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ABSTRACT

AIM: To show whether the glial fibrillary acidic protein (GFAP) levels are significantly higher in the serum of patients with mild 
traumatic brain injury or not.    
MATERIAL and METHODS: The level of serum GFAP was measured in 176 patients suffering from brain trauma. The ability of 
GFAP in predicting the presence of intracranial lesions and the need for neurosurgical intervention was analyzed using the area 
under the receiver (AUC) operating characteristic (ROC). By passing three months from mild TBI, the Post-Concussion Symptoms 
Questionnaire (PCSQ) as well as the physical and mental evaluations were performed using the SF-36 questionnaire. 
RESULTS: Of 176 patients included, 79.5% had no complications and symptoms by passing three months from traumatic brain 
injury. The AUC for GFAP was 72.6%, which revealed a good accuracy in predicting the need for neurosurgical intervention. 
CONCLUSION: GFAP, as a predictive factor in people with mild TBI diagnosis who need neurosurgical operation, expressed a 
favorable diagnostic effect.   
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TBI is often more significant, especially in mild cases. In the 
clinical assessments and literature conducted on TBI, the mild 
TBI is less studied, because the initial symptoms are non-
specific and subjective, and have overlap with psychological 
disorders. Also, many patients with mild TBI entirely recover, 
and mortality and severe disability are relatively rare in these 
cases (7,9,23).

Microglia are the small, non-neuronal, and mesodermal 
origins of interstitial cells that form a protective part of the 
central nervous system, which make up 5 to 20 percent of 
the total population of glial cells. Accordingly, these cells are 
known as the first population of central nervous system cells 
responsible for brain damage, infections, and inflammatory 
reactions such as Alzheimer’s disease, multiple sclerosis 
(MS), encephalopathy, cerebral glioma, and spontaneous 
subarachnoid hemorrhage (3). In this regard, glial fibrillary 

█   INTRODUCTION

Head is the most common site of injury, and head 
trauma is known as the most common cause of 
hospitalization and the leading cause of death in 

trauma patients. Traumatic Intracerebral hemorrhages can be 
divided into primary and delayed hemorrhages. Accordingly, 
primary hemorrhage refers to a group receiving evidence of 
bleeding in the CT scan that is taken up to the first 6 hours 
after the trauma. In this regard, Delayed Traumatic Intracranial 
Hematoma (DITCH) shows no evidence of hematoma in 
the initial CT scan, and hematoma is sown in the last CT 
scan, which is taken after 6 hours of trauma due to various 
reasons. Based on the scale of the initial Glasgow coma scale 
(GCS), Traumatic Brain Injury (TBI) is traditionally divided 
into three categories as follows: mild, moderate, and severe. 
Simultaneously, the diagnostic and therapeutic challenges of 
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acidic protein (GFAP) is a protein encoded by the GFAP 
gene in human beings. During its development, this type III 
intermediate filament expressed by most of the abundant cells 
of the central nervous system (CNS), including astrocytes and 
epidermal cells (21,25,29).

One approach to this problem is identifying biomarkers that can 
be measured at the acute stage of TBI that can be beneficial 
in treatment guiding as well as medication management. Most 
of the studies in this field have just focused on moderate 
to severe, even though the clinical potential of biomarker 
discovery seems to be higher in mild TBI. 

A search on the related literatures revealed that few studies 
have examined GFAP for mild TBI. Therefore, this paper 
attempted to show whether the GFAP levels are significantly 
higher in the serum of patients with mild traumatic brain injury 
compared to the control group. Moreover, the validation of 
GFAP was discussed in the diagnosis of intracranial damage 
in these patients. This study was designed to answer whether 
GFAP levels are significantly higher in the serum of patients 
with a mild traumatic brain injury compared to that of the 
control group. Moreover, this study aimed to consider the 
effectiveness of GFAP and the possibility of replacing this 
biomarker with brain CT scan.

