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Abstract

Introduction: Glial fibrillary acidic protein (GFAP) may serve as a serum marker of traumatic brain injury (TBI) that
can be used to monitor biochemical changes in patients and gauge the response to treatment. However, the temporal
profile of serum GFAP in the acute period of brain injury and the associated utility for outcome prediction has not
been elucidated.

Methods: We conducted a prospective longitudinal cohort study of consecutive severe TBI patients in a local tertiary
neurotrauma center in Shanghai, China, between March 2011 and September 2014. All patients were monitored and
managed with a standardized protocol with inclusion of hypothermia and other intensive care treatments. Serum
specimens were collected on admission and then daily for the first 5 days. GFAP levels were measured using enzyme-
linked immunosorbent assay techniques. Patient outcome was assessed at 6 months post injury with the Glasgow
Outcome Scale and further grouped into death versus survival and unfavorable versus favorable.

Results: A total of 67 patients were enrolled in the study. The mean time from injury to admission was 2.6 hours, and
the median admission Glasgow Coma Scale score was 6. Compared with healthy subjects, patients with severe TBI had
increased GFAP levels on admission and over the subsequent 5 days post injury. Serum GFAP levels showed a gradual
reduction from admission to day 3, and then rebounded on day 4 when hypothermia was discontinued with slow
rewarming. GFAP levels were significantly higher in patients who died or had an unfavorable outcome across all time
points than in those who were alive or had a favorable outcome. Results of receiver operating characteristic curve
analysis indicated that serum GFAP at each time point could predict neurological outcome at 6 months. The areas
under the curve for GFAP on admission were 0.761 for death and 0.823 for unfavorable outcome, which were higher
than those for clinical variables such as age, Glasgow Coma Scale score, and pupil reactions.

Conclusions: Serum GFAP levels on admission and during the first 5 days of injury were increased in patients with
severe TBI and were predictive of neurological outcome at 6 months.
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Introduction

The outcomes following severe traumatic brain injury
(TBI) are still poor, despite the great advances achieved in
surgical techniques and intensive care over the past
decades. It is estimated that 39 % of severely brain-injured
patients die from their injury and 60 % are left with poor
outcome [1]. Accurate determination of the extent of pri-
mary brain damage and the ongoing secondary injury after
severe TBI is critical for the establishment of neurological
prognosis and the guidance of appropriate therapeutic
interventions [2]. Clinical characteristics such as the Glas-
gow Coma Scale (GCS) and modern imaging techniques
have markedly improved the early assessment and care of
severe TBI. Nevertheless, there are still concerns regarding
these tools, including inability to manifest the actual
pathophysiological or morphological status in the injured
brain or being prone to influence the use of sedatives,
analgesics, or muscle relaxants in current management
protocols [3-5].

At present, we have no means of successfully monitor-
ing the biochemical responses in the brain following
severe TBIL. A set of brain-specific biomarkers, measurable
from accessible biological fluids, were recently reported to
have the ability to reflect the severity and progression of
brain damage, and were used to measure the response to
treatment and offer prognostic information for injured
patients [6-9]. Accurate outcome prediction also allows
the identification of appropriate candidates for risky thera-
peutic strategies, which could limit the unnecessary treat-
ment for patients who would have little possibility of
survival or a favorable outcome [10].

Historically, a wide range of brain damage markers
have been examined in TBI patients. However, owing to
the limited tissue specificity and other concerns, most
markers, including neuro-specific enolase and S100B pro-
tein, were compromised in routine clinical use [11]. Glial
fibrillary acidic protein (GFAP) was recently reported to
have greater prognostic value than other biomarkers in
TBI patients [12]. As a monomeric intermediate filament
protein concentrated in the astroglial cytoskeleton, GFAP
is specific to brain tissue and is not routinely found in
peripheral blood circulation. However, GFAP is released
after astrocyte death, making it an ideal candidate marker
for brain injury patients [13]. Several studies have found
that the serum levels of GFAP on admission were sig-
nificantly increased in TBI patients, while a correlation
between serum concentrations and the pathological
types of brain damage and clinical outcomes were also
reported [14—18]. However, the changes in serum GFAP
over time and the associated predictive utility over the
acute days post injury are largely unknown.

Thus, the aim of this study was to evaluate the time
course of serum GFAP levels in the first several days of
injury, and to determine whether serum GFAP during
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this period could predict death and unfavorable outcome
at 6 months for severe TBI patients. Our findings may
be useful for early risk stratification for research and
care of TBI patients.

Methods

Study population

This was a prospective cohort study that examined adult
severe TBI patients admitted to a local neurotrauma
center (Shanghai Institute of Head Trauma) in Shanghai,
China, from March 2011 to September 2014. The insti-
tute, located in the Department of Neurosurgery of a
tertiary teaching hospital (Renji Hospital), admits more
than 400 TBI patients per year and provides 24-hour
neurosurgery facilities and specialized intensive care for
all patients.

The patients were included in the study based on
established criteria, including older than 18 years, an
acute TBI less than 4 hours before admission, a GCS
score of 3-8 after resuscitation, and abnormal head CT
scan on admission. Exclusion criteria were severe com-
bined injury, unstable vital signs after resuscitation such
as systolic blood pressure less than 90 mmHg or oxygen
saturation less than 94 %, and pregnant women. Add-
itionally, a total of 135 healthy blood donors who had
no prior reports of TBI or neurological diseases were
enrolled as the control group, with serum samples
collected and analyzed for comparison.

This study was approved by the ethics committee of
Renji Hospital, Shanghai Jiaotong University School of
Medicine, and written informed consent was obtained
from the control subjects and each severely brain-injured
patient’s legal authorized representative owing to their
comatose state within 24 hours of being deemed eligible.

Treatment protocol

In Renji Hospital, nearly all injured patients were trans-
ported by emergency medical services (EMS) professionals
to the emergency department (ED) shortly after trauma
without intubation or sedation. Thus, we were able to
evaluate the patients without the interference of prehospi-
tal interventions. On their arrival at the ED, patients with
indications of TBI were neurologically assessed, received a
computed tomography (CT) scan of the head, and then
were screened for enrollment in this study. Large intracra-
nial hematomas and hemorrhagic contusions, once con-
firmed by head CT, were evacuated immediately and the
patients then transferred into the neurosurgical intensive
care unit (NICU).

