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Abstract 
 
The purpose of this study was to compare the levels of Glial Fibrillary Acidic Protein (GFAP), 
Neurofilament Light Protein (NFL), Tau Protein, and Ubiquitin Carboxyl-Terminal Hydrolase 
Isozyme L1 (UCH-L1) in patients with varying TBI severities as determined by Glasgow Coma 
Scale Scores and CT imaging. Due to the complexity and intricate nature of each TBI case, we 
cannot depend solely on a single biomarker to interpret the entire body’s pathophysiological state 
post-injury. While these proteins have been studied and researched individually in the past, using 
multiple biomarkers to assess a TBI event could create a much more precise understanding of the 
injury (9-10). Given this information, there is a need to understand the singular nature and 
behaviors of all potential biomarkers during the varying stages and severities of TBI before their 
use can be appropriately and effectively implemented within the field of medicine. As such, by 
analyzing the presence four different biomarkers within blood serum, this study tests each 
biomarkers’ ability to classify TBI severity while providing further insight into how these 
biomarkers behave during the acute stages of TBI so that approximate cutoff values for the 
different severities of TBI could be created. 
 
This study included a total of 240 patients with varying levels of TBI that were categorized using 
“Glasgow Coma Scale Scores”. Patients enrolled in the study came from three different locations: 
Hospital Admissions, Emergency Department, and the Intensive Care Unit. The biomarker levels 
of these patients were compared to 30 commercially available control blood samples from 
patients without any incidence of TBI. Serum protein levels were measured using magnetic bead 
technology from the “Simoa Neuro-4-Plex A Advantage Kit.” Within this study, results indicated 
that NFL was the single most useful biomarker in terms of its ability to distinguish between all 
severity categories of TBI; NFL was the only biomarker that received statistically significant 
results for all severity comparisons in the Kruskal-Wallis test. However, looking at each test 
individually, there were many instances where other biomarkers were better indicators in certain 
severity classes. For example, based on AUC values, GFAP, Tau, and UCH-L1 outperform Tau 
when differentiating between mild and moderate TBI. Thus, even though NFL may seem to be the 
single most useful biomarker in terms of its general application, the results of this study strongly 
suggest that even for severity classification, multiple biomarkers should be analyzed for accuracy 
purposes.  
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Introduction 
 

According to the Centers for Disease Control 
and Prevention, an estimated 2.8 million 
Americans sustain some sort of Traumatic 
Brain Injury each year (1). However, despite 
our advancements in imaging technology, 
surgical expertise, and injury management 
methods in assessing and treating patients 
with TBI, we cannot ignore the lack of 
precise and efficient evidence-based 
diagnostic methods when dealing with TBI. 
Thus far, physicians have relied heavily on 
the use of Computed Tomography (CT) 
imaging and Glasgow Coma Scale (GCS) 
scores to assess the severity of brain injury. A 
derivative of the X-ray, a CT scan produces a 
360-degree high definition image of the brain 
by utilizing computer software to stitch 
together 2.5 mm axial image slices (2). The 
GCS is a scale developed in 1974 that sums 
up the evaluation of eye-opening, verbal, and 
motor responses within TBI patients to gauge 
the severity of the injury (3). GCS scores 
range from 3 to 15, with 3 being the most 
severe and 15 being the least (3).  
 
Both of these methods and their 
implementation in clinical practice has 
evolved over the course of many years, but 
there are still inherent flaws regarding the 
implementation of these modalities as 
diagnostic/prognostic tools. For example, 
even though CT imaging provides 
high-quality images of the brain’s gross 
anatomy, it is still very difficult to 
differentiate mild TBI. A large part of this 
issue stems from the absence of a general 
consensus on what actually constitutes mTBI 

(4a-4c). Furthermore, while GCS provides a 
very useful classification tool for making 
quick clinical decisions, there are many 
factors that can prevent experts from 
obtaining an accurate score. Such factors 
include language/speech barriers, mental 
disabilities, and paralysis among others (3). In 
a Center-TBI study done on the variability of 
management policies for TBI patients, they 
found that 59% of the centers defined mTBI 
with GCS between 13 and 15 while 38% 
defined mTBI with a GCS of 14-15 (6). 
Without the use of a more concise indicator of 
TBI severity, it’s very difficult for guidelines 
to be created and followed, especially during 
moments of emergency.  

 
Combined with the lack of definitive 
indicators for mTBI, the complex nature of 
the mechanisms that occur during TBI has 
made it extremely difficult for physicians to 
agree on management/treatment methods (5). 
TBI changes the pathology and functioning of 
the brain; if these changes within the brain are 
not recognized and treated in a timely 
manner, acute TBI could subsequently induce 
a cascade of debilitating permanent 
vulnerabilities and disabilities within patients 
(7). Alterations in brain function include 
changes to the blood-brain barrier (BBB), 
cerebral blood flow (CBF), axonal/neuronal 
cell body damage, excitotoxicity, and 
inflammation amongst others (7-8). Since 
neurons/axons are easily susceptible to 
mechanical injury in the aftermath of any 
physical impact to the head (7, 9), this study 
includes biomarkers with the potential ability 
to assess neuronal/axonal injury. By 
comparing the relative levels of GFAP, NFL, 
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Tau, and UCH-L1 within the blood serum of 
patients of differing severity TBI levels 
determined using the GCS and CT 
abnormalities, a relationship between the 
level of protein present in the blood and the 
stage of TBI can be drawn. 

