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Abstract
Objectives
To determine whether a panel of blood-based biomarkers can discriminate between patients
with suspected mild traumatic brain injury (mTBI) with and without neuroimaging findings
(CT and MRI).

Methods
Study participants presented to the emergency department with suspected mTBI (n = 277)
with a CT and MRI scan and healthy controls (n = 49). Plasma concentrations of tau, glial
fibrillary acidic protein (GFAP), ubiquitin carboxyl-terminal hydrolase L1, and neurofilament
light chain (NFL) were measured using the single-molecule array technology.

Results
Concentrations of GFAP, tau, and NFL were higher in patients with mTBI, compared with
those of controls (p’s < 0.01). GFAP yielded an area under the curve (AUC) of 0.93 (95%
confidence interval [CI] 0.90–0.96), confirming its discriminatory power for distinguishing
mTBI from controls. Levels of GFAP, tau, and NFL were higher in patients with trauma-related
intracranial findings on CT compared with those with normal CT, with the only significant
predictor being GFAP (AUC 0.77, 95% CI 0.70–0.84). Among patients with mTBI, tau, NFL,
and GFAP differentiated subjects with and without MRI abnormalities with an AUC of 0.83,
with GFAP being the strongest predictor. Combining tau, NFL, and GFAP showed a good
discriminatory power (AUC 0.80, 95% CI 0.69–0.90) for detecting MRI abnormalities, even in
patients with mTBI with a normal CT.

Conclusion
Our study confirms GFAP as a promising marker of brain injury in patients with acute mTBI. A
combination of various biomarkers linked to different pathophysiologic mechanisms increases
diagnostic subgroup accuracy. This multimarker strategy may guide medical decision making,
facilitate the use of MRI scanning, and prove valuable in the stratification of patients with brain
injuries in future clinical trials.

Classification of evidence
Class I evidence that blood concentrations of GFAP, tau, and NFL discriminate patients with
mTBI with and without neuroimaging findings.

MORE ONLINE

Class of Evidence
Criteria for rating
therapeutic and diagnostic
studies

NPub.org/coe

CME Course
NPub.org/cmelist

From the National Institutes of Health (J.G., V.M., C.D.), National Institute of Nursing Research, the Center for Neuroscience and Regenerative Medicine (J.G., P.S.), Uniformed Services
University of the Health Sciences, Biomarker Core, and the National Institutes of Health (L.L., C.T.), National Institute of Neurological Disorders and Stroke, Bethesda, MD; the
Department of Neurology (R.D.-A.), University of Pennsylvania, Philadelphia, PA; the Department of Biomedical and Dental Sciences and Morphofunctional Imaging (S.M.), University
of Messina, Italy; and the Quanterix Corporation (E.V., D.H., L.S., A.J.), Lexington, MA.

Go to Neurology.org/N for full disclosures. Funding information and disclosures deemed relevant by the authors, if any, are provided at the end of the article.

Copyright © 2018 American Academy of Neurology e1385

Copyright ª 2018 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.

http://dx.doi.org/10.1212/WNL.0000000000006321
mailto:gillj@mail.nih.gov
http://www.NPub.org/coe
http://NPub.org/cmelist
http://n.neurology.org/lookup/doi/10.1212/WNL.0000000000006321


Millions of patients seek care for traumatic brain injuries
(TBIs) every year,1 with over 90% of injuries classified as
mild TBI (mTBI), as determined by the Glascow Coma Scale
(GCS) scores between 13 and 15, reporting short or no loss of
consciousness and brief periods of post-traumatic amnesia.2

CT is used in routine clinical care for detecting more severe
intracranial injury and to aid in acute management decisions.
MRI may allow for the detection of more subtle injuries not
seen onCT, including diffuse axonal injury, which increase risks
for neurologic symptoms3,4; however, is not the standard of
care for TBI. Thus, having blood-based biomarkers that im-
prove the assessment and characterization of injury and guide
the diagnostic pathway would be of immense clinical benefit.

Biomarkers including glial fibrillary acidic protein (GFAP)
and ubiquitin carboxyl-terminal hydrolase L1 (UCH-L1)
have been associated with TBI and related to findings on CT
in cohorts with moderate to severe TBIs.5-10 Tau, an axonal
injury marker, has been shown to relate to CT findings in
patients with TBI with all severites,11 and neurofilament light
chain (NFL) relates to the degree of axonal injury in patients

with severe TBI.12 Fewer studies have compared these bio-
marker candidates in patients with mTBI13 and imaging
findings. We used ultrasensitive assays to test peripheral
biomarkers of axonal and astroglial injury in patients with
mTBI and examined their relationship to neuroimaging
studies. The purpose was to determine whether these bio-
markers can discriminate patients with subtle injuries, de-
termined through MRI, who may be at risk of poor recovery.