All patients were monitored and managed according to a
standardized institutional protocol including hypothermia
and other intensive care treatments. An intraventricular
catheter or an intraparenchymatous microtransducer was
used for the continuous measurement of intracranial
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pressure (ICP). Mild hypothermia (34-35 °C) was rapidly
induced using cooling blankets (MTRE Advanced Tech-
nologies, Trevose, PA, USA) placed below and above the
patients, which was maintained for as long as 3 days. The
cooled patients were tracheotomized for ventilation, con-
tinuously sedated (chlorpromazine, 5-10 mg/h) and para-
lyzed (atracurium, 10-40 mg/h). During hypothermia, the
systolic blood pressure of the patient was maintained above
90 mmHg, peripheral oxygen saturation greater than 95 %,
ICP less than 25 mmHg, and cerebral perfusion pressure at
a level of 50-70 mmHg. After a 3-day maintenance period,
the patients were passively rewarmed to 36-37 °C at a rate
no greater than 0.5 °C every 4 hours, carefully individual-
ized by the patients’ ICP level. If the rebound of ICP was in-
dicated, then a much slower rewarming rate (<0.5 °C every
8 hours) and the extensive use of other ICP-reducing
measures were employed.

Intracranial hypertension during the whole hospitalization
course was resolved progressively with a set of stepwise
strategies including head elevation, ventilation control,
sedation, hyperosmolar therapy, and ventricular drainage. If
the raised ICP was resistant to these therapies, then decom-
pressive craniotomy and/or further surgical operation were
adopted. In addition, serum glucose, blood gases, and serum
electrolytes were assessed regularly, with treatment pro-
vided for any abnormal findings. After hypothermia was
discontinued, any patients with fever, defined as body
temperature more than 38 °C, were examined for infectious
or noninfectious causes and treated with ice packs around
the neck and limbs, sponging the body with alcohol, use of
paracetamol, or a combination.

Biomarker determination

Blood samples (3—5 ml) were taken by the study investi-
gators (JL and GG) using red top tubes at the time of
admission (within 4 hours post injury) to the hospital
and then each morning (6:00-8:00 am) for the first
5 days in the NICU. After collection, specimens were
maintained at room temperature for 30—60 minutes and
centrifuged for 10 minutes at 4000 rpm; sera were stored
at —80 °C until analysis.

Serum GFAP concentration was measured using an
enzyme-linked immunosorbent assay (ELISA) via a com-
mercial kit according to the manufacturer’s protocol
(Biovendor, Candler, NC, USA). Briefly, standards, qual-
ity controls (QC-Low and QC-High), and serum samples
were incubated in microplate wells precoated with poly-
clonal anti-human GFAP antibody for 2 hours, followed
by 1 hour incubation with a biotin-labeled monoclonal
anti-human GFAP antibody solution and 1 hour incuba-
tion with a streptavidin—horseradish peroxidase conju-
gate. Between each step, the plate was thoroughly
washed four times with washing buffer. After the last
washing step, the remaining conjugate was allowed to
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react with the substrate solution for an additional 15 mi-
nutes. The reaction was stopped by the addition of an
acidic solution, and the absorbance of the resulting
yellow product was measured by reading the ELISA
plate at 450 nm. The absorbance was proportional to the
concentration of GFAP. A standard curve (0.25-25 ng/ml)
was constructed by plotting absorbance values against
concentrations of standards, and concentrations of un-
known samples were determined using this standard
curve. The lower limit for detection in the assay was
0.045 ng/ml. All concentrations below this limit of
detection were reported as zero. The coefficients of vari-
ation for inter- and intra-assay variability were 5.7 % and
5.1 %, respectively. All samples were assayed in duplicate,
and average results were used for analysis.

Data collection and outcome assessment
Demographic and clinical data were collected from patient
medical records including sex, age, and cause of injury,
CT scan, admission GCS score, pupil reactions, and sur-
gery. Initial head CT scans were analyzed and classified
according to the criteria raised by Marshall and associates
[19] to determine brain injury severity (Diffuse injury I: no
visible intracranial pathology; Diffuse injury II: cisterns
present with midline shift of 0-5 mm, no focal lesion
of >25 ml; Diffuse injury III: cistern compressed or
absent with midline shift of 0-5 mm, no focal lesion
of >25 ml; Diffuse injury IV: midline shift of >5 mm,
no focal lesion of >25 ml; Evacuated mass lesion: any
lesion surgically evacuated; Non-evacuated mass lesion:
lesion of > 25 ml, not surgically evacuated). Since the recent
trial by Clifton et al. [20] reported possible differential ef-
fects of hypothermia among patients with surgical lesion
compared with diffuse injury, the surgical lesion and diffuse
injury groups were further defined based on the above CT
classification in our study to examine the potential correl-
ation between serum GFAP concentration and the patho-
logical types of brain injury and the role of hypothermia.
Neurological outcome assessment was performed by a
blinded investigator (CW) who was unaware of the
patient's clinical history and biomarker data using the
Glasgow Outcome Scale (GOS) at 6 months after injury
with the use of a structured interview by direct patient
contact or via telephone [21]. The GOS is a five-
category scale used for assessing the neurological out-
come after brain injury as follows: 1, death; 2, vegetative
state—unable to interact with the environment; 3, severe
disability—unable to live independently but able to fol-
low commands; 4, moderate disability—capable of living
independently but unable to return to work or school;
and 5, good recovery—able to return to work or school.
For statistical analyses, the outcome was further dichoto-
mized in death (GOS 1) versus survival (GOS 2-5) and
unfavorable (GOS 1-3) versus favorable (GOS 4-5).
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Statistical analysis

Basic descriptive statistics were used to describe the data,
including standard measures of central tendency and
dispersion for continuous data (mean, standard deviation
(SD), median, and range) and frequencies and proportions
for categorical variables. Comparisons were made using
a chi-squared test, Fisher’s exact test, unpaired Student
t test, or Wilcoxon rank-sum test, if appropriate. Signifi-
cance was set at P < 0.05.

