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GFAP-BDP as an Acute Diagnostic Marker
in Traumatic Brain Injury:
Results from the Prospective Transforming
Research and Clinical Knowledge
in Traumatic Brain Injury Study

David O. Okonkwo, John K. Yue? Ava M. Puccio; David M. Panczykowski! Tomoo Inoue?
Paul J. McMahon, Marco D. Sorani? Esther L. Yuh? Hester F. Lingsma,* Andrew |.R. Maas?
Alex B. Valadka? and Geoffrey T. Manley? and Transforming Research and Clinical Knowledge
in Traumatic Brain Injury investigators including: Scott S. Casey? Maxwell Cheong?

Shelly R. Cooper? Kristen Dams-O’'Connor,” Wayne A. Gordon,” Allison J. Hricik! Kerri Hochberger!
David K. Menon® Pratik Mukherjee?® Tuhin K. Sinha?® David M. Schnyer? and Mary J. Vassar?

Abstract

Reliable diagnosis of traumatic brain injury (TBI) is a major public health need. Glial fibrillary acidic protein (GFAP) is
expressed in the central nervous system, and breakdown products (GFAP-BDP) are released following parenchymal brain
injury. Here, we evaluate the diagnostic accuracy of elevated levels of plasma GFAP-BDP in TBI. Participants were
identified as part of the prospective Transforming Research And Clinical Knowledge in Traumatic Brain Injury (TRACK-
TBI) Study. Acute plasma samples (<24 h post-injury) were collected from patients presenting with brain injury who
had CT imaging. The ability of GFAP-BDP level to discriminate patients with demonstrable traumatic lesions on CT, and
with failure to return to pre-injury baseline at 6 months, was evaluated by the area under the receiver operating char-
acteristic curve (AUC). Of the 215 patients included for analysis, 83% had mild, 4% had moderate, and 13% had severe
TBI; 54% had acute traumatic lesions on CT. The ability of GFAP-BDP level to discriminate patients with traumatic
lesions on CT as evaluated by AUC was 0.88 (95% confidence interval [CI], 0.84-0.93). The optimal cutoff of 0.68 ng/mL
for plasma GFAP-BDP level was associated with a 21.61 odds ratio for traumatic findings on head CT. Discriminatory
ability of unfavorable 6 month outcome was lower, AUC 0.65 (95% CI, 0.55-0.74), with a 2.07 odds ratio. GFAP-BDP
levels reliably distinguish the presence and severity of CT scan findings in TBI patients. Although these findings confirm
and extend prior studies, a larger prospective trial is still needed to validate the use of GFAP-BDP as a routine diagnostic
biomarker for patient care and clinical research. The term ‘“mild’’ continues to be a misnomer for this patient population,
and underscores the need for evolving classification strategies for TBI targeted therapy. (ClinicalTrials.gov number
NCTO01565551; NIH Grant 1RC2 NS069409)
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Introduction

TRAUMATIC BRAIN INJURY (TBI) diagnostics currently rely on
neurological examination and radiographic imaging. A blood-
based biomarker that is disease/syndrome specific, such as troponin
and creatine kinase (CK)-MB in acute cardiac injury, would enable
the rapid diagnosis and appropriate triage for acute treatment,
clinical trial stratification, and follow-up rehabilitation care plans
of brain-injured patients. The ideal biomarker would be informative
across the spectrum of TBI, from concussion to coma, allow for
point-of-care testing, and provide an objective diagnostic for tar-
geted treatment.

TBI diagnostic biomarkers have been examined in recent years,
with potential candidates being neuron-specific enolase (NSE),
glial protein S-100 beta (S-100f), myelin basic protein (MBP), glial
fibrillary acidic protein (GFAP), and, recently, ubiquitin c-terminal
hydrolase (UCH-L1)."? Investigation of GFAP-breakdown prod-
ucts (GFAP-BDP) in severe TBI has recently been reported by
Mondello et al., with association to injury severity, intracranial le-
sions, and mortality.3 In moderate to mild TBI, GFAP-BDP has
been investigated by Papa et al. with associations to injury severity
as well as positive CT findings and the need for neurosurgical in-
tervention.* GFAP is an intermediate filament protein that is ex-
pressed by several cell types, including astrocytes, in the central
nervous system, and is thought to maintain mechanical strength of
cells. The exact mechanisms leading to elevation of GFAP and
GFAP-BDPs are not completely understood, and may be caused by
such phenomena as astrocyte reactivity or damage, such as that seen
in brain damage. The detection of elevated GFAP-BDPs could,
therefore, potentially be used as a measure of brain injury, with the
added diagnostic benefit of the ability to be detected in the
peripheral blood.