Methods
This analysis is part of the Traumatic Head InjuryNeuroimaging
Classification study (NCT01132937), a large and ongoing nat-
ural history study of TBI. Patients seeking care for a suspected
brain injury, 18–85 years of age, and a GCS of 13–15 were
included in this analysis. Enrollment, blood collection, and im-
aging (clinical CT and research MRI) were performed within
48 hours of injury. A standardized MRI protocol was used,
which included diffusion-tensor imaging, T2*-weighted imaging,
T2-fluid-attenuated inversion recovery (FLAIR), high-resolution
3D-T1, dynamic susceptibility contrast perfusion-weighted

Table Clinical characteristics of those with and without a MRI finding

Healthy controls
(N = 49)

MRI+ and CT+
(N = 69)

MRI+ and CT2
(N = 28)

MRI2 and CT2
(N = 177) Significance

Age, mean (SD), y 48.61 (15.93) 52.03 (19.83) 46.04 (16.80) 41.48 (15.25) F275,3 = 11.31, p = 0.01

GCS, mean (SD) NA 14.07 (1.53) 14.42 (1.11) 14.33 (1.12) F275,3 = 1.59, p = 0.69

NSI, mean (SD) NA 15.80 (4.91) 14.89 (6.09) 14.51 (7.22) F275,3 = 1.87, p = 0.52

Gender, no. (%) male 60.58 45 (65) 17 (60) 101 (57) χ2 = 2.753, p = 0.11

Injury mechanisms χ2 = 1.05, p = 0.18

MVA NA 28 (40) 13 (46) 96 (54) NS

Fall NA 15 (21) 9 (32) 50 (28) NS

Assault NA 12 (17) 7 (25) 32 (18) NS

Struck by object NA 9 (13) 2 (7) 17 (9) NS

Biomarker concentration,
median (interquartile range)

Tau (pg/mL) 1.25 (0.71–2.09) 2.84 (1.86–4.17) 2.32 (1.7–7.33) 1.76 (1.1–2.88) χ2 = 36.94, p < 0.00011

NFL (pg/mL) 4.87 (3.04–7.11) 23.20 (11.82–44.78) 17.94 (11.68–32.56) 7.62 (4.56–16.09) χ2 = 80.99, p < 0.00011

GFAP (pg/mL) 56.18 (45.98–69.84) 2853 (768.2–5724) 2098 (253.7–8382) 266.2 (101.8–857.2) χ2 = 143.8, p < 0.00011

UCH-L1 (pg/mL) 9.59 (6.01–19.86) 53.62 (30.60–149.5) 42.16 (16.63–96.20) 23.06 (13.44–44.06) χ2 = 45.99, p < 0.00011

Abbreviations: GCS = Glasgow Coma Scale; GFAP = glial fibrillary acidic protein; MVA =motor vehicle accident; NA = not applicable; NFL = neurofilament light
chain; NS = nonsignificant; NSI = Neurobehavioral Symptom Inventory; UCH-L1 = ubiquitin carboxyl-terminal hydrolase L1.

Glossary
AUC = area under the curve; CI = confidence interval; FLAIR = fluid-attenuated inversion recovery; GCS = Glascow Coma
Scale; GFAP = glial fibrillary acidic protein; mTBI = mild traumatic brain injury; NFL = neurofilament light chain; ROC =
receiver operating curve; TBI = traumatic brain injury; UCH-L1 = ubiquitin carboxyl-terminal hydrolase L1.
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imaging, and post-contrast T1 and T2-FLAIR. Healthy con-
trols (n = 49) without a history of TBI or neurologic disease
were recruited from the National Institute of Health proto-
cols: NCT01762475 and 09-NR-0131. All protocols were
approved by their respective institutional review boards, and
informed consent was obtained before any data collection.

Blood samples were collected into ethylenediaminetetra-
acetic acid tubes, centrifuged, aliquoted for plasma, and
stored at −80°C. Plasma samples were analyzed using the
Simoa (Single Molecule Array) Neurology 4-plex assay kit
(Quanterix, Lexington, MA) for simultaneous measurement
of NFL, tau, GFAP, and UCH-L1 on the HD-1 Analyzer.
The laboratory was blinded to the clinical and imaging data.
The average coefficient of variation of measurement of NFL,
tau, GFAP, and UCH-L1 in all tested samples was 5%, 9%,
4%, and 29%. Here we show data for UCLH-1 but do not

report it as a finding, as approximately one-third did not
meet the quality control specifications.

The Kruskal-Wallis and the Mann-Whitney tests were used to
compare biomarkers between groups, and correlation analyses
were performed using the Spearman rank test, with p-values
adjusted for multiple comparisons with the Benjamini-
Hochberg procedure. As biomarkers were significantly associ-
ated with age, age-adjusted receiver operating curves (ROCs)
were used to calculate the biomarker diagnostic accuracy. All
tests were 2-tailed; p < 0.05 was considered significant. Statis-
tical analyses were conducted using SAS 9.4 (SAS Institute,
Inc., Cary, NC).