To analyze the association of serum GFAP levels
during the first 6-day period and neurological outcomes
at 6-month post injury, we use the longitudinal multiple
linear regression models (also called cross-sectional time
series) that controlled for confounding clinical parame-
ters, which have the ability to provide efficient statistical
power to analyze continuous outcomes (biomarker levels)
that are measured at regular time intervals, which are the
same for all subjects [22]. Serum GFAP levels were logarith-
mically transformed to achieve approximately normal dis-
tribution and treated as the dependent variable. Outcome
group (i.e., death or unfavorable outcome, as defined above)
and time of blood sampling were included in each model
as independent variables. Additional variables, including
age, sex, cause of injury, time from injury to admission,
surgery, baseline GCS score, Marshall CT classification,
and pupil reactions were evaluated as potential con-
founders and included in the models. These models
allowed us to determine whether the injured patients from
dichotomized outcome groups had differing serum GFAP
levels over time.

Receiver operating characteristic (ROC) curve analysis
was performed to determine the discriminatory charac-
teristics of serum GFAP during the course from the day
of admission to day 5. ROC curves were secondarily
developed along with the respective diagnostic parame-
ters of the coordinates of the curve (i.e., sensitivity,
specificity, positive and negative predictive values), the
area under the curve (AUC), and the optimal cutoff
point for the best overall predictive ability (i.e., the sum
of the sensitivity and the specificity for prediction of
outcome was maximal). The AUC value was used to
compare the ability of admission serum GFAP to predict
6-month lethal or unfavorable outcomes compared with
the clinical predictors in the IMPACT core model (ie.,
age, GCS score, or pupil reactions).

Results

During the period from March 2011 to September 2014,
there were 77 severe TBI patients deemed potentially eli-
gible. Of these, 10 patients were not included in our study
owing to lack of informed consent (n = 3), an age less than
18 years (n=1), or loss to follow-up (n=6). A final 67
patients were enrolled in this study. Clinical and demo-
graphic data of the study population are summarized in
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Table 1. The subjects ranged between 18 and 70 years of
age (mean age: 37.2 + 14.3 years), with the majority being
males (n =51, 76.1 %). Traffic accident was the most com-
mon cause of injury, accounting for 49.3 % of all subjects.

On average, patients were admitted to hospital within
2.6 hours (SD: 1.1, range: 0.5—4) of injury, with a median
admission GCS score of 6 (range: 3—8). Except for three
subjects with missing CT images, 31 of the 64 patients
presented with diffuse injury (Diffuse injury II to IV)
and 33 with focal mass lesion (Evacuated mass lesion,
n = 30; Non-evacuated mass lesion, n=3) according to
the Marshall classification. For 59 cases, neurosurgical
operation was performed and lasted for a mean (SD)
of 2.6 (1.3) hours (range: 0.5-5). ICP was continuously
monitored by intraventricular (n=51) or intraparenchy-
mal (n = 16) routes and the value was at least once above
25 mmHg in 34 patients (nine patients with unavailable
data). The neurological outcome was assessed by tele-
phone or regular clinical visit at 6 months later, when 40
of 67 patients were alive, of whom 32 had a favorable out-
come (GOS 4-5). Patients in the lethal or unfavorable
outcome groups were more likely to be older and have a
lower admission GCS score, and abnormal pupils. Other-
wise, there were no significant differences in terms of sex,
cause of trauma, time from injury to admission, Marshall
CT classification, neurosurgical intervention, and duration
of surgery between outcome groups.

Serial blood samples were collected on admission
(D0), days 1 (D1), 2 (D2), 3 (D3), 4 (D4), and 5 (D5) post
injury for the enrolled patients. Nine blood specimens
were not obtained from DO to D3 (two at DO, four at
D1, three at D2, and two at D3). Four patients died dur-
ing the first 5 days, and thus did not have blood drawn
at either D5 (n=3) or at both D4 and D5 (n=1). The
remaining 54 (80.6 %) patients had blood samples col-
lected at all time points. In addition, blood samples were
obtained from 135 healthy blood donors (88 males and
47 females; mean age of 39.2 + 15.3 years; range: 18—65).

Medians (interquartile range; IQR) for serum GFAP
concentrations in the severe TBI patients from DO to D5
and healthy subjects were 1.924 (0.891-3.126) ng/ml,
1.079 (0.468-1.880) ng/ml, 0.790 (0.402-1.228) ng/ml,
0.751 (0.438-1.206) ng/ml, 1.006 (0.534-1.529) ng/ml,
0.649 (0.284-0.982) ng/ml, and 0 (0-0) ng/ml, respect-
ively. For healthy individuals, only 12 of 135 serum sam-
ples had detectable GFAP (range: 0.048-0.076 ng/ml;
median: 0.058 ng/ml). The differences in GFAP levels
between TBI patients and controls were highly significant
at all time intervals (P < 0.001 for each comparison).

The time course of serum GFAP levels by the overall
population and each outcome category is presented in
Figs. 1 and 2. The serum GFAP value gradually de-
creased over the first 3 days until the rebound on day 4,
when hypothermia was discontinued with slow rewarming.
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Table 1 Clinical and demographic characteristics of the 67 studied patients by outcome category at 6 months post injury

Total (n=67) Death (GOS=1) Unfavorable outcome (GOS = 1-3)
Yes (n=27) No (n = 40) P value Yes (n=35) No (n=32) P value
Age (yrs, mean + SD) 3721143 420+ 16.1 339+120 0.039 400£150 341+£129 0503
Male, n (%) 51 (76.1) 21 (77.8) 30 (75.0) 0.794 28 (80.0) 23 (719 0436
Cause of injury, n (%)
Traffic accident 33 (493) 13 (48.) 20 (50.0) 0.968 17 (48.6) 16 (50.0) 0.997
Fall 26 (38.8) 11 (40.7) 15 (37.5) 14 (40.0) 12 (37.5)
Violence 6 (89) 2(74) 4(10.0) 3 (86) 3 (94)
Other 29 137) 1(2.5) 19 131)
Time after injury (hrs, mean + SD) 26+1.1 26+12 26+1.1 0333 24+12 29+1.1 0.791
GCS, median (range) 6 (3-8) 5 (3-8) 7 (3-8) 0.006 5(3-8) 7 (3-8) 0.001
GCS 3-5, n (%) 25 16 (59.3) 9 (22.5) 0.012 19 (54.3) 6(18.8) 0.006
GCS 6-8, n (%) 42 11 (40.7) 31 (77.5) 16 (45.7) 26 (81.2)
Pupil reactions, n (%)
Both present 38 10 (37.0) 28 (41.8) 0.015 13 (37.1) 25 (78.1) 0.032
At least one unreactive pupil 29 17 (63.0) 12 (58.2) 22 (62.9) 7 (219)
Marshall CT classification, n (%)
Missing 3 (4.5) 137) 25 0641 19 2(63) 0.406
Diffuse injury | 0 (0) 0(0) 0(0) 0(0) 0 (0)
Diffuse injury Il 7 (104) 3011 4 (10) 4(114) 3094
Diffuse injury Il 11(164) 6 (22.2) 5(125) 6 (17.1) 5(15.6)
Diffuse injury IV 13 (194) 6 (22.2) 7(17.5) 10 (28.6) 3(94)
Evacuated mass lesion 30 (44.8) 11 (40.7) 19 (47.5) 13 (37.1) 17 (53.1)
Non-evacuated mass lesion 3 (45) 0 (0) 3(75) 1(2.9) 2 (6.3)
Neurosurgery, n (%)
Yes 59 (88.1) 25 (92.6) 34 (85.0) 0347 33 (943) 26 (813) 0.100
No 8(119 2(74) 6 (15.0) 2(57) 6 (18.7)
Duration of neurosurgery, (hrs, mean + SD)? 26+13 31+12 23+13 0.704 32+12 19+10 0.216