The Transforming Research and Clinical Knowledge in Trau-
matic Brain Injury (TRACK-TBI) Study is a National Institute of
Neurological Disorders and Stroke (NINDS)-funded multicenter,
prospective, collaboration among four United States centers to de-
velop, test and refine TBI common data elements (TBI-CDEs) for
research in four domains: demographics, neuroimaging, biomarkers,
and outcome measures. A unique feature of the target TBI population
under investigation is that it spans the entire range of TBI from mild
to severe. Enrollment included a large cohort of mild TBI patients
with negative neuroimaging results, as well as mild TBI patients
discharged from the emergency department (ED).

The purpose of this study was to prospectively examine the
diagnostic value of a plasma biomarker, GFAP-BDP, in a large
prospective cohort of TBI patients. The relationship of early serum
level of GFAP-BDP with injury severity and neurological outcome
in TBI was assessed.

Methods
Study population

Subjects were identified and recruited upon arrival at one of three
level I trauma centers as part of the multicenter prospective TRACK-
TBI study (Yue et al, 2013).> Study protocols were approved by the
institutional review boards of participating centers (San Francisco
General Hospital, University of Pittsburgh Medical Center [UPMC],
University Medical Center Brackenridge [UMCB]). All participants
or their legal authorized representatives gave written informed con-
sent. At follow-up outcome assessments, participants whose consent
had been previously given by legal authorized representative, if
neurologically improved such as to be cognizant, gave consent for
continuation in the study.
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To be eligible for the TRACK-TBI study, patients had to present
within 24 h of injury, and have a history of trauma to the head
sufficient to be triaged to non-contrast head CT using the American
College of Emergency Physicians/Centers for Disease Control
(ACEP/CDC) evidence-based joint practice guideline.® Details of
loss of consciousness, amnesia, and source of trauma were recorded
upon screening, and informed consent was obtained. Glasgow
Coma Scale (GCS) score was assessed by a neurosurgeon at ad-
mission and was reconfirmed by study personnel at the time of
biomarker collection.

Sample collection and measurement of GFAP-BDP

Blood samples were collected from subjects who consented to
genetic and proteomic analysis within 24 h of injury. All samples
were dated and time stamped to compare with time of injury. The
TBI-CDE Biospecimens and Biomarkers Working Group Guide-
lines for plasma preparation were followed.” Samples were
centrifuged and plasma aliquots stored at —80°C for future batch
processing. UPMC and UMCB batch shipped samples, overnight
on dry ice, to University of California San Francisco (UCSF). All
samples were stored in a de-identified manner, with a unique study
number specific to site and subject. A central database was
maintained by the coordinating center (UCSF) with each site
entering site-specific data for final statistical reporting. Blinded
sample analysis occurred in a single laboratory (Banyan Bio-
markers, Alachua, FL) using a sandwich enzyme-linked immu-
nosorbent assay (ELISA) to GFAP-BDP. The GFAP ELISA
utilized a proprietary mouse monoclonal antibody for solid phase
immobilization, and a proprietary polyclonal rabbit antibody for
detection.*® The test sample was allowed to react sequentially
with the capture and detection antibodies, resulting in GFAP
molecules being sandwiched between the two antibodies. The
antibodies detected both whole GFAP molecules and GFAP-
BDPs, potentially resulting in a more complete measure of GFAP
levels in circulation.® Detection was mediated by addition of a
tertiary anti-rabbit-horseradish peroxidase (HRP) conjugated an-
tibody and a colorimetric (tetramethylbenzidine [TMB]) sub-
strate. Quantitative determination of the biomarker concentration
was achieved by comparing the unknown sample results to a
standard curve obtained from the same assay. All samples were
analyzed in duplicate concomitantly with calibrators prepared in
compatible matrix. Specifically, a serial dilution of the calibrator
protein was prepared, and aliquots were assayed in the same
volume and under the same conditions as the samples. The cali-
brator signal intensities were used to generate a dose response
curve and to calculate the sample concentrations using a four
parameter logistic function (Mars Software for OPTIMA reader).
The same number of samples, quality controls, and calibrators
were used for each assay (dilution factor of 1). From high con-
centration to low, the previously reported intra-assay coefficient
of variance for the ELISA was 4.3-7.8%, and the inter-assay
coefficient of variance was 7.8-14.3%.* The estimated limit of
detection (LOD) for GFAP was ~0.1 ng/mL.