 
Ultimately, the study’s goal was to assess the 
value of a panel of biomarkers as a diagnostic 
tool for patients with TBI. Biomarkers will be 
assessed mainly on its ability to distinguish 
the severity based on the GCS. The 
biomarkers’ ability to distinguish between CT 
abnormalities will also be tested for additional 
verification.  
 
Methods 
 
Study population 
 
A sample of 240 patients was recruited at 
multiple European trauma centers to be 
included in this study for analysis. Patients 
were enrolled between September 2018 and 
January 2019. Inclusion criteria for 
enrollment in this study included patients who 
were admitted to the trauma center within 24 
hours of the initial injury. Patients were 
excluded if they were unable to provide 
consent at the time they were presented 
within the hospital. After the initial triage 
from admissions, certain patients were moved 
to the Intensive Care Unit based on the initial 
analysis of their injury. Blood samples were 
collected from three different departments 
within the center: Admissions, Emergency 
Department, and Intensive Care Unit.  
 
 

Sample Collection 
 
CT Scans and blood samples were collected 
within 24 hours of the initial injury. Blood 
samples were left in a room temperature 
environment for at least 30 minutes to allow 
the blood to clot properly. On average, after 
44 minutes had passed, samples were brought 
to be processed by means of centrifugation. 
After 15 minutes of centrifugation at 2500 
RPM, blood serum was aliquoted into plastic 
collection tubes. Collection tubes were 
immediately frozen in -80 ℃ temperatures to 
prevent degradation of proteins within the 
serum. The samples were shipped inside 
styrofoam containers with adequate amounts 
of dry ice to prevent complete thawing of the 
samples. Samples were sent to the Wang Lab 
at the McKnight Brain Institute. Upon arrival, 
the samples were stored in -80 ℃ temperature 
until needed for testing.  
 
Control Samples 
 
Control samples were commercially available 
blood serum samples (Bioreclamation) from 
healthy humans without TBI.  
 
Analysis of GFAP, NFL, Tau, and UCH-L1 
 
Serum GFAP, NFL, Tau, and UCH-L1 were 
measured using the Human Neurology 4-Plex 
A Advantage Kit (N4PA). This kit is used in 
conjunction with the provided SR-X machine, 
Microplate Washer, and Microplate Shaker 
(Simoa) according to the instructions from the 
manufacturer (Quanterix, Lexington, MA). 
The magnetic bead technology utilized in the 
N4PA not only allows multiple biomarkers to 
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be analyzed simultaneously but also increases 
the sensitivity to each biomarker. For blood 
serum/plasma, only 38µL of the sample is 
required for analysis. The SR-X machine 
analyzes the sample to provide an Average 
Enzyme per Bead (AEB) value which can 
then be converted to a concentration value 
(pg/mL) based on the dilution factor used.  
 
Samples were frozen in -80℃ and only 
thawed when necessary to preserve the 
integrity of the proteins within the serum.  
 
Occasionally, the machine would produce 
errors dealing with the limits of quantification 
of the sample. Upon receiving these errors, 
the sample label and specific error was noted 
and then retested in later runs with a higher 
dilution factor until the sample was 
quantifiable. 
 
 
 

 

 

 

 
 
*Graphs adopted from N4PA SR-X Data 
Sheet.  

4 

https://www.quanterix.com/products-technology/assays/neurology-4-plex-nf-lightr-tau-gfap-uchl-1
https://www.quanterix.com/products-technology/assays/neurology-4-plex-nf-lightr-tau-gfap-uchl-1


 

Statistical analysis 
 
Using Kolmogorov-Smirnov tests and visual 
analysis of the data histograms/residual plots 
to assess normality, I found that the levels of 
GFAP, NFL, Tau, and UCH-L1 were not 
normally distributed. However, with a sample 
size of 240 individuals, according to the 
Central Limit Theorem, the violation of the 
normality assumption should not cause major 
issues when using parametric tests (11-12). 
Furthermore, using the ROUT method (Q = 
1%), several outliers were excluded for 
accuracy. However, as a safety measure, I 
analyzed the data using nonparametric tests to 
maintain statistical integrity.  
 
Spearman rank correlation coefficient was 
used to compare the relative levels of 
biomarkers to the severity of the injury as 
determined by GCS. Mann-Whitney U test 
was used to compare the differing levels of 
biomarkers between the varying severity 
groups for individual groups of severity 
classification. The Kruskal-Wallis test was 
also executed to corroborate these findings. 
Furthermore, the area under (AUC) the 
receiver operating characteristic (ROC) curve 
was used to assess the diagnostic ability of 
biomarkers in predicting injury severity. For 
all significance tests, p-values < 0.05 were 
considered statistically significant. For data 
analyses, GraphPad PRISM Version 8.0 
(GraphPad Inc., San Diego, CA) Software 
was utilized to obtain results.  
 