GOS Glasgow Outcome Scale, yrs years, SD standard deviation, hrs hours, GCS Glasgow Coma Scale, CT computed tomography

?Documented in 59 of 67 patients

Thirty-eight of the 64 (59.4 %) patients had elevated serum
GEAP level on day 4 compared with day 3 (24 of 33 with
unfavorable outcome versus 14 of 31 with favorable
outcome, respectively, P =0.016). Serum GFAP levels over
the study period were significantly higher in the patients
who died within 6 months after injury than in those who
were alive or had favorable outcome (Fig. 3). These differ-
ences remained statistically significant after controlling for
covariables, including age, sex, cause of injury, time from
injury to admission, surgery, baseline GCS score, Marshall
CT classification, and pupil reactions. Among these covari-
ables, baseline GCS score and pupil reactions were consist-
ently significant in the models both for death/survival or
unfavorable/favorable outcomes (P < 0.05 for both covari-
ates in the final models).

With regard to the pathological types of TBI based on
the Marshall classification, 31 patients were diagnosed
with diffuse injury (Diffuse injury II-IV) and 30 patients

with surgical lesions (Evacuated mass lesion) on the
initial head CT scan. Table 2 describes the characteris-
tics of both groups. There was a well-matched base-
line between patients with diffuse injury and surgical
lesion, with no differences between groups regarding
the demographic, clinical characteristics, and 6-month
outcome. Serum GFAP concentrations on day O were
significantly higher in patients with surgical lesion
compared with patients with diffuse injury (median
(IQR), 2.776 (1.538-3.942) ng/ml vs. 1.151 (0.459-1.847)
ng/ml; P<0.001). On day 4 after hypothermia treatment,
the GFAP levels decreased to 1.035 (IQR, 0.882-1.663)
ng/ml in the surgical lesion group and to 0.868 (IQR,
0.359-1.265) ng/ml in the diffuse injury group. With
the logarithmically transformed data, there was a
significant difference of reduction in serum GFAP be-
tween groups after controlling for the baseline concen-
tration (P =0.037).
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Fig. 1 Serum GFAP levels by the overall population during the first

6 days post injury. DO, D1, D2, D3, D4, and D5 represent the admission
day and days 1-5 post injury, respectively. Box and whisker plots show
median, interquartile range (IQR), and values within + 1.5 of IQR.
Outliers are plotted as open circles. The number under each box is the
number of samples available for analysis. Hypothermia was induced in
patients when admitted into the NICU, and was maintained for the
first 3 days then terminated with slow rewarming. GFAP glial fibrillary
acidic protein, NICU neurosurgical intensive care unit

Figure 4 shows the ROC analyses of serum levels of
GFAP on days 0, 1, 2, 3, 4, and 5 post injury. AUC data on
each day are also plotted. The AUC values in serum GFAP
were significantly greater than 0.5 at each time point (P <
0.05), which ranged from 0.689 to 0.774 for death and
from 0.693 to 0.851 for unfavorable outcome (Fig. 4a and
¢). Consistent with the change in serum levels of GFAP in
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the first 6 days, AUC values also showed a similar
decrease from DO to D3 and then a further increase on
D4 (Fig. 4b and d). Interestingly, serum GFAP on D4 (the
day after hypothermia) had much higher AUC values than
for DO, which may suggest the potential clinical utility of
delayed determination of biomarkers after a certain inter-
vention. The predictive ability of serum GFAP at the time
of admission was good, with AUCs of 0.761 (95 % CI,
0.606-0.917) for death and 0.823 (95 % CI, 0.700-0.947)
for unfavorable outcome. These values were higher com-
pared with the clinical variables including age, GCS score,
and pupil reactions in both predictions of death and
unfavorable outcome (Table 3).

The optimal cutoff point and associated diagnostic char-
acteristics for serum GFAP levels on admission were
calculated from the coordinates of the ROC curve for the
best overall predictive performance of outcomes. Using
the cutoff value of 1.690 ng/ml, serum GFAP on admis-
sion had a sensitivity of 84.6 % and specificity of 69.2 %
for predicting death, with a positive predictive value (PPV)
of 64.7 % and a negative predictive value (NPV) of 87.1 %.
For prediction of unfavorable outcome at 6 months
post injury, admission GFAP (the optimal cutoff value,
1.559 ng/ml) had a sensitivity of 85.3 %, specificity of
77.4 %, PPV of 80.6 % and NPV of 82.8 % (Table 3).