█   MATERIALS and METHOD
This study was a prospective epidemiological analysis, and 
the study population included the patients with TBI who were 
referred to the two trauma hospitals in the southwest of Iran 
in 2019”. The Inclusion Criteria were the age of 16 years old 
and over, clinical diagnosis of TBI, those who have indications 
for brain CT scan in terms of the National Institute for Clinical 
Excellence Criteria (NICE), and less than 6 hours elapsed 
between the event and examination. Finally, the GCS was 15-
13 (mild TBI). The exclusion criteria included the age of less 
than 16 years old, explosive or penetrating damage, chronic 
subdural hematoma, previous brain disorders, TBI requiring 
no CT, and living in another province that makes it difficult to 
follow-up.

In the current experiment, the level of serum GFAP was 
measured in 176 patients suffering from brain trauma, having 
13-15 GCS, and the need for brain CT in terms of the NICE 
criteria. The blood samples were taken from the participants to 
evaluate the GFAP biomarker at the time of entering in to this 
study, which were then centrifuged (1,000 × g, 10min) at 4°C. 
The plasma was immediately frozen on dry ice and stored at 
-70 until the time of experiment (17). Subsequent analysis was 
performed using a BIOTECH laboratory kit by applying the 
chemiluminescent immunoassay sandwich method. Notably, 
in this study, the laboratory technicians were blinded to the 
clinical data and CT scan results.

Positive results of CT scan included acute epidural or sub-
dural hematoma, cortical contusion, ventricular compression, 
ventricular trapping, cerebral herniation, intraventricular hem-
orrhage, hydrocephalus, subarachnoid hemorrhage, cerebral 
edema, post-traumatic ischemia, intracranial hematoma, and 
Cerebral venous sinus thrombosis (CVST). Moreover, the 

assessment was performed by passing three months from 
mild TBI using the Post-Concussion Symptoms Questionnaire 
(PCS) as well as performing the physical and mental evalua-
tions using the SF-36 questionnaire (2,28).

Statistical Analysis

Descriptive statistics (mean, frequencies, and proportion) 
were used to describe the study variables.  Biomarker level 
was considered as a continuous variable, and Logarithmic 
transformations were performed on data that were not 
normally distributed. Differences between groups were tested 
using an independent sample t-test for continuous variables 
and a chi-square test for categorical variables. The ability of 
GFAP to predict the presence of intracranial lesions and the 
need for neurosurgical intervention were analyzed using the 
area under the receiver operating characteristic (ROC) curve 
(AUC). Moreover, the AUC of 1.0 was considered as very 
well and below 0.5 as weak. Classification performance was 
measured by sensitivity, specificity, positive, and negative 
predictive values with a 95% confidence interval (CI). Also, 
statistical significance level was set at p<0.05.

█   RESULTS
This study included 176 patients who were referred to two 
reference hospitals due to traumatic brain injury. The mean 
age of the patients under study was 36.4 ± 16 years old, the 
youngest subject was 16 years old, and the oldest one was 
90 years old. The average length of time between injury and 
the check-up by a physician was 50.4 ± 13.8 (minimum 30ʹ 
and maximum of 1 hour). The mean serum level of GFAP 
measured using the laboratory kit was 2.67 ± 2.12 ng / mL 
with a minimum of 0.1 and a maximum of 16.4. In addition, 
GCS of patients had a minimum of 14 and a maximum of 15 
based on the observation and examination. Also, none of the 
patients had a previous history of substance abuse. Of 176 
patients included, 141 were men (80.1%), and 35 (19.9%) were 
women. The participants of the present study were examined 
for the presence or the absence of underlying diseases such 
as hypertension, heart disease, and diabetes, which 6.82% 
of clients had at least one of the above-mentioned underlying 
diseases. The participants of this study were divided into three 
groups of accidents (131 people), direct trauma (25 people), 
and falls (20 people), based on the reason of traumatic brain 
injury and referring to the above-mentioned medical centers. 
Accordingly, the most common cause of traumatic brain injury 
was accident.

The results of the CT scan in the patients under study were 
found to be normal for 168 individuals and positive for 8 
individuals with intracranial trauma-related lesions. Among 
those with positive CT scans, surgery was performed on four 
patients with intracranial lesions. In fact, of 176 patients, the 
surgery was performed for 2.27%.