Evaluation of CT scans according to TBI-CDE

All patients underwent CT imaging of the brain at the time of
initial presentation to the ED. Each patient’s head CT was charac-
terized using the recommendations of the TBI-CDE Neuroimaging
Working Group.”'® The Neuroimaging TBI-CDEs are consensus-
based recommendations for data collection regarding specific ra-
diological features, data definitions needed to characterize injuries,
and best practices needed to optimize and harmonize imaging data
acquisition for TBI research. Each CT was de-identified, electroni-
cally uploaded to a central imaging database, and reviewed by a
blinded central reader, and imaging features were extracted and
entered into the TRACK-TBI database.
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Outcome evaluation

Patient outcomes included mortality and neurological assess-
ment at 6 months after injury. The primary outcome measure was
the 6-month Glasgow Outcome Scale-Extended score (GOS-E).1°
The GOS-E provides eight categories of outcome: Dead, Vegeta-
tive State, Lower Severe Disability, Upper Severe Disability,
Lower Moderate Disability, Upper Moderate Disability, Lower
Good Recovery, Upper Good Recovery. Ratings are based on pa-
tient consciousness, independence, ability to work, social and lei-
sure activities, social relationships, and other sequelae of TBI
Upper Good Recovery (GOS-E score of 8) indicates return to pre-
injury baseline with no residual effects of the TBI.

Statistical analysis

Descriptive statistics with means and proportions were used to
describe categorical variables (site, presentation, demographics).
Biomarker levels were treated as continuous data measured in
nanograms per milliliter (ng/mL). Data were assessed for equality
of variance and distribution. Intracranial lesions shown on initial
CT were scored and analyzed with GFAP-BDP as the dependent
variable, and the Student’s 7 test was used to compare means across
lesion groups. We assessed the ability of GFAP-BDP to separate
patients with different injury patterns and outcomes; this is quan-
tified as the area under the receiver operating characteristic curve
(AUC). The AUC evaluates whether those with higher predicted
risk are more likely to have a more severe injury (positive CT
finding/poor GCS) or a poor outcome (mortality/unfavorable out-
come) among all possible pairs of patients with different findings.
In line with the current statistical consensus, AUC’s of 0.8-0.9 are
considered very good, those of 0.7-0.8 are considered adequate,
and an AUC<0.7 is considered poor. Further, univariate and
multivariate logistic regression were used to assess the ability of
GFAP-BDP to predict outcome. Data were analyzed using Stata 11
(StataCorp, College Station, TX) and PASW (version 19.0; IBM
Corporation, Somers, NY).

Results
Baseline demographics and CT imaging

There were 215 TRACK-TBI subjects with plasma samples
processed according to the TBI-CDE recommendations, of which
145 had GOS-E scores at 6 months (67.44%). The study sample
comprised the full spectrum of TBI encountered at three high-
volume level 1 trauma centers. As seen in Table 1, the majority of
the subjects (83%) were classified as having mild TBI (admission
GCS between 13 and 15), 4% as having moderate TBI (GCS 9-12),
and 13% as having severe TBI (GCS 3-8). The mean age was
42+ 18 years; 73% were male. The most common mechanism of
injury was fall (36%), followed by motor vehicle accident (27%).

TABLE 1. DEMOGRAPHICS AND CT IMAGING
OF STUDY POPULATION

Mild
(m=179)

Severe
(m=27)

Moderate
(n=9)

GCS Score (mean=SD) 14.80+£0.44 11.22%£0.67 3.59%+1.31

Age (mean*SD) 425+180 44.1+£19.5 39.2+18.9
Gender (% male) 69.8% 100.0% 81.5%
Positive CT findings 42.5% 77.8% 96.3%

Distribution of Glasgow Coma Scale (GCS) score on admission to
emergency department, age, gender, and positive intracranial findings on
admission CT across mild (GCS 13-15), moderate (GCS 9-12), and severe
(GCS 3-8) traumatic brain injury (TBI).

OKONKWO ET AL.

