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Circulating Brain-Derived Neurotrophic Factor
Has Diagnostic and Prognostic Value

in Traumatic Brain Injury

Frederick K. Korley,1 Ramon Diaz-Arrastia,2 Alan H. B. Wu,3 John K. Yue,4 Geoffrey T. Manley,4

Haris I. Sair,5 Jennifer Van Eyk,6,* Allen D. Everett,7,* and the TRACK-TBI investigators including
David O. Okonkwo,8,9 Alex B. Valadka,8,10 Wayne A. Gordon,8,11 Andrew I.R. Maas,8,12

Pratik Mukherjee,8,13 Esther L. Yuh,8,13 Hester F. Lingsma,8,14 Ava M. Puccio,8,9 and David M. Schnyer8,15

Abstract

Brain-derived neurotrophic factor (BDNF) is important for neuronal survival and regeneration. We investigated the diagnostic

and prognostic values of serum BDNF in traumatic brain injury (TBI). We examined serum BDNF in two independent cohorts of

TBI cases presenting to the emergency departments (EDs) of the Johns Hopkins Hospital ( JHH; n = 76) and San Francisco

General Hospital (SFGH, n = 80), and a control group of JHH ED patients without TBI (n = 150). Findings were subsequently

validated in the prospective, multi-center Transforming Research and Clinical Knowledge in TBI (TRACK-TBI) Pilot study

(n = 159). We investigated the association between BDNF, glial fibrillary acidic protein (GFAP), and ubiquitin C-terminal

hydrolase-L1 (UCH-L1) and recovery from TBI at 6 months in the TRACK-TBI Pilot cohort. Incomplete recovery was defined

as having either post-concussive syndrome or a Glasgow Outcome Scale Extended score <8 at 6 months. Median day-of-injury

BDNF concentrations (ng/mL) were lower among TBI cases ( JHH TBI, 17.5 and SFGH TBI, 13.8) than in JHH controls (60.3;

p = 0.0001). Among TRACK-TBI Pilot subjects, median BDNF concentrations (ng/mL) were higher in mild (8.3) than in

moderate (4.3) or severe TBI (4.0; p = 0.004. In the TRACK-TBI cohort, the 75 (71.4%) subjects with very low BDNF values

(i.e., <the 1st percentile for non-TBI controls, <14.2 ng/mL) had higher odds of incomplete recovery than those who did not have

very low values (odds ratio, 4.0; 95% confidence interval [CI]: 1.5-11.0). The area under the receiver operator curve for

discriminating complete and incomplete recovery was 0.65 (95% CI: 0.52-0.78) for BDNF, 0.61 (95% CI: 0.49-0.73) for GFAP,

and 0.55 (95% CI: 0.43-0.66) for UCH-L1. The addition of GFAP/UCH-L1 to BDNF did not improve outcome prediction

significantly. Day-of-injury serum BDNF is associated with TBI diagnosis and also provides 6-month prognostic information

regarding recovery from TBI. Thus, day-of-injury BDNF values may aid in TBI risk stratification.

Key words: biomarkers; brain-derived neurotrophic factor; glial fibrillary acidic protein; traumatic brain injury; ubiquitin

C-terminal hydrolase-L1

Introduction

Diagnosis of traumatic brain injury (TBI) and early

identification of patients at risk for long-term consequences of

TBI represents a unique clinical challenge with major public health

implications. A number of candidate circulating TBI biomarkers

have shown promise for aiding in the diagnosis of TBI and in

identifying patients with traumatic abnormalities on head com-

puted tomography (CT) scan.1–4 Importantly, their ability to predict

adverse consequences of TBI has been limited. Objective diagnosis
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and prognosis of TBI will help improve triaging to appropriate

medical care at time of injury, guide judicious use of neuroimaging,

and inform the development of ‘‘return to work or play’’ guidelines.

Additionally, while most patients with mild TBI (mTBI) recover to

their pre-injury state within 3 months, a significant minority do not.

Prognostic biomarkers that identify patients unlikely to make a full

recovery are needed to identify appropriate candidates for clinical

trials of novel TBI therapies.5

Brain-derived neurotrophic factor (BDNF), a member of the

family of neurotrophic proteins, is a secreted autocrine factor that

promotes the development, maintenance, survival, differentiation,

and regeneration of neurons.6,7 It is also important for synaptic

plasticity and memory processing.8,9 BDNF has been implicated in

reducing secondary brain injury, with elevations providing neuro-

protection and restoring connectivity after TBI.10–12 However, the

diagnostic and prognostic significance of day-of-injury circulating

BDNF concentration are not well understood. We conducted a

study to establish the association between BDNF and TBI and to

determine whether day-of-injury BDNF values are associated with

TBI severity and outcomes.