 
  
 

Results 
 
Patient demographics, injury severity/GCS, 
and CT Scans 
 
Protein analysis was executed on a total of 
240 patients within this study. (Table 1) 
Neither gender nor age played a part in the 
inclusion criteria. As long as TBI patients 
were brought into the trauma center within 24 
hours of their injury and gave consent to have 
their blood samples taken, they were included 
in this pilot study. Of the patients admitted to 
the participating trauma centers, 36 patients 
(15%) were classified with severe TBI (GCS 
3-8), 24 patients (10%) with moderate TBI 
(GCS 9-12), and 175 (72.9%) with mild TBI 
(GCS 13-15). GCS scores were unavailable 
for 5 patients; these patients’ biomarker levels 
were excluded from statistical analysis. 
Additionally, intracranial CT findings were 
described with an array of possible 
abnormalities: midline shifting, acute 
subdural hematoma, subarachnoid 
hemorrhage, and contusions. 
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GFAP & results 
 
The levels of GFAP of patients (median, 1609 
pg/mL; IQR, 4184.9 pg/mL) of all GCS 
scores/TBI severities was significantly 
different (p-value < 0.0001) from control 
subjects (median, 3.316 pg/mL; IQR, 5.19 
pg/mL) without any incidence of TBI. For all 
the intracranial abnormalities that were 
observed using CT imaging, GFAP levels 
significantly differed (p-value < 0.0001) 
between patients who did and didn’t show 
abnormalities. 
 
The levels of GFAP were also compared 
between patients of varying GCS Scores 
using various significance tests. From the 
Mann-Whitney U tests, the difference of 
GFAP levels was statistically significant 
(p-value < 0.0001) when comparing each 
severity group separately. However, when 
comparing the means between the severity 
classes using Kruskal-Wallis, the results 
showed that the GFAP levels were 
significantly different when comparing 
mild-severe and mild-moderate but not for 
moderate-severe (p-value = 0.6138). AUC 
scores obtained from the ROC Curve further 
confirmed the findings of the significance 
tests but also gave insight into approximate 
cut-off values between each severity class.  
 
Although the relationship between the levels 
of GFAP and GCS score wasn’t exactly linear 
due to the varying spectrum of TBI, they were 
found to be significantly negatively correlated 
(p-value < 0.0001) with a Spearman 
correlation coefficient of -0.8418.  
 

Figure 1*  

 
  
*Refer to Table 2B for further information 
+ Symbol refers to the mean 
 
Figure 2  
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   *Cutoff values determined with a minimum of 90% Sensitivity.  

                 
Cutoff values for GFAP  
 
The cutoff value between severe and moderate TBI is 58729 pg/mL (90% Sensitivity, 25% 
Specificity). Levels greater than this value should be classified as severe TBI while anything 
lower should be moderate TBI. The AUC value shows that on average, a severe TBI patient (GCS 
3-8) will show higher levels of GFAP than 67.05% of moderate TBI patients (GCS 9-12). For 
consistency, the cutoff values between severe and mild TBI were also included. 
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NFL and results 
 
The levels of NFL in patients (median, 13.95 
pg/mL; IQR, 15.96 pg/mL) of all TBI 
severities/GCS was significantly different 
(p-value < 0.0001) from control subjects 
(median, 0.354 pg/mL; IQR, 0.328 pg/mL) 
without any incidence of TBI. For all the 
intracranial abnormalities that were observed 
using CT imaging, NFL levels significantly 
differed (p-value < 0.0004) between patients 
who did and didn’t show abnormalities. 
 
The levels of NFL were also compared 
between patients of varying GCS Scores 
using various significance tests. From the 
Mann-Whitney U tests, the difference of 
NFL levels was statistically significant 
(p-value ≤ 0.0009) when comparing each 
severity group separately. Comparing the 
means between the severity classes using 
Kruskal-Wallis also showed that the NFL 
levels were significantly different between 
varying TBI severities as well. AUC scores 
obtained from the ROC Curve further 
confirmed the findings of the previous 
significance tests but also gave insight into 
approximate cut-off values for each severity 
class.  
 
Although the relationship between the levels 
of NFL and GCS score could not be 
analyzed with regression analysis, they were 
found to be significantly negatively 
correlated (p-value < 0.0001) with a 
Spearman correlation coefficient of -0.2974. 
 
 

Figure 3* 

 
*Refer to Table 4B for further information 
+ symbol refers to the mean 
 
Figure 4 
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  *Cutoff values determined with a minimum of 90% Sensitivity. 
 

           
 
Cutoff values for NFL 
 
Please refer to “Cutoff levels for GFAP” for detailed interpretation of cutoff values. 
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Tau and results 
 
The levels of Tau in patients (median, 2.25 
pg/mL; IQR, 2.675 pg/mL) of all TBI 
severities/GCS were significantly different 
(p-value < 0.0001) from control subjects 
(median, 0.0129 pg/mL; IQR, 0.082 pg/mL) 
without any incidence of TBI. For all the 
intracranial abnormalities that were observed 
using CT imaging, Tau levels significantly 
differed (p-value < 0.0001) between patients 
who did and didn’t show abnormalities. 
 