CT scans were abnormal in 43% of subjects with mild TBI, in 78%
of subjects with moderate TBI, and in 96% of subjects with severe
TBI. Demographic analysis of patients lost to follow-up at 6 months
revealed no significant difference in age or gender, but a significant
difference in admission GCS score was present (p=0.019). Of
patients lacking 6 month data, 94% sustained mild TBI, whereas
78% of patients with 6 month follow-up data sustained mild TBI.
The relation of GFAP-BDP to patient age was investigated using
linear regression, and no significant association was found.

GFAP-BDP and abnormal head CT findings

Plasma samples obtained within 24 h of injury (mean 10.9h, SD
6.4 h, min 0.5 h, max 23.4 h) were analyzed individually in duplicate
using a sandwich ELISA to measure GFAP-BDP levels. TBI-CDE-
defined pathoanatomic features on the initial head CT scan included:
subdural hematoma, subarachnoid hemorrhage (SAH), and contu-
sion. When compared with subjects with a negative head CT scan,
GFAP-BDP levels were significantly higher in those with evidence
of traumatic pathoanatomic features (CT negative, n=106, GFAP-
BDP=0.26£0.41 ng/mL; CT positive, n=109, GFAP-BDP=2.88
+3.74ng/mL; p<0.01; Fig. 1). When compared with GOS-E 6
month score, positive CT scan was significantly related (ANOVA,
Sidak pairwise analysis, p <0.00001). With increasing severity of CT
findings, there was an associated elevation of plasma GFAP-BDP
levels (Fig. 2). Subjects with isolated subdural hematoma, SAH, or
contusion had significant elevation of GFAP-BDP (mean range
1.06-4.92 ng/mL) compared with subjects with no intracranial pa-
thology (mean 0.26 ng/mL). With multiple pathoanatomic features,
the biomarker levels were further increased.

GFAP-BDP(ng/ml)
10
1

o -
o] !
T T
CT Negative CT Positive
FIG. 1. Violin and box plot of glial fibrillary acidic protein and

breakdown products (GFAP-BDP) levels in traumatic brain injury
(TBI) subjects with negative head CT for intracranial lesions
versus subjects with evidence of pathoanatomic features. Box
plots are shown in black with density distribution of GFAP-BDP
values in gray. Patients negative for intracranial lesions on CT
(CT-, n=106) had a mean plasma GFAP-BDP level of 0.26 ng/mL
(SD 0.41 ng/mL), whereas patients positive for any intracranial
lesion types (CT +, n=109) had a mean plasma GFAP-BDP level
of 2.88 ng/mL (SD 3.74 ng/mL).
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FIG. 2. Mean plasma glial fibrillary acidic protein and break-
down products (GFAP-BDP) levels (ng/mL) for increasing num-
bers of lesions seen on admission head CT after acute TBI. Lesion
types include epidural hematoma (EDH), acute subdural hemor-
rhage (ASDH), traumatic subarachnoid hemorrhage (tSAH),
contusion, and intraventricular hemorrhage (IVH). Patients with
no intracranial lesion (number of lesions=None) had statistically
significant lower mean GFAP-BDP levels than those with one,
two, and three or more lesion types (p<0.0001). Patients with
one lesion type also had statistically significant lower mean
GFAP-BDP levels than those with three or more lesion types
(p<0.0001).

To assess the diagnostic performance of GFAP-BDP, the AUC for
GFAP-BDP that was calculated to discriminate patients with trau-
matic lesions on head CT was 0.88 (95% confidence interval [CI],
0.84-0.93, p<0.000001) (Fig. 3). Age and GCS were tested as
covariates in the receiver-operating-characteristic curve, and GCS
was found to significantly contribute (p <0.01). When the curve was
re-calculated, the result was unchanged from the non-controlled
model.

ROC Curve: Plasma [GFAP-EDP] vs CT +/-

Lo
0.8 o
> 0.6
Z
3
1
o
Y04
0.2
0.0 1 T U I
0.0 0.2 0.4 0.6 0.8 1.0
1 - Specificity
Arca Under the Curve
Test Result Variable: GFAP Plasma Concentration [ng/mi]
N N . |_Asymptotic95% Confidence Interval
ey | ey [ A= S AsymoloticSie ™ s Bound | UpperBownd
109 106 | 0358 0.02 084 [ 093