In the present study, 50 patients (28.4%) had no side effects 
and symptoms after traumatic brain injury, and 126 patients 
(71.6%) had different complications, as discussed below 
(Table I).



  357 Turk Neurosurg 31(3):355-360, 2021 | 357

Forouzan A. et al: Predictive and Prognostic Value of GFAP

Furthermore, of 176 patients who participated in this study, 
140 patients (79.5%) had no complications and symptoms by 
passing three months from traumatic brain injury. Moreover, 
36 people (20.5%) had different complications, according to 
the RPCS questionnaire (Table II).

SF-36 is a 36-item questionnaire in 8 subscales. Correspond-
ingly, these eight areas can be assembled into two summary 
scales as follows: the physical component score and the men-
tal component score. Each scale is scored in terms of a stan-
dardized scoring protocol ranged from 0 to 100, where higher 
scores display a better recovery status. The mean score of 
quality of life in each one of the subscales of the questionnaire 
is separately displayed in two groups of patients with normal 
and abnormal CT SCANs. Moreover, the mean difference was 
calculated in each subscale, and no significant difference was 
observed between these two groups with normal and abnor-
mal CT SCANs in each one of the subscales (Table III).

The quantitative variables studied in the two groups of patients 
based on the CT scan revealed that, serum levels of GFAP and 

age were significantly associated with CT scan response, and 
other cases did not have these factors (Table IV).

Of 176 patients examined, eight patients with positive CT 
SCAN diagnosis had brain lesions, and 168 remained patients 
had no brain lesions. Also, in this study, the ROC curve 
was used to determine the diagnostic value of the GFAP in 
intracranial lesions. In this regard, the area under the ROC 
curve represents the diagnostic accuracy of the GFAP serum 
level. Besides, it shows that the AUC (area under the curve) 
is 42.5% (73.5% -11.5% CI: 95%), which means that the 
accuracy of this test is unacceptable in the determination 
of brain lesions. According to the results, the GFAP serum 
level of 1.35 ng/ml with 50% sensitivity and 44% specificity 
is the optimal cut-point for detection of intracranial lesions. 
(High accuracy of 90% is excellent, the accuracy of 90 -70% 
is good, the accuracy of 70 -50% is acceptable, and the 
accuracy of less than 50% is unacceptable) (Figure 1).

Of 176 patients, four patients underwent surgery. The ROC 
curve and AUC (area under the curve) indicated the diagnostic 

Table I: Symptoms in the Subjects at the Time of Referral and 
Immediately After the Injury

No symptoms
n (%)

Have symptoms
n (%)

Post-traumatic 
symptoms

102 (58)74 (42) Headache

115 (65.3)61 (34.7)Vomit

170 (96.6)6 (3.4)Amnesia

160 (90.9)16 (9.1)↓ LOC

148 (84.1)28 (15.9)Vertigo

134 (76.1)42 (26.9)Nausea

Table II: Symptoms in the Subjects Three Months After Injury is 
Based on the RPCS Questionnaire

No symptoms
n (%)

Have symptoms
n (%)

Concussion 
symptoms after 
three months

175 (99.4)1 (0.6) Fatigue

162 (92)14 (8)Headache

171 (97.2)5 (2.8)Dizziness

174 (98.9)2 (1.1)Forgetfulness

166 (94.3)10 (5.7)Irritability

161 (91.5)15 (8.5)Sleep disturbance

Table III: Quality of life Based on the SF-36 Questionnaire and CT SCAN Report

p
Mean ±SEM

Sub-Scales
Normal CT SCANAbnormal CT SCAN 

0.6984.8 ± 1.785 ± 0.00Physical functioning

0.5764.5 ± 7.263 ± 6.7Mental health

0.1659.6 ± 11.665.6 ± 14.6Social health

0.892.4 ± 14.893.7 ± 17.8Physical role

0.8796.4 ± 10.395.8 ± 11.8Emotional role

0.1365.1 ± 6.568.7 ± 5.8Vitality

0.4864.5 ± 10.567.1 ± 10.8Pain

0.5769.4 ± 90.171.2 ± 5.8General health

0.6077.7 ± 6.078.8 ± 6.7Physical component score

0.3871.4 ± 5.973.3 ± 7.0Mental component score

*The statistically significant level of P-value is less than 0.05.

https://en.wikipedia.org/wiki/Fatigue_(medical)
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equal percentage of men and women). However, it can be said 
that the high rate of men was varied in these studies (6,13,15).