Data availability
Any data not published within the article are available by
request within the Center for Neuroscience and Regenerative

Figure 1 Box-and-whisker plots of tau (A), NFL (B), GFAP (C) and UCH-L1 (D) concentrations in the different diagnostic
groups

The black horizontal line in each box represents themedian, with the boxes representing the interquartile range. Significant differences are indicated with *p
< 0.05, **p < 0.01, and ***p < 0.001. GFAP = glial fibrillary acidic protein; NFL = neurofilament light chain; and UCH-L1 = ubiquitin carboxyl-terminal hydrolase
L1.
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Medicine Informatics Core. The dataset will be shared on
request from any qualified investigator.

Results
Patients (n = 277) and controls (n = 49) were well-matched
with regard to demographic characteristics (table). Patients
with imaging findings were older than those without. In addi-
tion, biomarker levels were associated with age; thus, age was
controlled for in all comparisons. Compared with those of
healthy controls, themTBI cohort had higher concentrations of
tau, NFL, and GFAP (figure 1, A–D and table). Age-adjusted
ROCs comparing the overall mTBI cohort to controls resulted
in an area under the curve (AUC) value for GFAP that was

excellent (0.93, 95% confidence interval [CI] 0.90–0.96), and
none of the other biomarkers improved the diagnostic accuracy
(figure 2A, figure e-1, links.lww.com/WNL/A694).

In stratifying patients with mTBI with and without CT find-
ings, there were higher concentrations of tau, NFL, and GFAP
in patients with findings (p’s < 0.01), and a fair AUC value,
with the only significant predictor being GFAP (AUC 0.77,
95% CI 0.70–0.84) (figure 2B). Similarly, stratifying based on
MRI findings, higher concentrations of all biomarkers (p’s <
0.05) were seen in those with findings. The overall model
showed good discriminatory power (AUC 0.83, 95% CI
0.77–0.88); GFAP was the strongest predictor (p < 0.001),
but tau and NFL also contributed independently to predicting
findings on MRI (p = 0.03 and p = 0.02, respectively) (figure

Figure 2 Receiver operating characteristic curves age-adjusted for NFL, tau, and GFAP and “model” which includes all
biomarkers (NFL, tau, and GFAP)

(A) ROC stratifying controls vs patients withmTBI, (B) ROC stratifying patientswithmTBIwith andwithout CT imaging findings, (C) ROC stratifying patients with
mTBI with and without MRI findings, (D) ROC stratifying patients with mTBI who have CT negative findings, both with and without MRI findings. GFAP = glial
fibrillary acidic protein; mTBI = mild traumatic brain injury; NFL = neurofilament light chain; and ROC = receiver operating curve.
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2C). Patients with a normal CT but with findings onMRI had
significant elevations of GFAP, tau, and NFL compared with
patients with mTBI lacking findings on neuroimaging (p’s <
0.05). Consistent with the previous model, the AUC value
was good (0.80, 95% CI 0.69–0.90), with GFAP being the
main predictor (p = 0.0003) and with tau (p = 0.017) and
NFL (p = 0.015) being independent predictors of the pres-
ence of MRI abnormalities (figure 2D).

Discussion
The present study confirms that GFAP distinguishes patients
with mTBI from controls, as well as distinguishing patients with
mTBI with a positive CT from patients with mTBI who are CT
negative.5-8We also report thatGFAPdistinguishes patients with
mTBI who are CT negative but are MRI positive from patients
withmTBIwho are bothCT andMRI negative, and that tau and
NFL in combination with GFAP improved diagnostic accuracy.
Therefore, GFAP shows promise in identifying patients who
may need more intensive monitoring and clinical care, and the
addition of tau and NFL may increase prediction ability. This is
important, as approximately 25%–40% of CT negative patients
have a MRI positive finding, which is linked to more long-term
neurocognitive and neuropsychiatric disabilities.14MRI scanning
is not universally available and is costly, but may have value in
clinical care of mTBI patients. Therefore, a blood-based bio-
marker to identify these patients would provide an opportunity
to detect more subtle injuries and to ultimately improve care for
patients with mTBI by identifying those who warrant increased
monitoring and possibly improve future preventative inter-
ventions. These findings suggest the need for additional studies
that include multiple biomarkers to determine whether combi-
nations of biomarkers may improve identification of patients
with mTBI with more subtle injuries detected by MRI.

Our conclusions are limited to having a relatively small sample
size, mainly in the subgroups. Additionally, UCH-L1 was un-
detectable in a significant proportion of samples, limiting the
comparability with the other markers and the conclusions that
could be drawn. In summary, the findings presented here
provide important insights into how GFAP may be used as
a diagnostic biomarker, with possible utility in determining
patients with mTBI with subtle injuries detected only through
MRI, which is not widely available in emergency room settings.
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