FIG. 3. Receiver operating-characteristic curve for diagnosing
traumatic brain injury (TBI) subjects with pathologic CT features.
The area under the curve (AUC) demonstrates that glial fibrillary
acidic protein and breakdown products (GFAP-BDP) levels are
able to discriminate between subjects with and without radio-
graphic evidence of TBI, AUC 0.88 (95% CI, 0.84-0.93).
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GFAP-BDP and injury severity

Serum measurement of GFAP-BDP in the first 24 h after TBI
reliably distinguished injury severity, as assessed by the GCS.
Mean serum GFAP-BDP levels increased significantly with de-
creasing GCS at presentation (ANOVA, Sidak pairwise analysis
p<0.01); this persisted following adjustment for age, sex, and in-
jury mechanism (p <0.01). The ability of the GFAP-BDP level to
discriminate between patients with mild and moderate-to-severe
injuries, as measured by the AUC, was 0.87 (95% CI, 0.81-0.93).
The discriminatory ability of GFAP-BDP in assessing mild-mod-
erate versus severe injury was 0.84 (95% CI, 0.77-0.91). A
graphical box-plot display of the distribution of GFAP-BDP con-
centrations at each level of severity of TBI (mild, moderate, and
severe) is shown in Figure 4.

GFAP-BDP and outcome

The overall median GOS-E at 6 months post-injury was 7 (in-
terquartile range, 2), with 83% of the entire sample achieving some
level of functional recovery (GOS-E 25, moderate disability or
better). Significant predictors of unfavorable functional outcome
(GOS-E 1-4) using increased age, poor GCS, and presence of
traumatic lesion(s) on CT. Elevated GFAP-BDP levels were also
significantly associated with lack of return to baseline function at 6
months (GOS-E <7) (odds ratio [OR] 2.07; 95% CI 1.30-3.55,
p=0.006 at the 0.68 ng/mL GFAP-BDP cutoff). With increasingly
poor outcome as measured by GOS-E score, there was an associated
elevation of serum GFAP-BDP levels (Fig. 5). The ability of GFAP-
BDP to discriminate between the likelihood of an unfavorable
functional 6 month outcome (GOS-E 1-4), as measured by the AUC,
was 0.74 (95% CI, 0.61-0.87) (Fig. 6a). Furthermore, we evaluated
the predictive performance of GFAP-BDP for full recovery (GOS-E
8). The ability of GFAP-BDP to discriminate between the likelihood
of a full recovery (return to normal life, with no problems related to
the injury) was 0.65 (95% ClI, 0.55-0.74) (Fig. 6b). Age and GCS
were tested as covariates in both receiver-operating-characteristic
curves, and neither was found to be significant.

Plasma GFAP-BDP [ng/ml] and TBI Severity

= B

Moderate

Plasma GFAP-BDP [ng/ml]
10 16 20
L L L
[ ]

5
esese® o

| —

T8I Severity Mild

Severe

FIG. 4. Box plots displaying the concentration distribution of
glial fibrillary acidic protein and breakdown products (GFAP-
BDP) for each level of traumatic brain injury (TBI) severity, mild
(Glasgow Coma Scale [GCS] score 13—15), moderate (GCS 9-12)
and severe (GCS 3-8). Median (lower quartile, upper quartile)
plasma GFAP-BDP concentration is 0.263 (0.025, 1.033) for mild
TBI, 1.831 (0.772, 3.483) for moderate TBI, and 3.596 (1.09,
7.272) for severe TBI.
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Mean Plasma [GFAP-BDP] of 6-Month GOS-E Scores

3.0

Mean Plasma GFAP-BDP [ng/ml]

|
1

T
S5and 6 7 8

6-Month Glasgow Outcome Scale-Extended (GOS-E)
Error Bars: + /- 15E

FIG. 5. Mean levels (+/— SD) of plasma glial fibrillary acidic
protein and breakdown products (GFAP-BDP) concentration across
6 month Glasgow Outcome Scale-Extended (GOS-E) scores. Higher
GFAP-BDP levels are associated with greater detraction from full
global recovery. The mean GFAP-BDP difference trends toward
significance (p=0.067, ANOVA), especially between traumatic
brain injury (TBI) patients with GOS-E =8 versus those with GOS-
E=5and 6 (p=0.055, ANOVA) at 6 months post-injury.