The levels of Tau were also compared 
between patients of varying GCS Scores 
using various significance tests. From the 
Mann-Whitney U tests, the difference in Tau 
levels were all statistically significant 
(p-value ≤ 0.0011) when comparing each 
severity group separately. However, when 
comparing the means between the severity 
classes using Kruskal-Wallis, the results 
showed that the Tau levels were significantly 
different when comparing mild-severe and 
mild-moderate but not for moderate-severe 
(p-value = 0.1760). AUC scores obtained 
from the ROC Curve further confirmed the 
findings of the previous significance tests but 
also gave insight into approximate cut-off 
values for each severity class.  
 
Although the relationship between the levels 
of Tau and GCS could not be analyzed using 
regression analysis, they were found to be 
significantly negatively correlated (p-value < 
0.0001) with a Spearman correlation 
coefficient of -0.6151. 
 
 

Figure 5* 

 
*Refer to Table 6B for further information 
+ symbol refers to the mean 
 
Figure 6 
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  *Cutoff values determined with a minimum 90% Sensitivity.  
 

         
 
Cutoff values for Tau 
 
Please refer to “Cutoff values for GFAP” for detailed interpretation of cutoff values.  
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UCH-L1 and results 
 
The levels of UCH-L1 in patients (median, 
66.0 pg/mL; IQR, 97.64 pg/mL) of all TBI 
severities/GCS were significantly different 
(p-value < 0.0001) from control subjects 
(median, 0.909 pg/mL; IQR, 2.352 pg/mL) 
without any incidence of TBI. For all the 
intracranial abnormalities that were observed 
using CT imaging, UCH-L1 levels 
significantly differed (p-value < 0.0001) 
between patients who did and didn’t show 
abnormalities. 
 
The levels of UCH-L1 were also compared 
between patients of varying GCS Scores 
using multiple significance tests. From the 
Mann-Whitney U tests, the difference in 
UCH-L1 levels were all statistically 
significant (p-value ≤ 0.0003) when 
comparing each severity group separately. 
However, when comparing the means 
between the severity classes using 
Kruskal-Wallis, the results showed that the 
UCH-L1 levels were significantly different 
when comparing mild-severe and 
mild-moderate but not for moderate-severe 
(p-value = 0.1283). AUC scores obtained 
from the ROC Curve further confirmed the 
findings of the previous significance tests but 
also gave insight into approximate cut-off 
values for each severity class.  
 
Although the relationship between the levels 
of UCH-L1 and GCS could not be analyzed 
using regression analysis, they were found to 
be significantly negatively correlated 
(p-value < 0.0001) with a Spearman 
correlation coefficient of -0.4503. 

Figure 7* 

 
*Refer to Table 8B for further information 
+ symbol refers to the mean 
 
Figure 8 
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   *Cutoff values determined with a minimum of 90% Sensitivity. 
 

          
  
Cutoff values for UCH-L1 
 
Please refer to “Cutoff values for GFAP” for detailed interpretation of cutoff values.  
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CT Abnormalities results 
 

 

 
* MS: Midline Shift; ASH: Acute Subdural Hematoma; SAH: Subarachnoid Hemorrhage;  
   C: Contusion  

 
** Please note that AUC values are in the order as presented on the graphs: MS; ASH; SAH; C 
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Discussion 
 
Traumatic brain injury plays a major role in 
death and disability following most physical 
traumas. According to Johns Hopkins 
University, TBI is also the leading cause of 
death from a sports-related injury (13). Even 
though current imaging methods and 
neurological examinations used to quickly 
assess injury severity have improved over 
time, there is still a lack of a general 
definitive understanding of what truly defines 
the severity of TBI, an important distinction 
to make to produce efficacious treatment 
plans. Furthermore, CT Scanning/MRI and 
GCS scores are only useful to a certain extent. 
CT scanning has low sensitivity to diffuse 
brain damage and the use of MRI is costly 
and inefficient for unstable patients (14). The 
Glasgow Coma Scale Scores, while 
representing a wide spectrum of TBI, can 
misrepresent many patients.  
 
In contrast, the use of diagnostic biomarkers 
provides many advantages that are not present 
within other modalities. The mere fact that the 
concentration of biomarkers can be quantified 
within serum, plasma, or even CSF provides 
much less room for subjective questioning of 
what constitutes the varying severity of TBI. 
This provides a more objective way to define 
TBI while complementing the information 
gathered from other diagnostic methods. 
However, in order to implement theranostic 
biomarkers within a clinical setting, we must 
understand the overall mechanism, behavior, 
function, and lifespan of the biomarkers under 
different circumstances.  
 