Glial fibrillary acidic protein (GFAP) is an astrocytic protein

whose functions include cell communication, mitosis, and main-

taining the integrity of the blood–brain barrier (BBB).13 GFAP has

excellent specificity for TBI-associated intracranial hemorrhage

and focal mass lesions.14,15 Elevated values are associated with

increased mortality.1,16

Ubiquitin C-terminal hydrolase-L1 (UCH-L1) is a neuronal

protein that is involved in the addition and removal of ubiquitin

proteins flagged for metabolism. UCH-L1 is especially elevated in

TBI and has been found to be associated with mortality.17–19

Methods

BDNF serum concentrations were determined in duplicate in two
independent cohorts of TBI cases presenting to the Johns Hopkins
Hospital ( JHH) and the San Francisco General Hospital (SFGH)
emergency departments (ED), and one control cohort of JHH ED pa-
tients presenting for non-TBI complaints. Findings were subsequently
validated in the prospective, multi-center Transforming Research and
Clinical Knowledge in TBI Pilot (TRACK-TBI) Pilot study.20 We also
compared the prognostic value of BDNF to that of two well-studied
TBI biomarkers, GFAP and UCH-L1, since these biomarker values
were available from a previous study.18 Study protocols were approved
by the institutional review boards at participating sites.

Study population

Case cohorts. JHH and SFGH are academic, tertiary care,
Level 1 trauma institutions. Patients were eligible for inclusion as
TBI cases if they presented to JHH and SFGH ED after experiencing
acute blunt head trauma and met the following criteria: age 18 years
or older; presented within 24 h of injury; met the American College
of Emergency Physicians (ACEP) criteria for obtaining head CT
scans in TBI21; received a non-contrast head CT scan as part of their
clinical evaluation; and had excess serum sample available in the
clinical chemistry lab. Cases met the definition of TBI proposed by
the Demographics and Clinical Assessment Working Group of the
International and Interagency Initiative toward Common Data Ele-
ments (TBI CDE) for Research on Traumatic Brain Injury and
Psychological Health.22 Eligible cases were excluded if they had one
of the following prior medical conditions: demyelinating disease,
neurodegenerative disease, dementia, stroke, brain tumor, intracra-
nial surgery, or active cancer. TBI cases were selected between
November 2012 and September 2013. Since we utilized excess
clinical blood samples, informed consent was waived.

Control cohort. Patients included as control subjects were
JHH ED patients who were evaluated for suspected acute coro-
nary syndrome,23 had no blunt head trauma in the preceding
7 days, and were deemed to have a non-cardiac condition and
discharged home from the ED. Eligible control subjects were
excluded if they met any of the exclusion criteria for cases (see
above). Control subjects did not receive head CT scans since there
was no clinical indication for doing so. Clinical and demographic
data were collected via structured patient interviews and a review
of the electronic medical record. Subjects were enrolled between
January 2012 and February 2013. Written informed consent was
obtained from all subjects.

Validation cohort. The TRACK-TBI Pilot study enrolled
subjects 16 years and older who presented to SFGH ED, the Uni-
versity of Pittsburgh Medical Center (UPMC) ED, and the Uni-
versity Medical Center Brackenridge (UMCB), Austin, TX, ED
with TBI.20 Patients were included in the study if they presented to
the ED within 24 h of acute blunt force head trauma and met the
ACEP criteria for obtaining a head CT in TBI, as previously de-
scribed.20 Only subjects from TRACK-TBI Pilot who had serum
samples available for testing were included in the present study.
Subjects in the validation cohort were enrolled from April 2010 to
June 2011, and were distinct from those in the SFGH case cohort.
Written informed consent was obtained from all subjects prior to
enrollment in the study. Subjects unable to provide consent due to
their injury were consented through their legally authorized rep-
resentative at time of injury, and re-consented if cognitively able
during their inpatient stay and/or their follow-up assessment
time-point.

Serum sample collection and biomarker measurement

For the JHH and SFGH TBI case cohorts, excess serum samples
stored in a 4�C refrigerator were retrieved from their respective
clinical chemistry laboratory and stored in a - 80�C freezer. These
samples were kept at 4�C for variable duration (median of 5 days).
Serum samples for JHH control subjects and for TRACK-TBI
Pilot subjects were collected, processed and stored in a - 80�C
freezer within 2 h of collection, as previously described.23,24