The brain hurt and TBI can be very varied, and in different 
societies and cultures, the amount of TBI types (mild, 
moderate, and severe) greatly varies. However, some studies 
have reported that 90-70% of traumatic brain injuries are mild 
(mTBI), which can be concussive or non-concussive (12). Mild 
TBI may have some symptoms such as fatigue, headache, 
vertigo, irritability. Due to the transient nature of these 
physiological symptoms, some of the long-term consequences 
of mTBI may be overlooked. There is a possibility that brain 
injuries may be invisible on CT scans and MRIs (8). So, this 
is principally important for people with recurrent minor brain 
injuries like athletes, because these primary injuries can cause 
secondary disruptive processes that disrupt nerve tissue and 
the brain’s feedback pathways in several biological pathways. 
Therefore, it seems necessary to measure some markers in 
mild to moderate injuries (4). In this regard, those symptoms 
that do not go away within three months of recovery from 
trauma have the potential to impair a person’s ability either 

accuracy of the GFAP in the prediction of the need for 
neurosurgical intervention in patients with traumatic brain 
injury. In this frame, the AUC was 72.6% (31.7% -7%): CI: 
95%), which showed a good serum GFAP level accuracy in 
predicting the need for neurosurgical intervention in patients 
with traumatic brain injury. According to the results, the GFAP 
serum level of 3.9 ng / Ml with 75% sensitivity and 92% 
specificity is the optimal cut-point to predict the need for 
surgical intervention (Figure 2).

█   DISCUSSION
Serum GFAP can be used as a marker in various brain injuries, 
including neurodegenerative disorders (16), strokes (20), 
and severe TBI (1). Therefore, various studies, including the 
present study, have examined the GFAP in mild TBI. Similar 
to the present study, in several epidemiological studies, it was 
shown that the percentage of male patients diagnosed with 
TBI was higher than female patients, and an increase can 
be seen in the proportion of men in almost all age groups. 
(Except those over 75 years old who have an approximately 

Table IV: Quantitative Variables Studied in Two Groups of Patients, Based on CT SCAN Report

p
Mean ±SEM

Variables
Normal CT SCANAbnormal CT SCAN 

0.000135.04 ± 14.564.78 ± 20.3Age

0.720.84 ± 0.230.81 ± 0.25Time (hours) *

0.0192.02 ± 2.374.27 ± 6.17GFAP (ng / mL)

0.5776.14 ± 4.4477.06 ± 5.64SF-36 score
* The statistically significant level of P-value is less than 0.05.

Figure 2: Receiver operating characteristic curves for GFAP to 
Predicting the need for neurosurgical intervention.

Figure 1: Receiver operating characteristic curves for GFAP to 
distinguishing between the presence and absence of intracranial 
lesions on CT scan. AUC 42.5% (73.5% - 11/5% CI: 95%).
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Another critical point is the source of biomarker secretion. 
The blood-brain barrier and the lymphatic system are two 
pathways, in which proteins are transferred from the brain to 
the systemic circulation. An increase in biomarker number in 
the blood can be considered due to various reasons such as 
disruption of the blood-brain barrier, changes in the glymphatic 
system, the increased expression of biomarkers in the brain, 
or a combination of the above three, that are due to the very 
variable nature of TBI. Therefore, depending on the type and 
severity of TBI, different factors can affect the oscillations of 
biomarkers (8,10,19).