Biomarker presence within blood 
 
Upon sustaining a traumatic brain injury, 
physiological changes occur within the CNS 
that can disrupt the normal functioning of 
certain parts of the CNS. One of these issues 
is the disruption of the blood-brain barrier 
(BBB). During the primary injury event, the 
BBB is susceptible to mechanical 
deformations that lead to tight junction 
instability, resulting in axonal strain (15-17). 
Along with BBB disruption, this axonal strain 
induces production and release of stress 
factors/proteins that are able to enter the 
peripheral bloodstream through the 
compromised sections of the BBB (15-17). 
This explains the presence and detectability of 
biomarkers in the bloodstream.  
 
Cutoff Values/ROC Curve 
 
Within this study, I used Area under the ROC 
Curve to approximate cutoff values for mild, 
moderate, and severe TBI as determined by 
GCS Scores. ROC Curves are normally used 
to determine the diagnostic ability to 
distinguish between a control with no 
symptoms and a patient that is showing 
symptoms. However, I believe that its use can 
be extrapolated to different situations if the 
perspective of what constitutes the control 
and patient group is changed. For example, 
when setting the control group as GCS 3-8 
(severe TBI) and the patient group as GCS 
9-12 (moderate TBI), since all of the 
biomarker levels were negatively correlated 
with (p-value < 0.0001) to the severity level, 
it is safe to assume that patients with 
moderate TBI should have lower levels of 
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biomarkers present in their blood. Therefore, 
by setting the patients with expectedly lower 
levels of biomarker as the control, I used the 
ROC curve to construct a rough outline of 
mild, moderate, and severe TBI for each 
biomarker based on the severity 
classifications from GCS scores provided.  
 
Control values & CT Abnormalities 
 
This study provides further evidence that all 
four of the tested biomarkers tested were able 
to correctly distinguish the incidence of TBI 
with (p-value < 0.0001, AUC > 0.967) when 
compared to a control subject. While many 
studies have already proved their ability to 
determine the occurrence of TBI (6, 14) it is 
important to prove this point in all studies as a 
minimum requirement prior to moving 
forward with any type of biochemical 
analysis.  
 
Regarding CT Abnormalities, it’s clear that 
biomarker levels are markedly higher in 
patients that are found to have some sort of 
intracranial abnormality (p-value < 0.0001, 
AUC > 0.798). This further proves that the 
difference in serum biomarker levels is large 
enough to portray the presence of any TBI, 
especially when detected by CT Imaging. 
However, while the levels of all biomarkers 
are significantly different when comparing 
between the absence and presence of CT 
abnormalities, the primary focus of this study 
is to find a diagnostic tool to detect, classify, 
and assess TBI when no abnormalities are 
observed using the classical CT imaging 
techniques (mild TBI).  
 

Neuro  4- Plex A Advantage Kit 
 
The protein assay (N4PA) that was executed 
as the main data collector for this study 
provides a solution to some of the challenges 
attributed with creating blood-based tests for 
detection of biomarkers within the peripheral 
blood circulation (18). Serum levels of 
biomarkers allow for detection/quantification 
at subfemtomolar concentrations. The 
magnetic bead-based technology that is 
utilized within the Simoa platform 
(Quanterix, Lexington, MA) effectively 
increases the sensitivity of these magnetic 
beads for the specific biomarkers in blood, 
thereby lowering the limit required for 
detection and quantification.  
 
Significance Tests 
 
In this study, I decided to use nonparametric 
tests for all of the significance tests that were 
conducted. While I still had well over 30 
individuals after removing outliers and could 
technically assume normality for the entire 
sample through the Central Limit Theorem, it 
was best to practice caution given the 
circumstances. Upon splitting up the patients 
into mild, moderate, and severe (GCS) there 
seemed to be a lack of moderate TBI patients 
(24 members). Furthermore, since the mean 
was always much greater than the median 
(indicated on boxplots), it proved that the 
samples still did not follow a normal 
sampling distribution. Therefore, in order to 
preserve the statistical integrity of this study, I 
opted to use nonparametric significance tests 
that aren’t as influenced by outliers and 
skewed distributions.  
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GFAP 
 
Glial Fibrillary Acidic Protein (GFAP) is an 
intermediate filament found mainly in 
astrocytes located in the central nervous 
system (19). Upon brain trauma, GFAP is 
strongly upregulated (14) and released from 
injured cells into the surrounding 
environment. Due to the compromise of the 
blood-brain barrier, GFAP then flows into the 
peripheral blood circulation (20, 21). With the 
N4PA, the lower limit of quantification is 
0.933 pg/mL and had no issues with 
detection. 
 
Within this study, the results indicate that 
serum GFAP levels were the most extreme in 
the acute stages (< 24h) of TBI in comparison 
to the others. Even after accounting for 
outliers, GFAP levels seem to be the most 
reactive towards the injury. The 
Mann-Whitney significance tests seem to 
show that GFAP serum levels are different 
enough to distinguish between all three levels 
of TBI severity. Surprisingly, the 
Kruskal-Wallis test seems to contradict the 
findings of the Mann-Whitney test in relation 
to severe and moderate TBI. However, with 
the ANOVA significance test, I received a 
significant difference (p-value < 0.0001) in 
GFAP levels between all the severity groups. 
Nonparametric tests tend to have less power 
(ability to detect true differences) compared 
to parametric tests. Even with the removal of 
outliers and the large sample size, it is 
obvious that the sampling distribution is 
skewed because the mean is greater than the 
median by a large amount. Furthermore, the 
moderate TBI group did not meet the CLT 

(24 patients). As such, any cutoff-value that is 
determined must be interpreted with caution 
and not be used as a strict guideline.  
 