Samples for TRACK-TBI patients were collected within 24 h of
injury.13

Samples were randomized and BDNF assayed in batches with an
electrochemiluminescent sandwich immunoassay and read with a
Sector Imager 2400 (Meso Scale Discovery, Rockville, MD).
BDNF assay capture (MAB848) and detection antibodies
(MAB648) and assay standard (248BD005) were obtained from
R&D Systems (Duoset reagents, Cat. # DY248; Minneapolis, MN).
Assays were performed within a single laboratory by staff blinded
to clinical outcomes or study cohort. Samples from the different
cohorts were shipped to this single academic laboratory. The assay
lower limit of detection (LOD) was 0.0125 ng/mL and the lower
limit of quantification was 0.5 ng/mL. As specified by the manu-
facturer, these assay reagents have no overlap with the TrK receptor
proteins B-NGF, GDNF, NT-3, and NT-4. Assays were performed
in duplicate. A previous study examining the stability of BDNF in
blood samples stored at room temperature for 0-24 h, 24-48 h, 48-
72 h, or > 72 h revealed an average increase of 1.67 (95% CI: 1.08-
2.26) ng/mL per each 24-h period.25 Since BDNF values are high in
healthy subjects and low in diseased subjects, we defined low
BDNF values as values that are lower than the 1st percentile in JHH
non-TBI control subjects. This is analogous to the use of the 99th
percentile as the recommended cut-off value in cardiac biomark-
ers26,27 (values are high in diseased and low in healthy subjects).

GFAP and UCH-L1 were previously measured in TRACK-TBI
Pilot in a single laboratory (Banyan Biomarkers, Alachua, FL).15,18

The LOD of GFAP and UCH-L1 were 0.1 ng/mL and 0.03 ng/mL,
respectively.
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Outcomes

All patients enrolled in TRACK-TBI Pilot received head CT
scans at the time of presentation to the ED. Each head CT was
de-identified and read by a blinded board-certified neuroradi-
ologist following the recommendations of the TBI-CDE Neu-
roimaging Working Group.28 Our primary outcome, incomplete
recovery at 6 months, was defined as a composite outcome of
either post-concussive syndrome (PCS) or Glasgow Outcome
Scale Extended (GOSE) score of <8 at 6 months, as these two
measures together encompass a wider spectrum of the entire
sphere of post-TBI outcomes. We defined PCS as having three
or more symptoms on the 6-month Rivermead Post-Concussion
Questionnaire29 that were rated as worse than before the injury
(score of 2).30 The GOSE categorizes recovery after TBI on a
scale of 1–8, where 1 = dead and 8 = upper good recovery.
GOSE < 8 signifies incomplete recovery.31 Additionally, head
CT findings were classified as traumatic lesion present (this
does not include isolated skull fractures) or no traumatic lesion
present. TBI severity was classified as mild, moderate, or se-
vere based on the Department of Defense/Department of Ve-
terans Affairs definition (Table 1).32

Statistical analyses

Clinical and demographic data were summarized with descrip-
tive statistics and differences were examined using the Mann-
Whitney test (2-groups), the Kruskal-Wallis test (n-groups) and the
v2 test (proportions). We quantified the discriminative ability of
BDNF to distinguish between cases and controls, and to distinguish
between TBI patients with relevant clinical outcomes and those
without using area under the receiver operator curve (AUC). We
also constructed logistic regression models to evaluate the associ-
ation between BDNF values and clinical outcomes. We compared
the AUCs of combinations of BDNF, GFAP, and UCH-L1 for
discriminating between relevant clinical outcomes, using the
method suggested by DeLong and colleagues.33 This is a widely
cited and generally accepted method that provides the confidence
interval and standard error of the difference between two (or more)
correlated AUCs.

To understand the determinants of BDNF in the control popu-
lation, we constructed univariable and multi-variable linear re-
gression models. Variables included in the models (age, gender,
race, blood pressure, history of hypertension, history of depression
or schizophrenia)34–37 were selected based on an a priori literature

Table 1. The Department of Defense/Department of Veterans Affairs Classification of TBI Severity

Criteria Mild Moderate Severe

Head CT/MRI Normal Normal/ abnormal Normal/ abnormal
Loss of consciousness 0-30 min > 30 min and < 24 h > 24 h
Alteration of consciousness/mental state < 24 h > 24 h > 24 h
Post-traumatic amnesia < 1 day > 1 and < 7 days > 7 days
Best Glasgow Coma Scale score within first 24 h 13–15 9–12 <9

TBI, traumatic brain injury; CT, computed tomography; MRI, magnetic resonance imaging.

Table 2. Demographic and Clinical Characteristics of Study Population

JHH non-TBI controls JHH TBI cases SFGH TBI cases TRACK-TBI pilot cases
n = 150 n = 76 n = 76 n = 159 p value

Median age in years (IQR) 54 (47 – 62) 47 (30 – 56) 42 (26 – 56) 41 (25 – 56) <0.001
Female (%) 79 (52.7) 29 (38.2) 22 (29.0) 45 (28.3) <0.001

Race (%) <0.001
� African-American 116 (77.3) 41 (54.0) 5 (6.6) 15 (9.5)
� White 30 (20.0) 25 (32.9) 59 (77.6) 132 (83.5)
� Other 4 (2.7) 10 (13.2) 12 (15.8) 11 (7.0)