Discussion
Improving the prognosis for patients with acute TBI is crit-
ical [23] as TBI remains a devastating disease associated

8.000—

6.000—

GFAP (ngimL)

4.000—

2.000—

0.000—
26 35 9 2 25349 22

i*B O o?a- ;Hq *‘%ﬁ "

25359 2 263582 263592 2350923

B Death (GOS 1)
[ Vegetative state (GOS 2)
O Severe disability (GOS 3)
B Moderate disability (GOS 4)
O Good recovery (GOS 5)

neurosurgical intensive care unit

DO (on admission) D1 D2
Day post injury
Fig. 2 Serum GFAP levels by each outcome group over the first 6 days post injury, shown as box plots. DO, D1, D2, D3, D4, and D5 represent the
admission day and days 1-5 post injury, respectively. Box and whisker plots show median, interquartile range (IQR), and values within + 1.5 of IQR.
Outliers are plotted as open circles. The number under each box is the number of samples available for analysis. Hypothermia was induced in patients
when admitted into the NICU, and was maintained for the first 3 days then terminated with slow rewarming. GFAP glial fibrillary acidic protein, NICU
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Fig. 3 Median serum GFAP levels by categorized outcome groups. a Death versus survival. b Unfavorable versus favorable outcome. Error bars show

Table 2 Patient characteristics between diffuse injury and surgical lesion group

Diffuse injury Surgical lesion P
(n=31) (n=30) value
Age (yrs, mean £ SD) 35.1+143 406+ 149 0917
Male, n (%) 24 (774) 23 (76.7) 0.944
GCS, median (range) 6 (3-8) 6 (3-8) 0.071
GCS 3-5, n (%) 10 (32.3) 14 (46.7) 0.300
GCS 6-8, n (%) 21 (67.7) 16 (53.3)
Pupil reactions, n (%)
Both present 20 (64.5) 13 (43.3) 0.126
At least one unreactive pupil 11 (35.5) 17 (56.7)
6-month outcome, n (%)
Death/alive 15 (484)/16 (51.6) 11 (36.7)/19 (63.3) 0440
Unfavorable/favorable 20 (64.5)/11 (35.5) 13 (43.3)/17 (56.7) 0.202

Yrs years, SD standard deviation, GCS Glasgow Coma Scale
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Table 3 Predictive values of admission serum GFAP and clinical variables for death and unfavorable outcome at 6 months of injury

Death (GOS=1)

Unfavorable outcome (GOS = 1-3)

Variable Cutoff ~ Sensitivity ~Specificity PPV NPV AUC (95 % Cl) Cutoff  Sensitivity Specificity PPV NPV AUC (95 % Cl)

GFAP (ng/ml)  1.690 84.6 69.2 64.7 87.1 0761 (0.606,0917) 1559 85.3 774 80.6 828 0.823(0.700, 0.947)
Age (years) 445 44.4 82.5 632 688 0.592(0.503,0681) 395 457 65.6 593 525 0617 (0482, 0.751)
GCS score 45 90.0 48.1 720 765 0742 (0616,0.868) 5.5 81.3 54.3 619 760 0.751 (0.620, 0.862)
Pupil reactions  Absent 70.0 63.0 737 586 0665 (0.530,0800) Absent 78.1 629 658 759 0.705 (0.578,0.832)

The (optimal) cutoff values were determined using receiver operating characteristic curve under the condition of equal costs of misclassification of cases and non-cases;
i.e, the sum of the sensitivity and the specificity to predict the chosen outcome category was maximal

GFAP glial fibrillary acidic protein, GOS Glasgow Outcome Scale, PPV positive predictive value, NPV negative predictive value, AUC area under the curve,

Cl confidence interval, GCS Glasgow Coma Scale
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with considerable mortality and morbidity and a huge
burden to society, and there are no interventions that
show substantial efficacy despite of hundreds of trials
[24, 25]. Although hypothermia shows the most clinical
promise for improving patient outcomes, the optimal clin-
ical protocols remain unclear [26]. The use of biomarkers
may help to detect, track cellular damage and cerebral
protection in the injured brain, and to balance the risks
and benefits of therapeutic interventions.

Biomarkers can also be used to provide outcome predic-
tion and risk triage. Current assessment tools include
clinical characteristics (e.g., age, sex, reaction of the pupils,
GCS score, and secondary insults), radiological data, and
electroencephalography, which provide some predictive
information. However, there are inherent limitations in
these procedures. Clinical examinations are usually sub-
jective and are often confounded by medications such as
sedation, intubation/tracheostomy, and muscle relaxants,
making them less reliable in the setting of the state-of-
the-art critical management including hypothermia and
early sedation. Head CT scanning, magnetic resonance
imaging, or eletroencephalography often require special-
ized equipment or technical/interpretive expertise that
may not be available at resource-limited medical centers.
Further, they do not offer adequate information on the
biochemical changes in the brain [27]. Thus, identification
of valid neurobiochemical markers of brain injury that
serve as surrogates of the presence, evolution, and out-
comes of brain injury is key to the research and treatment
of TBI patients.

GFADP, a brain-specific protein that functions as the major
integral component of the cytoskeleton of astrocytes, has
been recently reported as a blood biomarker. After brain
damage, GFAP is released from degenerating brain cells
into the surrounding interstitial fluid and appear in the
peripheral blood, likely via disruptions in the blood—brain
barrier [28]. Elevated serum GFAP can provide diagnostic
and prognostic information in a range of neurological
diseases including neurodegenerative disorders [29], stroke
[30], and severe TBI [31]. In line with previous reports, our
study in a cohort of 67 patients with severe TBI demon-
strated that elevated serum GFAP on admission and during
the subsequent 5 days had a strong correlation with death
and unfavorable outcome at 6 months post injury, which
was independent of baseline and clinical characteristics of
brain injury. Additionally, our study also indicates that the
predictive accuracy of admission GFAP was greater than
those of clinical variables including age, GCS score, and
pupil reactions, which may provide further evidence about
the utility of GFAP in the care of TBI patients.

Induction of mild hypothermia immediately after brain
injury can reduce cerebral metabolism and oxygen con-
sumption, diminish cytotoxic edema, stabilize the blood—
brain barrier, and improve histological and functional
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outcomes and survival in numerous animal and clinical
studies [32]. Mild hypothermia is now an accepted treat-
ment for anoxic brain injury following cardiac arrest
and neonatal hypoxic-ischemic encephalopathy [33, 34].
Although recent multicenter trials have reported negative
results for treatment of severe TBI with hypothermia,
numerous single-center studies and several later meta-
analyses support its neuroprotective actions, especially
when maintained for longer than 48 hours [20, 35, 36].