The AUC for the ROC curve confirmed my 
suspicions when I saw that the AUC for 
distinguishing moderate and severe TBI were 
significantly lower (AUC = 0.6705) than the 
other two. There seems to be more overlap 
between the moderate and severe TBI groups 
than any others. Even though this value 
indicates that the difference between the 
severity groups may not be fully attributed to 
chance, the cut-off value that was interpreted 
from this test should definitely be utilized as a 
complement to other current methods or in 
conjunction with other biomarkers.  
 
Serum GFAP’s extreme upregulation during 
brain injury makes it easy to determine the 
presence of TBI. While GFAP is not the best 
biomarker to distinguish severe TBI, GFAP is 
able to distinguish between mild and 
moderate TBI which is more important within 
the clinical setting. As stated in many studies 
(4), mTBI is hardest to define because the 
mechanism of injury is not understood and 
patients may not be exhibiting major 
symptoms. Severe TBI should be fairly 
obvious within the clinical setting because the 
patient will likely show more major physical 
symptoms that require immediate medical 
attention. As such, though GFAP may not be 
the best for differentiating between moderate 
and severe TBI, GFAP definitely seems like a 
viable option for diagnosing acute mild TBI, 
which is the most important.  
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NFL 
 
Neurofilaments are intermediate filament 
heteropolymers that consist of light, medium, 
and heavy chains. NFL is a protein populated 
within the CNS, more specifically the 
myelinated subcortical white matter axons; it 
functions as part of a scaffolding protein in 
the neurocytoskeleton and is important for 
growth and management of the axons (22-23). 
Even though the heavy chain has shown some 
promising results as a biomarker within CSF 
(24), this study focuses on serum levels of 
NFL (light chain) instead. Upon any type of 
brain injury, there are often neuronal/axonal 
mechanical injuries (DAI) that follow due to 
the axon’s viscoelastic properties. 
Additionally, calcium entry into damaged 
axons is hypothesized to extenuate the 
mechanical injury through protease activation 
(25).  
 
While studies have shown the dramatic 
increase in NFL within CSF post-injury 
(26,27), we are in need of a diagnostic tool 
that is efficient at diagnosing mTBI; since 
blood is more accessible than CSF, not only is 
it inherently more efficient but also less 
invasive for the patient as well. However, 
creating an assay to quantify NFL posed an 
obstacle for many because NFL is only 
present at very low concentrations in 
peripheral blood. Fortunately, with the 
development of the N4PA, the LLOQ was 
lowered to 0.317 pg/mL which is much more 
sensitive than the standard ELISA (28); even 
with the fourfold dilution factor, the SR-X 
machine had no issues detecting serum NFL 
levels. 

Serum NFL was the only biomarker to 
receive statistically significant results on all  
of the tests without contradiction. However, 
while the AUC value for NFL was higher 
when comparing between severe and 
moderate TBI (AUC = 0.7759), GFAP levels 
had a higher AUC value for mild and 
moderate (AUC = 0.8829). The results 
support a study done on NF-L by Shahim, 
stating that NFL is a highly sensitive 
biomarker for diagnosing and assessing 
severe TBI (18). However, in this study, the 
results show that GFAP, Tau, and UCH-L1 
may be better than Tau at distinguishing 
between mild and moderate TBI.  
 
Overall, NFL proves to be a potentially useful 
biomarker within the clinical setting as it can 
be applied in a variety of ways. In this study, I 
only discussed the ability of NFL to 
distinguish the severity of TBI. However, 
NFL has shown to be a strong potential 
candidate as an indicator of DAI (18). 
Currently, with our lack of technology and 
knowledge on DAI, it is extremely difficult to 
detect DAI noninvasively (25). The presence 
of DAI already presents an unfavorable 
prognosis for the patient, but if proper 
supportive care and prevention of secondary 
injuries are not pursued, the patient will likely 
face many challenges in the near future (29). 
Currently, MRI technology is the best way to 
detect DAI and even though there are many 
differential diagnoses that share similar 
symptoms of DAI (29), we should work 
towards understanding the relationship 
between serum NFL levels and DAI presence 
and severity for increased efficiency and 
efficacy. 
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Tau 
 
Tau is an intracellular, microtubule-associated 
protein that is found in high concentrations 
within axons. It functions as part of an 
assembly unit for axonal microtubule bundles 
and also participates in anterograde 
axoplasmic transport (14). Since Tau protein 
is highly expressed in nonmyelinated axons of 
cortical interneurons, it’s presence within 
CSF or blood is thought to be an indicator for 
axonal damage in gray matter neurons (30). 
Upon injury, tau is proteolytically cleaved 
before moving into CSF and serum (14).  
 