Mechanism of injury (%) 0.003
� Assault 19 (25.0) 13 (17.1) 23 (14.6)
� Fall 26 (34.2) 23 (30.3) 50 (31.6)
� MVC 21 (27.6) 11 (14.5) 51 (32.3)
� Pedestrian struck 4 (5.3) 14 (18.4) 9 (5.7)
� Struck by/against 3 (4.0) 2 (2.6) 5 (3.2)
� Other trauma 3 (4.0) 13 (17.1) 20 (12.7)

Glasgow Coma Scale (%) 0.09
� 3-8 5 (6.6) 4 (5.4) 19 (12.0)
� 9-12 3 (4.0) 4 (5.4) 6 (3.8)
� 13 2 (2.6) 3 (4.0) 1 (0.6)
� 14 11 (14.5) 20 (27.0) 22 (13.8)
� 15 55 (72.4) 43 (58.1) 111 (69.8)

Traumatic intracranial abnormality
on head CT (%)

21 (27.6) 24 (31.6) 75 (47.2) 0.006

JHH, Johns Hopkins Hospital; TBI, traumatic brain injury; SFGH, San Francisco General Hospital; TRACK-TBI, Transforming Research and Clinical
Knowledge in TBI study; IQR, interquartile range; MVC, motor vehicle collision ; CT, computed tomography.
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review. A two-tailed p value of < 0.05 was considered statistically
significant. Statistical analyses were performed using STATA/MP
statistical software version 11.2 (StataCorp, College Station, TX),
and RStudio statistical software version 0.97.312 (Boston, MA).

Results

A total of 311 TBI cases were analyzed: 76 cases in the JHH TBI

cohort, 76 cases in the SFGH TBI cohort, and 159 cases in TRACK-

TBI Pilot, in addition to 150 JHH non-trauma control subjects.

Non-trauma control subjects were older and more likely to be fe-

male or African-American, compared with TBI cases (Table 2).

Association between BDNF and TBI

In the initial case-control study, median day-of-injury BDNF

values (ng/mL) were lower among TBI cases (17.5; interquartile

range [IQR], 11.3-29.6) in JHH TBI group and 13.8 (IQR, 10.1-18.3)

in the SFGH group) than in non-TBI controls (60.3; IQR, 41.1-78.2;

p = 0.0001). The 1st percentile of BDNF values in JHH non-TBI

controls was 14.2 ng/mL. BDNF discriminated between TBI cases

( JHH and SFGH) and non-TBI controls with an AUC of 0.96 (95%

CI: 0.94-0.98), which is considered excellent accuracy. There was no

significant association between duration of storage of serum samples

in 4�C and BDNF value among TBI cases (Supplementary Fig. 1; see

online supplementary material at www.liebertpub.com). Similarly,

in a validation study, median day-of-injury BDNF values (ng/mL)

were found to be low among TRACK-TBI Pilot subjects (6.8; IQR,

3.0-13.5). The distribution of BDNF values among the TBI cases and

non-TBI control subjects studied is presented in Figure 1. BDNF

discriminated between TRACK-TBI Pilot cases and JHH non-TBI

controls with an AUC of 0.94 (95% CI: 0.91-0.97; Fig. 2). BDNF

values were lower in TRACK-TBI Pilot cases (prospectively col-

lected samples) than in the JHH or SFGH cohorts (excess clinical

samples; p < 0.001). BDNF discriminated between JHH non-TBI

controls and TRACK-TBI cases classified as mild TBI with an AUC

of 0.95 (95% CI: 0.92-0.98).

Association between BDNF and TBI severity

Within the TRACK-TBI Pilot cohort, day-of-injury BDNF

values (ng/mL) were higher in mild TBI subjects (8.3; IQR, 5.2-

16.5) than in moderate (4.3; IQR, 1.8-10.1) or severe TBI (4.0; IQR,

1.5-13.8; p = 0.003). The JHH and SFGH cohorts did not have

sufficient moderate and severe TBI patients to assess BDNF vari-

ation with TBI severity (Table 1). Among TRACK-TBI Pilot

subjects, median day-of-injury BDNF values (ng/mL) were higher

in subjects without intracranial abnormality on head CT (8.4; IQR,

5.2-16.6) than in subjects with intracranial abnormality on head CT

(4.2; IQR, 1.8-10.1; p < 0.001; Fig. 3). BDNF discriminated be-

tween subjects with and without intracranial abnormality on head

CT with an AUC of 0.67 (95% CI: 0.58-0.75). In the JHH cohort,

median BDNF (ng/mL) for normal CT and abnormal head CT were

17.8 (IQR, 12.5-30.8) and 16.2 (IQR, 4.8-23.2), respectively

( p = 0.13). Whereas in the SFGH cohort, median BDNF (ng/mL)

for normal and abnormal head CT were 13.0 (IQR, 9.4-17.1) and

15.1 (IQR, 10.5-21.3), respectively ( p = 0.17.