Apart from the insensitive methodology or potential
biases such as center effects in these multicenter trials,
the most likely explanation for these conflicting results
is the different protocols of hypothermia therapy used
clinically or the heterogeneous types of TBI patients
enrolled [37]. For example, in a recent large clinical trial
by Clifton and colleagues [20], a post hoc subgroup ana-
lysis (28 patients were allowed for analysis, 15 of whom
treated by hypothermia) suggested a specific beneficial
effect of hypothermia in patients with surgically evacuated
hematoma. Yokobori et al. also reported that hypothermia
could reduce histological and biochemical injury to neu-
rons and glia in a rat model of acute hematoma of severe
TBI [38]. In the present study, although the long-term
neurological outcomes did not show any differences
between patients with surgical lesion and diffuse injury,
the change in serum GFAP before and after hypothermia
was significantly greater among patients with surgical
lesion, suggesting a more profound neuroprotective effect
of hypothermia among this group of patients. Thus,
supported by the above evidence and our present data, a
further study, targeted specifically on the type of surgical
lesion, is warranted to investigate the different effect of
hypothermia in the setting of TBIL

We found a persistent reduction of serum GFAP level
during the first few days after TBI in hypothermia-treated
patients in both the favorable and unfavorable outcome
groups. However, as we did not have a normothermia-
treated control group, this reduction may also be attrib-
uted to altered permeability of the blood—brain barrier
due to hypothermia [39], or the natural temporal alter-
ations of serum GFAP in TBI patients, rather than solely
to a neuroprotective effect of hypothermia. Future studies
are required to examine the effect of hypothermia on
serum concentrations of biochemical markers and the
correlation of the altered levels and long-term neuro-
logical outcomes. Our ongoing LTH-1 hypothermia trial
and collection of biofluid samples of patients has the
potential to address this issue in the future [40].

The marked increase of serum GFAP levels at the con-
clusion of the 3-day maintenance period of hypothermia
was observed in 38 of 64 patients, 24 of whom had
unfavorable outcome at 6 months post injury, suggesting
that continued secondary injury in these cases that was
suppressed by cooling therapy or the possible evidence
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of rewarming injury. Thus, these 38 patients may benefit
from alterations in hypothermia protocols including
longer cooling or more advanced rewarming procedures.
The optimal duration and rewarming rate of hypothermia
for severe TBI are extremely important issues to be
addressed, as numerous studies report that effective
hypothermia treatment in TBI patients requires early initi-
ation, with suitable length of cooling and steady rewarm-
ing [41]. As there are no reliable surrogate markers for
monitoring the pathophysiology of the injured brain,
gauging response to treatment, and comparing the effects
of various hypothermia protocols, it is possible that circu-
lating injury markers like GFAP will help to bridge this gap.

The cutoff value we found for admission serum GFAP
to predict unfavorable outcome at 6 months was
1.559 ng/ml, similar to the 1.5 ng/ml reported by Vos
and colleagues [9, 31]. However, a wide range of cutoff
points from 1.5 to 6.98 ng/ml have been reported, lead-
ing to different sensitivities and specificities for this pro-
tein, which limits the utility of GFAP as a reliable
predictor in clinical practice [14, 16, 42]. To address this
problem, further validation studies in a larger sample of
participants is required, using standardized assays with
well-established, consistent, and clinically interpretable
thresholds for GFAP alterations.

There are several limitations of our study. First, we
enrolled a relatively limited sample of patients with se-
vere TBI, a disease with extremely intrinsic heterogen-
eity. With this small sample size and the observational
study design, we failed to detect significant differences
in long-term outcomes between patients with surgical
lesions and diffuse injury, and observed inconsistency
between biomarker changes and long-term outcomes.
Second, it is unclear whether the ELISA kit used to
measure the serum GFAP cross-reacts with GFAP break-
down products (GFAP-BDPs). A study in 108 samples
assessing the utility of serum GFAP-BDPs found a
detectable increase in the blood within an hour of head
injury, which was associated with injury severity and CT
lesions [43]. This may alter the final interpretation for
the predictive ability of the intact GFAP in our study.
Third, serum biomarker alterations may not completely
reflect the biochemical changes in the injured brain as
they can be influenced by various factors including the
integrity of the blood—brain barrier or other factors that
regulate the release of proteins into the peripheral circu-
lation in the settings of brain injury and hypothermia.
However, a high correlation between GFAP concentra-
tion in serum and cerebrospinal fluid (CSF) was reported
[44]. Further, serial sampling of CSF is often contraindi-
cated in patients with severe TBI, especially with obvious
intracranial hypertension. Therefore, serum analysis may
have more clinical advantages than CSF measurement
and should be considered in future clinical studies.
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Fourth, several technical variables should be considered,
such as time to process the blood sample, effect of
temperature change, and methodology of measurement,
which can affect the stability and reliability of results.
Fifth, a control group of severe TBI patients without
hypothermia treatment was not included in our study.
Thus, we could not determine the possible effect of
hypothermia on serum GFAP levels for TBI patients.
Finally, some patient serum specimens were unable to
be obtained on some days. However, the effect of
missing samples on the whole analysis may be min-
imal owing to the sensitive statistical methodology we
used.

Conclusions

Our study suggests that serum GFAP might be a useful
biochemical marker for severe TBI patients. Elevated
serum GFAP on admission and over a range of days post
injury was a strong predictor for death and unfavorable
outcome at 6 months. Because of increasing clinical
evidence that GFAP is highly brain-specific and shows
diagnostic, prognostic, and even theranostic utility for
clinicians, further studies should be encouraged to fully
elucidate the basic mechanisms and validate the poten-
tial role of GFAP as a biomarker for TBL

Key messages

e Serum GFAP levels on admission and the first
5 days were elevated among patients with severe
TBI compared with controls.

e Elevated serum GFAP levels over the first 6 days
had predictive power for neurological outcome at
6 months post injury.

e Admission GFAP levels had greater predictive ability
than clinical characteristics including age, GCS
score, and pupil reactions.