Looking at the significance tests, Tau faces 
the same contradiction that GFAP did, but to 
a lesser extent. The Mann-Whitney tests 
suggest that Tau levels are significantly 
different in all three severity groups. 
However, with a p-value of 0.1760, the levels 
of Tau were not different enough in patients 
with severe/moderate TBI for the 
Kruskal-Wallis test to deem it significant. 
However, upon using the ANOVA test 
instead, I received significant results. While I 
discussed the discrepancy in the GFAP 
discussion section, it is still unclear as to why 
these results contradict each other. As such, I 
believe that the results of the Mann-Whitney 
test and ROC curve should be interpreted 
with caution. Interestingly, the AUC value for 
the ROC curve of severe and moderate TBI 
was 0.7760. Compared to the 0.7759 for NFL, 
the similarity in the results leads me to 
believe that there should be additional 
research done on the correlation of serum Tau 
and NFL. Since they are both indicators for 
axonal injury, there may be some significance 

in the similarity of these values that warrant 
further research. Additionally, the AUC value 
for Tau was higher than NFL when 
comparing between mild and moderate TBI. 
This suggests that Tau might be a better 
classification tool when distinguishing mild 
from moderate TBI. As mentioned in 
previous sections, this provides more practical 
advantage within the clinical setting because 
severe TBI is usually identifiable due to 
physical symptoms. 
 
Compared to the other biomarkers tested in 
this study, Tau seems to be stronger than 
GFAP but weaker than UCH-L1 at 
distinguishing severe from moderate TBI 
based on the AUC values. Many studies also 
suggest that serum Tau could also potentially 
predict outcome in TBI patients (31-32). 
 
Overall, Tau seems to hold a lot of potential 
as a diagnostic biomarker. Given the results, 
Tau seems to be an important biomarker that 
can work with NFL to better assess DAI. It’s 
increased ability to distinguish mild versus 
moderate TBI also makes it an attractive 
biomarker within the clinical setting. The 
Simoa platform and its increased sensitivity to 
biomarkers (Tau LLOQ = 0.114 pg/mL) 
provide a great advantage for detecting Tau 
levels within the blood. Comparing the cutoff 
values, it is clear that Tau is present in the 
blood at the lowest concentrations, proving 
difficult to detect and quantify in other studies 
(32). While further research must still be 
conducted to understand the detailed 
relationship of Tau within the lifespan of TBI, 
this study proves that Simoa could be a very 
valuable platform in the clinical setting. 
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UCH-L1 
 
This protein is essential for maintaining 
axonal integrity by adding and removing 
ubiquitin from other proteins (14). The 
ubiquitin system functions to regulate cellular 
processes including protein degradation, 
protein-membrane trafficking, endocytosis, 
and even DNA repair (34). UCH-L1 is 
abundantly expressed in neurons and so its 
presence within blood serum is indicative of 
neuronal injury (14). UCH-L1 is a very 
abundant protein within neurons, representing 
around 1-5% of all soluble proteins in the 
brain (35-37). It is believed that UCH-L1 
reaches peripheral blood due to a 
compromised BBB, an may have some utility 
in monitoring this disruption following TBI 
(38).  
 
Looking at the significance tests, it appears 
that UCH-L1 also faces the same 
contradiction as Tau and GFAP whereby the 
Kruskal-Wallis test between severe and 
moderate TBI received insignificant results 
(p-value = 0.1283) while the Mann-Whitney 
test showed that the levels were significantly 
different (p-value = 0.0003). While a definite 
explanation as to why this occurred is 
unavailable, I suspected that it was due to the 
skewed distribution. Especially since the 
moderate TBI group only had 24 patients, I 
could not safely assume normality for this 
specific distribution. However, looking at the 
AUC scores, UCH-L1 is the strongest 
candidate for detecting severe/moderate TBI 
and second strongest for moderate/mild TBI 
as indicated by AUC scores 0.7957 and 
0.8572 respectively. With an LLOQ of 9.6 

pg/mL, the Simoa SR-X machine had no 
issues quantifying this protein in blood serum.  
 
Overall, UCH-L1 shows a lot of potential as a 
biomarker. The difference in UCH-L1 is able 
to detect controls from TBI patients (GCS 
3-15) with p-value < 0.0001 and AUC = 
0.9876. While our patient inclusion factors 
only required patients to be admitted within 
24 hours of their injury, many studies have 
shown that UCH-L1 is detectable within 
blood within an hour after TBI (39-40). The 
fact that UCH-L1 is present in peripheral 
blood at such acute stages of TBI provides 
many practical advantages within the clinical 
setting. In this study, I chose to use the N4PA 
kit because of the magnetic bead technology 
and its ability to detect and quantify lower 
amounts of protein within the blood. 
However, looking at the cutoff values 
provided in this study, it’s clear that the 
UCH-L1 levels required to make a 
classification were well above the LLOQ. As 
such, an assay with lower sensitivity (ELISA) 
could probably be used in the clinical setting 
for quicker results. During drastic situations, 
emergency responders could prepare blood 
serum samples for testing en route the 
hospital so that proper and accurate treatment 
methods could be devised as soon as blood is 
tested. If GCS scores are unavailable to the 
physician or medical staff for any number of 
complications, the quantification of UCH-L1 
could help set-up preliminary injury 
management methods in a short period of 
time. However, quantification of UCH-L1 
within an hour of TBI needs to be thoroughly 
tested in future studies to understand and 
create baseline levels in patients.  
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Limitations/Future Research 
 