█   CONCLUSION
In the present study, GFAP, as a predictive factor in people with 
mild TBI diagnosis who need neurological surgery, expressed 
a favorable diagnostic effect. The difference among the results 
of different studies can be due to differences in skull pathology 
or different sampling or a combination of the two. In this 
regard, many studies have suggested further standardization 
of TBI.

Confirming the results of the present study require performing 
more detailed studies with more samples, so that more reliable 
indicators can be organized for serum biomarkers to reflect 
clinical disorders or even their prognosis.

█   ACKNOWLEDGMENTS
This study is a part of the specialty thesis of Omid Hosseini and 
financially supported by the vice-chancellor of research affairs 
of the Ahvaz Jundishapur University of Medical Sciences. The 
authors would like to thank Imam Khomeini Hospitals. Ethical 
approval was obtained from the Ethical Committee of Ahvaz 
Jundishapur University of Medical Sciences, and the ethical 
number is IR.AJUMS.REC.1397.505

█   REFERENCES
1. Agoston DV, Shutes-David A, Peskind ER: Biofluid biomarkers 

of traumatic brain injury. Brain injury 31:1195-1203, 2017
2. Babcock L, Byczkowski T, Wade SL, Ho M, Mookerjee S, 

Bazarian JJ: Predicting postconcussion syndrome after mild 
traumatic brain injury in children and adolescents who present 
to the emergency department. JAMA Pediatr 167:156-161, 
2013

3. Bean JR, Darling JL, Hoyle NR, Arigbabu SO, Thomas DG: 
Alterations in the cellular immune response of patients with 
cerebral glioma, benign intracranial tumour, and spontaneous 
subarachnoid haemorrhage measured in vitro by the leucocyte 
migration inhibition test. Neurological Research 5:61-75, 1983

4. Bogoslovsky T, Gill J, Jeromin A, Davis C, Diaz-Arrastia R: 
Fluid biomarkers of traumatic brain injury and intended 
context of use. Diagnostics 6:37, 2016

5. Cooksley R, Maguire E, Lannin NA, Unsworth CA, Farquhar 
M, Galea C, Mitra B, Schmidt J: Persistent symptoms and 
activity changes three months after mild traumatic brain injury. 
Australian Occupational Therapy Journal 65:168-175, 2018

in performing daily activities or returning to work (22). In 
the present study, 20% of the patients still had the glory of 
trauma after three months, most of which included insomnia, 
nervousness, and headaches, and in fewer cases, vertigo and 
attention deficit hyperactivity disorder were reported. Based 
on SF-36, participants’ quality of life indicates that the most 
common problems after three months of traumatic injury were 
the decreased energy and fatigue, social health, emotional role, 
and pain. Also, a similar study found that after three months of 
trauma, approximately 80% of participants had no symptoms, 
about 22% reported fatigue at work, and 17 % reported 
inability in maintaining the needed standards at work (5). An 
emotional and physical symptom self-reporting showed that, 
after mTBI, the cognitive impairment after three months was 
often associated with other mental, emotional, and physical 
criteria (24). According to some results, post-traumatic stress 
disorder, SF-36, and quality of life are related to some factors 
such as age at the time of trauma, gender, duration of trauma, 
mental and physical symptoms. Furthermore, the patient’s 
physical condition after the TBI is known as a strong predictor 
of physical and mental health (26).

As shown in the results section, the diagnostic value of the 
GFAP for intracranial lesions with CT scans based on the 
ROC diagram was unacceptable. Whereas, after examining 
the relevance between GFAP and the need for neurosurgical 
intervention, the area under the ROC chart showed the 
excellent accuracy of this biomarker. Correspondingly, in line 
with these findings, Yue et al. stated that GFAP could be used 
as a commercial biomarker for intracranial lesions observed 
on MRI, but they are not visible on CT scans (30).