Association between BDNF and TBI outcomes

Among the 159 TRACK-TBI Pilot subjects, 94 (59%) had the

Rivermead Post-Concussion Questionnaire measured and 111

(69%) had the GOSE score measured at 6 months post-injury. Of

those with 6-month outcome measures, 62% (58/94) were deter-

mined to have PCS, 70% (78/111) had a GOSE < 8, and 80% (85/

106) had either PCS or GOSE < 8. Among the 94 subjects with both

PCS and GOSE measures, 51 (54%) had both PCS and GOSE < 8,

21 (22%) had neither PCS nor GOSE < 8, 15 (16%) had GOSE < 8

but no PCS, and seven (7%) had PCS and GOSE = 8. Day-of-injury

BDNF values (ng/mL) were not significantly different between

subjects with PCS (7.2; IQR, 3.0-12.8) and those without PCS (7.1;

IQR, 4.0-21.0), or between subjects with GOSE = 8 (7.9; IQR, 4.0-

23.3) and those with GOSE < 8 (7.1; IQR, 2.8-13.0). The 76

(72.4%) TRACK-TBI subjects who had very low BDNF values

(i.e., less than the 1st percentile for non-TBI controls [ < 14.2 ng/

mL]) had higher odds of incomplete recovery than those without

very low BDNF (odds ratio, 4.0; 95% CI: 1.5-11.0). Very low

BDNF values were associated with higher odds of incomplete re-

covery among those with mild TBI (4.9; 95% CI: 1.3-17.9) than

those with moderate or severe TBI (2.0; 95% CI: 0.3-12.5).

There was a trend toward higher BDNF values as the time in-

terval between injury and serum sampling for BDNF measurement

increased (Fig. 4). The trend was similar among those with

FIG. 1. Distribution of brain-derived neurotrophic factor (BDNF) in traumatic brain injury (TBI) and non-TBI cohorts. Graphical
distribution of individual BDNF values and the corresponding box plots for Johns Hopkins Hospital ( JHH) non-TBI control subjects,
JHH TBI cases, San Francisco General Hospital (SFGH) TBI cases and Transforming Research and Clinical Knowledge in TBI
(TRACK-TBI) Pilot cases.
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complete and incomplete recovery. However, this trend did not

reach statistical significance ( p = 0.10). Similarly, there was a trend

toward lower BDNF values with increasing age (Fig. 5). However,

this trend was not statistically significant ( p = 0.09). After adjust-

ment for age and time between injury and serum sampling for

BDNF measurement, very low BDNF (<14.2 ng/mL) remained

statistically significantly associated with incomplete recovery

(odds ratio, 4.16; 95% CI: 1.48-11.70).

Performance of GFAP and UCH-L1, compared
with BDNF

A comparison of TRACK-TBI Pilot GFAP and UCH-L1 values

with BDNF assayed on the same samples showed that GFAP,

BDNF and UCH-L1 discriminated between subjects with traumatic

abnormalities on head CT and those without, with AUCs of 0.88

(95% CI: 0.83-0.93) for GFAP, 0.70 (95% CI: 0.62-0.79) for UCH-

L1, and 0.67 (95% CI: 0.58-0.75) for BDNF. They also discrimi-

nated between subjects with complete recovery from TBI and those

without, with AUCs of 0.65 (95% CI: 0.52-0.78) for BDNF, 0.61

(95% CI: 0.49-0.73) for GFAP, and 0.55 (95% CI: 0.43-0.66) for

UCH-L1 at 6 months. A comparison of the discriminative abilities

of the biomarkers examined is presented in Table 3. There was no

minimal correlation between BDNF and GFAP values (r = -0.11;

p = 0.16) and between BDNF and UCH-L1 values (r = 0.07;

p = 0.36), suggesting that they may be associated with different

pathways of injury. To determine whether combining biomarkers

resulted in improved discrimination of complete versus incomplete

recovery, we used combinations of two biomarkers, instead of all

three biomarkers, since only 21 subjects had complete recovery (10

events per predictor variable is required for adequate statistical

power).38 Addition of GFAP to BDNF did not improve the dis-

crimination of complete versus incomplete recovery (AUC was

0.66 instead of 0.65; p = 0.76). Similarly, addition of UCH-L1 to

BDNF did not improve the discrimination of complete versus in-

complete recovery (AUC was 0.66 instead of 0.65; p = 0.55).

Predictors of BDNF values in non-TBI control subjects

Among non-TBI controls, after adjustment for age, gender, race,

hypertension, diabetes, history of psychiatric illness, and mean ar-

terial pressure, only gender and mean arterial pressure remained

independent predictors of BDNF among non-TBI controls (Table 4).

Median BDNF levels (ng/mL) were greater in females (69.1; IQR,

41.4-82.4; n = 79) than in males (52.7; IQR, 38.7-71.8; n = 71;

p = 0.049). However, there were no gender differences in BDNF

levels within the TBI cohorts examined. Among non-TBI controls,

BDNF values increased with increasing mean arterial pressure.