Abbreviations

AUC: area under the curve; CSF: cerebrospinal fluid; CT: computed tomography;
ED: emergency department; ELISA: enzyme-linked immunosorbent assay;

EMS: emergency medical services; GCS: Glasgow Coma Scale; GFAP: glial
fibrillary acidic protein; GFAP-BDPs: GFAP breakdown products; GOS: Glasgow
Outcome Scale; ICP: intracranial pressure; IQR: interquartile range;

NICU: neurosurgical intensive care unit; NPV: negative predictive value;

PPV: positive predictive value; ROC: receiver operating characteristic;

SD: standard deviation; TBI: traumatic brain injury.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions

JL and GG participated in the study design, collected the clinical samples,
performed ELISA analysis, and wrote the first draft. JF participated in the data
interpretation and performed the statistical analyses, and helped to draft the
manuscript. YJ was involved in the study design and also drafted and critically
revised the manuscript. CW and QM took part in the follow-up process of the
study population, constructed the database, checked the data quality and helped
to revise the manuscript. JJ conceived, designed this study, and critically revised



Lei et al. Critical Care (2015) 19:362

the manuscript for important intellectual content. JL, GG, JJ, and JF had full access
to all data in the study and take responsibility for the integrity and accuracy of the
data analysis. All authors read and approved the final version of the manuscript.

Acknowledgements

This research was supported by grants from the National Key Basic Research
Project (No. 2012CB518100), the National Natural Scientific Foundation (No.
81271381) and the Program for Outstanding Medical Academic Leader of
Shanghai (No. 2014529). We thank Dr. Xiao Zhang from Pharmaceutical
Product Development, LLC (PPD®) for her valuable statistical assistance in our
work. We are also grateful to Dr. Justin Dean from University of Auckland for
his important assistance in English.

Received: 20 May 2015 Accepted: 27 September 2015
Published online: 12 October 2015

References

1.

Rosenfeld JV, Maas Al, Bragge P, Morganti-Kossmann MC, Manley GT, Gruen
RL. Early management of severe traumatic brain injury. Lancet.
2012;380:1088-98.

Signorini DF, Andrews PJ, Jones PA, Wardlaw JM, Miller JD. Predicting
survival using simple clinical variables: a case study in traumatic brain injury.
J Neurol Neurosurg Psychiatry. 1999,66:20-5.

Teasdale G, Maas A, Lecky F, Manley G, Stocchetti N, Murray G. The Glasgow
Coma Scale at 40 years: standing the test of time. Lancet Neurol. 2014;13:844-54.
Jacobs B, Beems T, van der Vliet TM, van Vugt AB, Hoedemaekers C, Horn J,
et al. Outcome prediction in moderate and severe traumatic brain injury: a
focus on computed tomography variables. Neurocrit Care. 2013;19:79-89.
Gao L, Wu X. Prediction of clinical outcome in severe traumatic brain injury.
Front Biosci (Landmark Ed). 2015;20:763-71.

Mrozek S, Dumurgier J, Citerio G, Mebazaa A, Geeraerts T. Biomarkers and
acute brain injuries: interest and limits. Crit Care. 2014;18:220.

Bohmer AE, Oses JP, Schmidt AP, Perdn CS, Krebs CL, Oppitz PP, et al.
Neuron-specific enolase, S1008, and glial fibrillary acidic protein levels as
outcome predictors in patients with severe traumatic brain injury.
Neurosurgery. 2011;68:1624-30.

Yang Z, Wang KKW. Glial fibrillary acidic protein: from intermediate filament
assembly and gliosis to neurobiomarker. Trends Neurosci. 2015;38:364-74.
Vos PE, Jacobs B, Andriessen TM, Lamers KJ, Borm GF, Beems T, et al. GFAP
and S100B are biomarkers of traumatic brain injury: an observational cohort
study. Neurology. 2010;75:1786-93.

Hemingway H, Croft P, Perel P, Hayden JA, Abrams K, Timmis A, et al.
Prognosis research strategy (PROGRESS) 1: a framework for researching
clinical outcomes. BMJ. 2013;346, e5595.

Strathmann FG, Schulte S, Goerl K, Petron DJ. Blood-based biomarkers for
traumatic brain injury: evaluation of research approaches, available methods
and potential utility from the clinician and clinical laboratory perspectives.
Clin Biochem. 2014:47:876-88.

Honda M, Tsuruta R, Kaneko T, Kasaoka S, Yagi T, Todani M, et al. Serum
glial fibrillary acidic protein is a highly specific biomarker for traumatic brain
injury in humans compared with S-100B and neuron-specific enolase.

J Trauma. 2010;69:104-9.

Schiff L, Hadker N, Weiser S, Rausch C. A literature review of the feasibility of
glial fibrillary acidic protein as a biomarker for stroke and traumatic brain
injury. Mol Diagn Ther. 2012;16:79-92.

Nylén K, Ost M, Csajbok LZ, Nilsson 1, Blennow K, Nellgérd B, et al. Increased
serum-GFAP in patients with severe traumatic brain injury is related to
outcome. J Neurol Sci. 2006;240:85-91.

Czeiter £, Mondello S, Kovacs N, Sandor J, Gabrielli A, Schmid K, et al. Brain
injury biomarkers may improve the predictive power of the IMPACT
outcome calculator. J Neurotrauma. 2012;29:1770-8.

Mondello S, Papa L, Buki A, Bullock MR, Czeiter E, Tortella FC, et al. Neuronal
and glial markers are differently associated with computed tomography
findings and outcome in patients with severe traumatic brain injury: a case
control study. Crit Care. 2011;15:R156.

McMahon PJ, Panczykowski DM, Yue JK, Puccio AM, Inoue T, Sorani MD,

et al. Measurement of the glial fibrillary acidic protein and its breakdown
products GFAP-BDP biomarker for the detection of traumatic brain injury
compared to computed tomography and magnetic resonance imaging.

J Neurotraum. 2015;32:527-33.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

Page 11 of 12

Diaz-Arrastia R, Wang KK, Papa L, Sorani MD, Yue JK, Puccio AM, et al. Acute
biomarkers of traumatic brain injury: relationship between plasma levels

of ubiquitin C-terminal hydrolase-L1 and glial fibrillary acidic protein.

J Neurotrauma. 2014;31:19-25.

Marshall LF, Marshall SB, Klauber MR, Clark MB, Eisenberg HM, Jane JA, et al.
A new classification of head injury based on computerized tomography.
Special Supplements. 1991;75:514-20.

Clifton GL, Valadka A, Zygun D, Coffey CS, Drever P, Fourwinds S, et al.
Very early hypothermia induction in patients with severe brain injury
(the National Acute Brain Injury Study: Hypothermia Il): a randomised
trial. Lancet Neurol. 2011;10:131-9.

Wilson JT, Pettigrew LE, Teasdale GM. Structured interviews for the Glasgow
QOutcome Scale and the extended Glasgow Outcome Scale: guidelines for
their use. J Neurotrauma. 1998;15:573-85.