In the present study, the mean level of GFAP was 2.67 ± 2.12 
ng/ml, and the maximum and minimum values were 16.4 and 
0.1 ng / ml, respectively. In this regard, different studies have 
reported different average values for GFAP. Mayer et al., in 
2013, showed a concentration of 0.07± 0.11 mg/ml for GFAP 
in healthy individuals (14), and Lei et al. in 2015 reported an 
average amount of 0.058 ng/ml for GFAP in healthy individuals 
(11). Moreover, Papa et al. reported that the mean GFAP 
concentration in all trauma patients was 0.893 ng/ml, and 
the average amount in these patients with GCS = 15 was 
3.0531 ng/ml (18). Thus, different amounts of GFAP have been 
reported in similar articles, which were not in agreement with 
the current study work.

The biomarker kinetics is essential because its expression 
can change time-dependently. Exogenous degeneration, for 
example, may begin a few minutes after mTBI; however, it 
may be continued for weeks and months (27). The secretion 
peak of biomarkers can be affected by various factors that 
are not even related to the severity of the injury. In this regard, 
some non-traumatic factors can be named as dehydration, 
blood pressure, ambient temperature, and the patient’s sleep 
status. Also, other studies noted several limitations such as 
low blood sample size and CSF, differences in severity of 
the injury, differences in patient cohort profiles, differences 
in control group profiles, and other aspects of the study, all 
of which can impair the correct understanding of biomarker 
kinetics (31). Thus, performing significant and frequent studies 
with higher accuracy are needed to understand this issue.



360 360 | Turk Neurosurg 31(3):355-360, 2021

Forouzan A. et al: Predictive and Prognostic Value of GFAP

19. Plog BA, Nedergaard M: The glymphatic system in central 
nervous system health and disease: Past, present, and future. 
Annu Rev Pathol 13:379-394, 2018

20. Ren C, Kobeissy F, Alawieh A, Li N, Li N, Zibara K, Zoltewicz S, 
Guingab-Cagmat J, Larner SF, Ding Y: Assessment of serum 
UCH-L1 and GFAP in acute stroke patients. Scientific Reports 
6:1-9, 2016

21. Seay M, Galetta S: Glial fibrillary acidic protein antibody: 
Another antibody in the multiple sclerosis diagnostic mix. 
Journal of Neuro-ophthalmology 38:281-284, 2018

22. Silverberg ND, Panenka WJ, Iverson GL: Work productivity 
loss after mild traumatic brain injury. Archives of Physical 
Medicine and Rehabilitation 99:250-256, 2018

23. Spiers MV: The head trauma amnesia cure: The making of a 
medical myth. Neurology 86:2291-2294, 2016

24. Stenberg J, Karr JE, Terry DP, Håberg AK, Vik A, Skandsen 
T, Iverson GL: Change in self-reported cognitive symptoms 
after mild traumatic brain injury is associated with changes 
in emotional and somatic symptoms and not changes in 
cognitive performance. Neuropsychology 34(5):560-568, 
2020

25. True LD: Methodological requirements for valid tissue-based 
biomarker studies that can be used in clinical practice. 
Virchows Archiv 464:257-263, 2014

26. Tsyben A, Guilfoyle M, Timofeev I, Anwar F, Allanson J, 
Outtrim J, Menon D, Hutchinson P, Helmy A: Spectrum 
of outcomes following traumatic brain injury-relationship 
between functional impairment and health-related quality of 
life. Acta Neurochirurgica 160:107-115, 2018

27. Volman V, Ng LJ: Computer modeling of mild axonal 
injury: Implications for axonal signal transmission. Neural 
Computation 25:2646-2681, 2013

28. Ware Jr JE, Sherbourne CD: The MOS 36-item short-form 
health survey (SF-36): I. Conceptual framework and item 
selection. Med Care 30(6):473-483, 1992

29. Yang Z, Wang KK: Glial fibrillary acidic protein: from 
intermediate filament assembly and gliosis to neurobiomarker. 
Trends in neurosciences 38:364-374, 2015

30. Yue JK, Yuh EL, Korley FK, Winkler EA, Sun X, Puffer RC, 
Deng H, Choy W, Chandra A, Taylor SR, Ferguson AR, Huie 
JR, Rabinowitz M, Puccio AM, Mukherjee P, Vassar MJ, Wang 
KKW, Diaz-Arrastia R, Okonkwo DO, Jain S, Manley GT: 
Association between plasma GFAP concentrations and MRI 
abnormalities in patients with CT-negative traumatic brain 
injury in the TRACK-TBI cohort: A prospective multicentre 
study. The Lancet. Neurology 18:953-961, 2019