Univariate and multivariate logistic regression models were also
created to assess the predictive power of GFAP-BDP on 6 month
outcomes. In univariate analysis, GFAP-BDP was significant for
both unfavorable outcomes (OR 1.21; 95% CI 1.07-1.36) with a
pseudo—R2 of 0.0999, and for return to baseline (OR 1.03; 95% CI

ROC Curve: Plasma [GFAP-BDP] vs GOS-E < 4

OKONKWO ET AL.

1.03-1.55) with a pseudo-R? of 0.0469. Controlling for age, GCS,
and positive CT in a multivariate regression model, GFAP-BDP
was no longer a significant predictor of either unfavorable or
return to baseline outcomes. Positive CT scan was the only sig-
nificant predictor in the return to baseline model, with an OR of
3.42 (95% CI 1.28-9.15) and pseudo—R2 of 0.1176. It is of note that
both positive CT scan and GFAP-BDP were found to be multi-
collinear with GCS in the model.

Cutoff for serum GFAP-BDP level
as a diagnostic test for TBI

We evaluated the cutoff for diagnostic performance of serum
GFAP-BDP level to determine ORs for CT findings and 6 month
neurological outcome. The optimal GFAP-BDP cutoff value of
0.68ng/mL had a sensitivity of 73%, a specificity of 89%, and a
positive predictive value of 87% for identifying patients with in-
tracranial findings on CT (Table 2). The cutoff point of a serum
GFAP-BDP level of 0.68 ng/mL produced a21.61 OR for a positive
head CT (p<0.0001) and a 2.07 OR for failure to return to pre-
injury baseline (p =0.006).

Discussion

This prospective, multicenter study of TBI patients examined the
diagnostic performance of a serum biomarker for the early diag-
nosis of TBI. In patients with exposure to head trauma, acute
(within 24 h) serum measurement of GFAP-BDP reliably distin-
guished the presence and severity of CT scan findings at initial
injury, and functional outcome at 6 months after injury. In our data,
the optimal cutoff point for diagnosis of TBI was a serum GFAP-
BDP level of 0.68 ng/mL.

ROC Curve: Plasma [GFAP-BDP] vs GOS-E = 7
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FIG. 6. Receiver operating-characteristic curve for predicting global recovery of traumatic brain injury (TBI) subjects at 6 months
post-injury using the eight point Glasgow Outcome Scale — Extended (GOS-E). A GOS-E score of 8 signifies full recovery to baseline
function, whereas a score <7 signifies deficits in recovery. GOS-E of <4 signifies an unfavorable functional recovery. The area under
the curve (AUC) in the left panel demonstrates that glial fibrillary acidic protein and breakdown products (GFAP-BDP) are able to
adequately discriminate between subjects of favorable versus unfavorable functional recovery, area under the curve (AUC) 0.74 (95%
CI, 0.61-0.87). Right panel demonstrates that GFAP-BDP are able to somewhat discriminate between subjects who have made a full

versus a partial recovery, AUC 0.65 (95% CI, 0.55-0.74).
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TABLE 2. DIAGNOSTIC PERFORMANCE OF GFAP-BDP IN DIFFERENTIATING CT PATHOLOGY AND NEUROLOGIC OUTCOME AFTER TBI

P-Value
(GOS-E<7)

Odds ratio
(GOS-E<7)

Positive Odds ratio p-value

predictive value

Negative
predictive value

GFAP-BDP

(CT+)

(CT+)

Specificity
0.81 (0.72-0.89)
0.83 (0.74-0.89)
0.84 (0.75-0.90)
0.85 (0.76-0.91)
0.86 (0.77-0.92)
0.88 (0.80-0.93)
0.88 (0.80-0.93)
0.89 (0.81-0.94)
0.89 (0.81-0.94)
0.89 (0.81-0.94)
0.92 (0.85-0.96)

Sensitivity

cutoff (ng/mlL)

0.014

1.85 (1.12-3.04)
1.91 (1.16-3.18)
1.87 (1.12-3.10)
2.00 (1.19-3.35)
1.89 (1.13-3.17)
1.92 (1.13-3.25)
1.92 (1.13-3.25)
2.07 (1.20-3.55)
2.01 (1.17-3.45)
2.17 (1.25-3.79)
2.40 (1.29-4.46)

p<0.0001
p<0.0001
p<0.0001
p<0.0001
p<0.0001
p<0.0001
p<0.0001
p<0.0001
p<0.0001
p<0.0001
p<0.0001