However, there was no statistically significant association between

BDNF and blood pressure within the TBI cohorts examined.

Discussion

We report the diagnostic value of day-of-injury circulating

BDNF for TBI, and its ability to be prognostic for identifying

subjects likely to have persistent TBI-related sequelae at 6 months.

Further, we have determined that BDNF has a higher prognostic

value among mild TBI subjects than moderate/severe TBI subjects.

The dysregulation of BDNF in TBI has been examined with

equivocal findings by a number of studies using animal models of

TBI.10 In the majority of these studies, BDNF mRNA expression

was measured in brain tissue, with reports of upregulation of BDNF

mRNA in the hippocampus and cerebral cortex.39–41 However,

other studies have suggested reduced secretion of brain BDNF

protein after TBI, with subsequent increased secretion following

experimental TBI treatment.42 Few studies have measured circu-

lating BDNF in human TBI subjects. Two small pediatric studies

reported no differences in plasma BDNF levels between human

FIG. 2. Receiver operator curve for distinguishing between traumatic brain injury (TBI) cases and controls with brain-derived
neurotrophic factor (BDNF). The receiver operator curve for discriminating between Transforming Research and Clinical Knowledge in
TBI (TRACK-TBI) Pilot cases and Johns Hopkins Hospital ( JHH) controls using BDNF values. The table reports the diagnostic
accuracy of using a cut-off value of 14.2 ng/mL for distinguishing between TBI cases and controls.
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TBI cases and non-trauma controls.43,44 However, control subjects

in these studies had abnormal neurologic status (obstructive hy-

drocephalus undergoing elective surgery,43 and subjects undergo-

ing lumbar puncture for suspected meningitis44).

Another study measuring BDNF in Olympic boxers and healthy

controls also reported no differences in plasma BDNF.45 However

this study measured BDNF in plasma samples obtained 1–6 days

after a bout and the release and clearance kinetics of BDNF in

humans is not known. Further, Buonora and colleagues recently

reported higher plasma BDNF levels in TBI cases, compared with

controls.46 Our findings and study design are most similar to results

reported by Kalish and Phillips.47 These investigators measured

BDNF in serum samples obtained from 30 TBI patients and re-

ported decreasing BDNF with increasing severity of TBI. Our study

has demonstrated in three separate TBI cohorts that circulating

levels of BDNF are lower in TBI cases, compared with non-trauma

controls.

BDNF is limited in its ability to distinguish between TBI subjects

with and without intracranial abnormalities. This may be due to the

fact that structural proteins (such as GFAP) are more likely to have a

strong association with radiographic changes in TBI than secreted

proteins. However, secreted proteins may reflect both primary and

secondary brain injury and therefore may have a stronger association

with long-term outcomes. Our findings demonstrate that BDNF has

higher prognostic value in mTBI subjects, compared with moderate

or severe TBI patients. Therefore, BDNF holds promise for im-

proving clinical prognostication of outcomes in TBI patients who

have no intracranial abnormalities on head CT scans.

BDNF is an appealing candidate biomarker for detecting TBI for

numerous reasons. First, our study results demonstrate a very strong

FIG. 3. Association between biomarkers examined and traumatic brain injury (TBI) severity. Presented are the graphical distribution
of individual brain-derived neurotrophic factor (BDNF), glial fibrillary acidic protein (GFAP), and ubiquitin C-terminal hydrolase-L1
(UCH-L1) values in Transforming Research and Clinical Knowledge in TBI (TRACK-TBI) Pilot and the corresponding boxplots
according to TBI severity, classified as mild, moderate, or severe; and the presence or absence of traumatic intracranial abnormality on
head computed tomography (CT) scan: (A) depicts BDNF versus TBI severity classified as mild moderate or severe; (B) depicts BDNF
versus TBI severity classified by CT scan; (C) depicts GFAP versus TBI severity classified as mild, moderate, or severe; (D) depicts
GFAP versus TBI severity classified by head CT scan; (E) depicts UCH-L1 versus TBI severity classified as mild, moderate or severe;
(F) depicts UCH-L1 versus TBI severity classified by head CT scan. Individual values that were extreme outliers are excluded from the
graphical presentation.
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association between BDNF and TBI, yielding excellent discrimi-

native ability of 0.94-0.95 (as measured by the c-statistic). Second,

our findings were replicated across three different TBI cohorts.

Third, we have demonstrated an association between BDNF and

TBI severity and an association between BDNF and TBI outcome.