31. Zetterberg H, Smith DH, Blennow K: Biomarkers of mild 
traumatic brain injury in cerebrospinal fluid and blood. Nature 
Reviews Neurology 9:201, 2013

6. Faul M, Wald MM, Xu L, Coronado VG: Traumatic Brain 
Injury in the United States; Emergency Department Visits, 
Hospitalizations, and Deaths, 2002-2006. Atlanta (GA): 
Centers for Disease Control and Prevention, National Center 
for Injury Prevention and Control, 2010

7. Gean AD, Fischbein NJ: Head trauma. Neuroimaging Clinics 
20:527-556, 2010

8. Hiskens MI, Schneiders AG, Angoa-Perez M, Vella RK, Fenning 
AS: Blood biomarkers for assessment of mild traumatic brain 
injury and chronic traumatic encephalopathy. Biomarkers 
25(3):213-227, 2020

9. Jagoda AS, Bazarian JJ, Bruns Jr JJ, Cantrill SV, Gean 
AD, Howard PK, Ghajar J, Riggio S, Wright DW, Wears RL: 
Clinical policy: Neuroimaging and decisionmaking in adult 
mild traumatic brain injury in the acute setting. Journal of 
Emergency Nursing 35:e5-e40, 2009

10. Jessen NA, Munk ASF, Lundgaard I, Nedergaard M: The 
glymphatic system: A beginner’s guide. Neurochemical 
Research 40:2583-2599, 2015

11. Lei J, Gao G, Feng J, Jin Y, Wang C, Mao Q, Jiang J: Glial 
fibrillary acidic protein as a biomarker in severe traumatic 
brain injury patients: A prospective cohort study. Critical Care 
19:362, 2015

12. Levin HS, Diaz-Arrastia RR: Diagnosis, prognosis, and clinical 
management of mild traumatic brain injury. The Lancet 
Neurology 14:506-517, 2015

13. Mahan MY, Thorpe M, Ahmadi A, Abdallah T, Casey H, 
Sturtevant D, Judge-Yoakam S, Hoover C, Rafter D, Miner 
J, Richardson C, Samadani U: Glial fibrillary acidic protein 
(GFAP) outperforms S100 calcium-binding protein B (S100B) 
and ubiquitin c-terminal hydrolase L1 (UCH-L1) as predictor 
for positive computed tomography of the head in trauma 
subjects. World Neurosurgery 128:e434-e444, 2019

14. Mayer CA, Brunkhorst R, Niessner M, Pfeilschifter W, 
Steinmetz H, Foerch C: Blood levels of glial fibrillary acidic 
protein (GFAP) in patients with neurological diseases. PLoS 
One 8(4):e62101, 2013

15. Mollayeva T, Mollayeva S, Colantonio A: Traumatic brain 
injury: Sex, gender and intersecting vulnerabilities. Nature 
Reviews Neurology 14:711-722, 2018

16. Mouser PE, Head E, Ha K-H, Rohn TT: Caspase-mediated 
cleavage of glial fibrillary acidic protein within degenerating 
astrocytes of the Alzheimer’s disease brain. The American 
Journal of Pathology 168:936-946, 2006

17. Nylén K, Öst M, Csajbok LZ, Nilsson I, Blennow K, Nellgård B, 
Rosengren L: Increased serum-GFAP in patients with severe 
traumatic brain injury is related to outcome. Journal of the 
Neurological Sciences 240:85-91, 2006

18. Papa L, Lewis LM, Falk JL, Zhang Z, Silvestri S, Giordano P, 
Brophy GM, Demery JA, Dixit NK, Ferguson I, Liu MC, Mo J, 
Akinyi L, Schmid K, Mondello S, Robertson CS, Tortella FC, 
Hayes RL, Wang KK: 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. Annals of Emergency Medicine 
59:471-483, 2012