17.00 (8.66-33.40)
18.28 (9.22-36.25)
19.58 (9.79-39.16)
19.92 (9.91-40.06)
19.36 (9.60-39.07)
20.70 (10.05-42.61)
20.70 (10.05-42.61)
21.61 (10.35-45.10)
20.63 (9.91-42.94)

0.81 (0.72-0.88)
0.83 (0.74-0.89)
0.83 (0.75-0.90)
0.84 (0.75-0.90)
0.85 (0.76-0.91)
0.86 (0.77-0.92)
0.86 (0.77-0.92)
0.87 (0.78-0.92)
0.87 (0.78-0.93)
0.86 (0.77-0.92)
0.89 (0.79-0.95)

0.80 (0.71-0.87)
0.79 (0.70-0.86)
0.79 (0.71-0.86)
0.79 (0.70-0.86)
0.78 (0.69-0.85)
0.77 (0.68-0.84)
0.77 (0.68-0.84)
0.76 (0.68-0.83)
0.76 (0.67-0.83)
0.74 (0.65-0.81)
0.69 (0.61-0.76)

0.80 (0.71-0.87)
0.79 (0.70-0.86)
0.79 (0.70-0.86)
0.78 (0.69-0.85)
0.76 (0.67-0.84)
0.74 (0.65-0.82)
0.74 (0.65-0.82)
0.73 (0.64—0.81)
0.72 (0.63-0.80)
0.70 (0.60-0.78)
0.60 (0.50-0.69)

0.40
0.44
0.48
0.52
0.56
0.60
0.64
0.68
0.72
0.76
1.00

0.009

0.013

0.006

0.012

0.012

0.012

0.006

0.008

0.004
0.002

18.04 (8.72-37.31)
18.10 (8.00-40.92)

Sensitivity, specificity, predictive values, and odds ratios (OR) of successive GFAP cutoff levels (ng/mL) in differentiating presence of intracranial lesions as seen on admission head CT, and corresponding
odds ratios for predicting presence of less-than-full recovery as measured by the Glasgow Outcome Scale-Extended (GOS-E) at 6 months post-injury. The highlighted row displays the GFAP-BDP cutoff

optimized for diagnosing CT+ odds ratio (OR

21.61) and area under the curve (AUC) (Fig. 3).

GFAP-BDP, glial fibrillary acidic protein and breakdown products.

1495

TBI remains one of the greatest challenges in medicine and
public health. Our study focused on biomarkers of mild TBI, be-
cause diagnosis of more severe TBI is apparent by clinical and
imaging assessment. The epidemiological and financial burden of
underdiagnosed mild TBI is high, and the clinical benefit of early
intervention could be substantial. The effects of mild TBI have
recently been highlighted in specific at-risk populations. McCrea
et al. reported that college football players exhibited cognitive
impairment and balance problems after concussion,'? and although
these symptoms resolved, other studies have investigated the ef-
fects of repeated insults over time.'? More recently, in a study of
United States military personnel with mild TBI, persistent abnor-
malities revealed on diffusion tensor imaging (DTI) were consis-
tent with traumatic axonal injury in some subjects, although none
had detectable intracranial injury on CT."* In a similar study, sol-
diers with mild TBI were significantly more likely to report poor
general health, missed work days, medical visits, and post-con-
cussive symptoms than were soldiers with other injuries, although
the effects were confounded by post-traumatic stress disorder
(PTSD) and depression.'” In broader populations of adults with
mild TBI, the likelihood of major depressive disorder and epilepsy
increased, although effects were also confounded by prior histo-
ry.'®7 A literature review found that the prevalence of chronic pain
was greater in patients with mild TBI than in those with moderate or
severe TBI.'®