Finally, the association between TBI and BDNF is biologically

plausible and has been demonstrated in diverse TBI models in-

cluding animal models.10

BDNF is the most abundantly expressed brain neurotrophin48

and as a secreted protein, can be readily and reliably measured in

serum using well established immuno-assay techniques, identify-

ing it as a non-necrosis brain injury biomarker. This distinguishes

BDNF from other protein-based biomarkers that are structural

components of neurons and glial cells—for example, GFAP (an

astro-glial intermediate filament cytoskeletal protein), S100B (an

intracellular calcium binding protein), UCHL1 (a ubiquitin ligase

FIG. 5. Association between brain-derived neurotrophic factor (BDNF) and age. This is a scatter plot of the association between day-
of-injury BDNF values and age (in years). The line represents the best fitting linear regression line that summarizes this association.

FIG. 4. Association between brain-derived neurotrophic factor (BDNF) and time from injury to blood sampling. This is a scatter plot
of the association between day-of-injury BDNF values and time between injury and blood draw (in hours). The line represents the best
fitting linear regression line that summarizes this association.
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localized to the neuronal soma), neurofilaments (cytoskeletal

components of axons), cleaved tau (intracellular microtubule-

associated proteins), and myelin basic proteins (a component of

myelin), among others.49 In order for structural proteins to be found

in high abundance in circulation, sufficient cellular necrosis and

damage to the BBB is required. However, BDNF does not require

cellular necrosis or damage to the BBB to be observed in circula-

tion.50 Further, this allows BDNF to be more abundant in circula-

tion than structural proteins, increasing assay sensitivity.

The exact mechanisms underlining the dysregulation of BDNF

in TBI are not yet well understood. Although some studies impli-

cate BDNF in neuroprotection following injuries,51,52 other studies

suggest it contributes to neurodegenerative events that occur

following injury.53,54 It also has been suggested that BDNF ame-

liorates the impact of secondary brain damage by modifying

BDNF-induced gene expression.10 Following TBI and acute dis-

connection of brain circuitry, there is an attempt at reorganization

and reconnection of brain circuits. BDNF promotes synaptic plas-

ticity and restoration during the brain circuitry ‘‘reconnection’’

phase. We have found that post-TBI BDNF levels behave unlike the

majority of candidate biomarkers of TBI. Lower BDNF values are

associated with worse prognosis, whereas with other TBI bio-

markers, lower values are typically associated with better prog-

nosis,4 with the exception of microtubule-associated protein 2, a

dendritic marker, which has higher values at 6 months after injury

in severe TBI subjects with improved outcomes.3 We postulate that

during the acute phase of TBI, the formation of new neuronal cir-

cuits might not be advisable, and therefore there may be no need for

increased production of neurotrophic factors. However, it is pos-

sible that the initial decrease in circulating BDNF during the acute

phase of trauma (as seen in our study) is potentially followed by a

subsequent increase, especially during the sub-acute/chronic pha-

ses of TBI. Understanding the temporal variations in BDNF ex-

pression will be an important first step towards further elucidating

the biological functions of BDNF in TBI and recovery. It is also

possible that since decreased BDNF levels are found in patients

with anxiety,55 major depressive disorder,56 and schizophrenia,57

low BDNF values on the day of injury identifies subjects at risk for

these conditions (whether previously recognized or otherwise) and

predisposes this population to incomplete recovery.

Although circulating BDNF may originate from the hippocam-

pus, cerebral cortex, and basal forebrain,58 it also may be derived

from other cellular sources, including platelets,59,60 smooth muscle

cells,35,61 and vascular endothelial cells.62 This supports BDNF’s

role as a promoter of neuronal growth and survival both in the

central and peripheral nervous system. However, it is unclear

whether circulating BDNF values measured in this study are rep-

resentative of central nervous system values. Prior studies suggest

that BDNF crosses the BBB bi-directionally.63 Further, it has been

reported that serum and cortical BDNF values are strongly corre-

lated.64 Irrespective of the exact source(s) of circulating BDNF, our

finding that circulating BDNF values are suppressed in TBI and that

low BDNF values are associated with poor recovery suggest that

BDNF deserves further evaluation as a potential biomarker of TBI

and TBI recovery.

BDNF has the potential to become a surrogate marker of suc-

cessful TBI treatment. In a study examining dietary omega-3 fatty

acid supplementation in TBI, rats with decreased brain BDNF

following mild fluid percussion injury had normalized brain BDNF

levels and improved learning ability following 4 weeks of dietary

supplementation with omega-3 fatty acids.42 Similarly, rats ex-

posed to delayed exercise (2–3 weeks after injury) had increases in

Table 4. Determinants of BDNF in the Control Population (n = 150)

Unadjusted regression
co-efficient (95% CI)

Adjusted regression
co-efficient (95% CI)

p Value for adjusted
regression co-efficient

Age in years -0.1 (-0.4 to 0.3) -0.2 (-0.5 to 0.2) 0.38
Gender
� Female Reference Reference 0.04
� Male -7.2 (-15.4 to 1.0) -8.8 (-17.0 to -0.6)

Race
� African-American Reference Reference
� Caucasian -9.6 (-19.8 to 0.7) -8.8 (-18.8 to 1.3) 0.09
� Other 0.2 (-25.3 to 25.7) 0.6 (-24.8 to 26.0) 0.96

Mean arterial pressure per 10 mm Hg 2.8 (0.7 to 4.9) 3.0 (0.9 to 5.1) < 0.01
History of hypertension -0.0 (-9.1 to 9.0) -0.3 (-9.7 to 9.1) 0.95
History of depression or schizophrenia -1.2 (-12.7 to 10.2) -3.3 (-14.6 to 8.0) 0.57

BDNF, brain-derived neurotrophic factor; CI, confidence interval.

