such as age, gender, injury mechanism, and
their effects on recovery after TBI. Previous studies showed in-
creased GFAP in modTBI compared with mTBI.!" This study was
based on the larger sample (206 TBI patients) with the majority
(83%, 170) being mTBI patients, and 43% (73 patients) diagnosed
with cmTBI, which is comparable to our cmTBI cohort (67%, 46
patients). The number of moderate and severe TBI subgroups in
TRACK TBI was lower than in our study: 17% (35 TBI) versus
33% (24 TBI) patients. Second, even the mTBI patients in our study
were ‘‘complicated mTBI”’ meaning that they had intracranial
trauma-related abnormalities noted on CT scan, whereas most
mTBI patients in TRACK-TBI had normal CT scans.'! The sample
size in our study was substantially smaller than in TRACK-TBI
study; therefore, we have less power to detect statistically signifi-
cant but small differences, which is relevant to later time points as
well. Because only CT imaging was available for these subjects,
precise characterization of important injury mechanisms such as
diffuse axonal injury and diffuse vascular injury, and their associ-
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ation with individual plasma biomarkers, was also not possible.
Finally, our study focuses on only three biomarkers, and it is likely
that additional biomarkers will be needed to fully characterize a
complex injury such as TBI.

Conclusions

Using the ultrasensitive Simoa technology, plasma levels of
GFAP, tau, and Af42 are all increased up to 90 days after TBI
compared with controls. The levels are maximal at Day 0 for GFAP
and tau and at Day 30 for Af42. Total tau levels at Day 30 corre-
lated with clinical and radiological variables of TBI severity. Day
30 plasma Af342 correlated with clinical outcome. Combination of
all three biomarkers at Day 0 and Day 30 can be used to differen-
tiate between controls and cmTBI populations. Tau, GFAP, and
Af42 measured by Simoa may be useful as biomarkers of TBI in
both the acute and subacute phases.
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