Ware JH. Analysis of longitudinal data: choosing and interpreting regression
models. Eur Respir J. 1993,6:325-7.

Lingsma HF, Roozenbeek B, Steyerberg EW, Murray GD, Maas Al. Early
prognosis in traumatic brain injury: from prophecies to predictions. Lancet
Neurol. 2010,9:543-54.

Maas Al, Roozenbeek B, Manley GT. Clinical trials in traumatic brain
injury: past experience and current developments. Neurotherapeutics.
2010;7:115-26.

Lei J, Gao G, Jiang J. Acute traumatic brain injury: is current management
evidence based? An empirical analysis of systematic reviews. J Neurotrauma.
2013,30:529-37.

Nichol AD, Cooper DJ, POLAR Study Investigators on behalf of the
ANZICS-Clinical Trials Group, EPO Study Investigators on behalf of the
ANZICS-Clinical Trials. Can we improve neurological outcomes in severe
traumatic brain injury? Something old (early prophylactic hypothermia)
and something new (erythropoietin). Injury. 2009;40:471-8.

Saatman KE, Duhaime AC, Bullock R, Maas Al, Valadka A, Manley GT, et al.
Classification of traumatic brain injury for targeted therapies. J Neurotrauma.
2008;25:719-38.

Missler U, Wiesmann M, Wittmann G, Magerkurth O, Hagenstrom H.
Measurement of glial fibrillary acidic protein in human blood: Analytical
method and preliminary clinical results. Clin Chem. 1999,45:138-41.

Mouser PE, Head E, Ha KH, Rohn TT. Caspase-mediated cleavage of glial
fibrillary acidic protein within degenerating astrocytes of the Alzheimer's
disease brain. Am J Pathol. 2006;168:936-46.

Dvorak F, Haberer |, Sitzer M, Foerch C. Characterisation of the diagnostic
window of serum glial fibrillary acidic protein for the differentiation of
intracerebral haemorrhage and ischaemic stroke. Cerebrovasc Dis.
2009;27:37-41.

Vos PE, Lamers KJ, Hendriks JC, van Haaren M, Beems T, Zimmerman C,

et al. Glial and neuronal proteins in serum predict outcome after severe
traumatic brain injury. Neurology. 2004;62:1303-10.

Choi HA, Badjatia N, Mayer SA. Hypothermia for acute brain
injury—mechanisms and practical aspects. Nat Rev Neurol. 2012,8:214-22.
Nolan JP, Morley PT, Vanden Hoek TL, Hickey RW, Kloeck WG, Billi J, et al.
Therapeutic hypothermia after cardiac arrest: an advisory statement by the
advanced life support task force of the International Liaison Committee on
Resuscitation. Circulation. 2003;108:118-21.

Azzopardi DV, Strohm B, Edwards AD, Dyet L, Halliday HL, Juszczak E, et al.
Moderate hypothermia to treat perinatal asphyxial encephalopathy. N Engl J
Med. 2009;361:1349-58.

Clifton GL, Coffey CS, Fourwinds S, Zygun D, Valadka A, Smith Jr KR,

et al. Early induction of hypothermia for evacuated intracranial
hematomas: a post hoc analysis of two clinical trials. J Neurosurg.
2012,117:714-20.

Fox JL, Vu EN, Doyle-Waters M, Brubacher JR, Abu-Laban R, Hu Z.
Prophylactic hypothermia for traumatic brain injury: a quantitative
systematic review. CJEM. 2010;12:355-64.

Crossley S, Reid J, McLatchie R, Hayton J, Clark C, MacDougall M, et al. A
systematic review of therapeutic hypothermia for adult patients following
traumatic brain injury. Crit Care. 2014;18R75.

Yokobori S, Gajavelli S, Mondello S, Mo-Seaney J, Bramlett HM, Dietrich WD,
et al. Neuroprotective effect of preoperatively induced mild hypothermia as
determined by biomarkers and histopathological estimation in a rat
subdural hematoma decompression model. J Neurosurg. 2013;118:370-80.
Lotocki G, de Rivero Vaccari JP, Perez ER, Sanchez-Molano J, Furones-Alonso O,
Bramlett HM, et al. Alterations in blood-brain barrier permeability to large and



Lei et al. Critical Care (2015) 19:362

40.

41.

42.

43.

44,

small molecules and leukocyte accumulation after traumatic brain injury:
effects of post-traumatic hypothermia. J Neurotrauma. 2009;26:1123-34.

Lei J, Gao G, Mao Q, Feng J, Wang L, You W, et al. Rationale, methodology,
and implementation of a nationwide multicenter randomized controlled
trial of long-term mild hypothermia for severe traumatic brain injury (the
LTH-1 trial). Contemp Clin Trials. 2015,40:9-14.

Shann F. Hypothermia for traumatic brain injury: how soon, how cold, and
how long? Lancet. 2003;362:1950-1.

Pelinka LE, Kroepfl A, Leixnering M, Buchinger W, Raabe A, Redl H. GFAP
versus S100B in serum after traumatic brain injury: relationship to brain
damage and outcome. J Neurotrauma. 2004;21:1553-61.

Papa L, Lewis LM, Falk JL, Zhang Z, Silvestri S, Giordano P, et al.
Elevated levels of serum glial fibrillary acidic protein breakdown
products in mild and moderate traumatic brain injury are associated
with intracranial lesions and neurosurgical intervention. Ann Emerg
Med. 2012;59:471-83.

Huang XJ, Glushakova O, Mondello S, Van K, Hayes RL, Lyeth BG. Acute
temporal profiles of serum levels of UCH-L1 and GFAP and relationships to
neuronal and astroglial pathology following traumatic brain injury in rats.
J Neurotrauma. 2015;32:1179-89.

Page 12 of 12

Submit your next manuscript to BioMed Central
and take full advantage of:

¢ Convenient online submission

¢ Thorough peer review

* No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

* Research which is freely available for redistribution

Submit your manuscript at
www.biomedcentral.com/submit

( BiolVied Central




	Abstract
	Introduction
	Methods
	Results
	Conclusions

	Introduction
	Methods
	Study population
	Treatment protocol
	Biomarker determination
	Data collection and outcome assessment
	Statistical analysis

	Results
	Discussion
	Conclusions
	Key messages
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	References