Table 3. Discriminative Ability of Different Biomarkers for Relevant TBI Outcomes as Measured by the Area

Under the Receiver Operator Curve (AUC) and the Corresponding 95% Confidence Interval

Outcome GFAP UCH-L1 BDNF

GOSE score < 8 0.61 (0.50-0.71) 0.55 (0.44-0.66) 0.56 (0.44-0.68)
Post-concussive syndrome (PCS) 0.56 (0.44-0.68) 0.52 (0.40-0.64) 0.55 (0.43-0.68)
Composite (GOSE score < 8 or PCS) 0.61 (0.49-0.73) 0.55 (0.43-0.66) 0.65 (0.52-0.78)
Intracranial abnormality on head CT 0.88 (0.83-0.93) 0.70 (0.62-0.79) 0.67 (0.58-0.75)

TBI, traumatic brain injury; GFAP, glial fibrillary acidic protein; UCH-L1, ubiquitin C-terminal hydrolase-L1; BDNF, brain-derived neurotrophic
factor; GOSE, Glasgow Outcome Scale Extended; CT, computed tomography.
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BDNF and improved cognitive performance, compared with rats

exposed to early (0-6 days) exercise.65 In our study, low BDNF

levels were associated with incomplete recovery at 6 months in

individuals with TBI. Further studies are needed to validate this

finding and to determine how well longitudinal BDNF values re-

flect recovery and clinical improvement post-TBI and the BDNF

pathway as a therapeutic target.

Decreased circulating BDNF levels have been implicated in other

non-TBI conditions including anxiety,55 major depressive disor-

der,56 schizophrenia,57 and Alzheimer’s disease.66 However, these

studies did not account for other potential confounders, such as age

and gender. In our study, although control subjects with a history of a

psychiatric disorder had lower median BDNF values than those

without a history of a psychiatric disorder, this difference was not

statistically significant. Additionally, after adjustment for age, gen-

der, race, hypertension, diabetes and mean arterial pressure, history

of psychiatric disorder was not an independent predictor of BDNF

levels, whereas mean arterial pressure and gender were independent

predictors of BDNF in control subjects. However, our findings re-

garding gender suggest that gender-specific cut-offs may be impor-

tant in determining the reference values of BDNF. Since BDNF

values increase during exercise, it is possible that in the case of

sports-related concussions, increases in BDNF from exercise may

mask a concussion-related decrease. Additional studies are needed to

investigate BDNF levels in sports-related concussions.67

Limitations

Our study has a number of limitations. First, storage pro-

cedures for serum samples for JHH and SFGH TBI cases and

JHH non-trauma controls were different. However, since our

findings were reproduced in the TRACK-TBI Pilot cohort, it is

unlikely that this discrepancy had an important influence on our

study result. Further, BDNF increases with increased duration

of storage at room temperature,25 and that may explain why

BDNF values in the JHH and SFGH cohorts are higher than

BDNF in TRACK-TBI Pilot.

Additionally, the demographic distribution of our TBI cases was

different from that of the non-TBI controls. However, the diag-

nostic accuracy of BDNF for discriminating between TBI cases and

controls did not vary significantly after adjustment for potential

confounders. Another major limitation is that the JHH controls had

not been exposed to trauma. Since a common clinical challenge is

to determine if TBI is present in patients who have been involved in

automobile accidents, falls, or blast exposures, an important control

group would be individuals exposed to orthopedic or systemic

trauma but not head injury. Efforts to collect these ‘‘other injury’’

controls are under way.

In our validation cohort, the prevalence of traumatic intracranial

abnormalities on head CT scan was much higher (47.2% of TRACK-

TBI Pilot cases studied) than that reported in studies that are more

representative of the population of ED patients evaluated for TBI.68,69

Thus, examining the validity of our findings in cohorts that are more

representative of ED patients evaluated for TBI will be important.

Conclusion

Serum BDNF discriminates between TBI cases and non-trauma

controls with excellent diagnostic accuracy. Additionally, lower

BDNF values are associated with incomplete recovery after TBI,

and may be especially useful in identifying mild TBI patients who

are likely to remain symptomatic at 6 months after injury.
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