The diagnosis and treatment of TBI is hindered by the lack of a
definitive biomarker, especially for mild TBI or concussion. Cur-
rent medical imaging methods (CT, MRI, DTI, and functional MRI
[fMRI]) rarely provide definitive biological indicators of TBI-
induced damage.'” No serum biomarker is currently in routine
clinical use. Because of the appreciation of the medical need, there
has been heightened interest in identifying molecular markers for
diagnosing mild TBI. To be attractive for use in the clinic, such
markers should be easy to access and interpret as well as fast and
inexpensive to process. Serum protein tests are attractive for these
reasons, and an increasing body of evidence has been developed. In
a series of studies, Vos et al. examined the utility of S100B, GFAP,
and NSE as biomarkers in TBI and found reproducible effects of
varying magnitudes. In patients who died, median serum levels of
GFAP were increased 33-fold and S100B increased 2-fold. In un-
favorable compared to favorable outcome, GFAP was increased
20-fold and S100B was increased 2-fold.>® Mean serum concen-
trations at hospital admission after SAH were increased (S100B
threefold and GFAP twofold) compared with the upper limit of
normal reference values.>' Vos and colleagues reported that, in
severe TBI patients, median serum levels of S100B, GFAP, and
NSE were raised 18-fold (S100b), 5-fold (GFAP), and 2-fold
(NSE), respectively, compared with normal reference values.
GFAP levels > 1.5 ug/L strongly predicted death (OR 5.8) and poor
outcome (OR 8.8).! Others have reported similar results, with
predictive power for GFAP, as measured by AUC, ranging from
0.98 to 0.84.2*% It is of note that serum markers combined with
clinical markers may be particularly useful. Using the IMPACT
model with age, GCS, and pupillary response factors, Czeiter et al.
were able to increase predictive power with the addition of GFAP in
cerebrospinal fluid (CSF) and serum.?*

The diagnostic performance of GFAP-BDP, as indicated in the
current study by receiver operator curve analysis, is on a par with
that of troponin in myocardial ischemia and brain natriuretic pep-
tide in congestive heart failure.>>>’ Our findings are also consistent
with previous reports in terms of predictive power and measured
levels of serum GFAP in TBL* We found that serum GFAP-BDP
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distinguished injury severity assessed by GCS, adjusted for age,
sex, and injury mechanism. The ability of GFAP-BDP level to
discriminate between patients with mild and moderate-to-severe
injuries measured by the AUC was 0.87. GFAP-BDP levels were
greater in patients with CT scans positive for traumatic lesions
(0.26£0.41 ng/mL vs. 2.88£3.74 ng/mL; p<0.01), which is con-
sistent with the previous findings of Papa et al. 2012.* The ability of
GFAP-BDP to discriminate between the likelihood of an unfa-
vorable 6 month outcome, measured by the AUC, was adequate at
0.74, and the ability of GFAP-BDP to discriminate between the
likelihood of a full recovery was 0.65. The optimal GFAP-BDP
cutoff value was 0.68 ng/mL for identifying patients who failed to
return to pre-injury baseline, and resulted in a 21.61 OR for a
positive head CT and a 2.07 OR for failure to return to pre-injury
baseline. Although the cutoff value is higher, with a lower sensi-
tivity and higher specificity than that reported by Papa et al.
(0.035ng/mL) to identify positive CT findings, our analysis in-
cluded all severity levels of TBI as well as 6 month outcomes.”

In addition to the reproducibility described, this study has other
strengths, as well as potential limitations. To our knowledge, this is
the largest prospective biomarker study in a mild TBI population.
Other GFAP assays have been developed, but the advantages of our
method include commercial availability and centrally read re-
sults.*®?° However, in terms of study design, we did not measure
GFAP levels over time or in control subjects. Further, ~33% of
patients with GFAP data available were lost to follow-up by 6
months. Also, as with previous studies, we found GFAP to be a low
abundance protein, detectable in ng/mL. Finally, it is also increas-
ingly understood that GFAP levels may be associated with other
physiological processes and comorbidities. In patients undergoing
aortic valve replacement, SI00B and GFAP increased, possibly
because cardiac surgery with cardiopulmonary bypass may cause
cerebral inflammation, glial cell injury, and blood-brain barrier
(BBB) dysfunction without biochemical signs of neuronal damage.*
Children with sickle cell disease (SCD) had higher plasma GFAP
than did healthy pediatric controls, and GFAP among children with
SCD may be associated with subclinical brain injury.>' NSE and
S100B can be released into serum during operations by extracranial
sources, and although assessment of neurocognitive decline after
surgery has been hampered by heterogeneous testing techniques,
GFAP may be a sensitive marker whose extracranial sources are
antigenically different from the brain-derived form.*?

Through the TRACK-TBI study, we examined the diagnosis and
triage of patients presenting to the ED with suspected TBI. The
results demonstrate that measurement of serum GFAP-BDP may
improve the ability of clinicians to identify TBI patients who may
require further medical evaluation and management. Use of GFAP-
BDP as a serum biomarker for TBI should lead to more accurate
diagnosis and management of TBI.
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