The greatest limitation of this study was that 
the sample size for moderate TBI patients was 
too small for the Central Limit Theorem to be 
used. While it is clear that the sampling 
distributions are not normal if there are at 
least 30 members we can safely assume that 
the sampling distributions are approximately 
normal and would not cause any major issues 
upon the use of parametric tests. Parametric 
tests tend to have higher power and will 
produce more accurate results. 
 
Even though the data shows promising 
results, the results should be interpreted with 
caution and future research needs to be done 
to corroborate the findings. In this study, 
there were 36 patients with severe TBI, 24 
with moderate TBI, and 175 patients with 
mild TBI. This vast difference in sample size 
may have possibly affected the results. In 
future studies, while samples should be 
collected at random, there should be an effort 
to create similar sample sizes for the differing 
severities.  
 
This study also included a limited number of 
trauma control patients; the control serum 
samples came from commercially available 
patients that do not have TBI. Even though 
the study proves that the biomarker levels are 
significantly different than controls for all 
severities, future studies should include real 
patients collected within the same time frame 
as other samples to lessen any confounding 
variables present.  
 

The study is also limited in its scope. Since 
the inclusion criteria for enrollment was very 
lenient, the results are general and cannot be 
applied in specific instances. Future studies 
need to have more specific boundaries set so 
that the parameters set could control for any 
confounding variables. Variables like age, 
gender, previous TBI history, drugs, alcohol 
and etc. need to be accounted for to establish 
more precise baseline levels in different 
situations.  
 
Although these biomarkers have been 
suggested to have predictive qualities for the 
outcome, this study only assessed patients 
within the acute stages of TBI. Future studies 
should include sample collection at multiple 
time points to better understand the 
relationship between biomarker level and 
relative stage of injury and recovery.  
 
Lastly, while many of these proteins are 
abundantly expressed within the brain. It is 
important that the proteins that are quantified 
within the blood only came from the brain 
and not other cells within the body. The best 
way to control for this is to increase the 
sample size to limit the variability within 
data.  
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Conclusion 
 
In this study, I assessed serum GFAP, NFL, 
Tau, and UCH-L1’s ability to distinguish 
between control groups/TBI patients, varying 
TBI severity groups as determined by GCS, 
and presence/absence of CT abnormalities. 
Furthermore, using ROC analysis, general 
cutoff values were created for each biomarker 
to provide a numerical description for mild, 
moderate, and severe TBI.  
 
With the use of the Simoa SR-X machine and 
the commercially available N4PA kit, the 
results indicated that serum levels of 
biomarkers were significantly higher in TBI 
patients and CT positive vs. controls and CT 
negative patients respectively. The AUC 
values also suggest that multiple biomarkers 
should be used in determining the severity of 
the injury. While the correlation factors are 
low, serum biomarker levels are significantly 
negatively correlated with GCS scores. Based 
on the negative correlation of biomarkers with 
GCS scores, cutoff values were created with a 
minimum of 90%. These cutoff values could 
further help physicians determine the severity 
of TBI, especially when GCS scores are 
unavailable 
 
This study provides ample evidence that 
serum blood biomarkers could be a very 
advantageous diagnostic tool within the 
clinical setting due to its high efficiency, 
accuracy, and noninvasive nature. The use of 
biomarkers for TBI could authenticate and 
verify any findings from GCS and CT 
Imaging while gaining a more in-depth 
understanding of the pathophysiological 

changes occurring within the patient’s body 
post-injury.  
 
Nonetheless, results should be validated with 
further research prior to any clinical 
application.  
 
Acknowledgments  
 
I would like to thank Dr. Zhihui Yang, Dr. 
Haiyan Xu, and Wang Lab at the McKnight 
Brain Institute for mentoring me and 
providing the necessary resources to conduct 
this study.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

22 



 

Citations 
 

1. "Report to Congress: Traumatic Brain Injury in the United States | Concussion | Traumatic 
Brain Injury | CDC Injury Center." Centers for Disease Control and Prevention. Accessed 
March 20, 2019. 
https://www.cdc.gov/traumaticbraininjury/pubs/tbi_report_to_congress.html.  

2. Mutch, Christopher A., Jason F. Talbott, and Alisa Gean. "Imaging Evaluation of Acute 
Traumatic Brain Injury." Neurosurgery Clinics of North America. October 2016. Accessed 
March 20, 2019. https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5027071/#S10title.  

3. Jain, Shobhit. "Glasgow Coma Scale." StatPearls [Internet]. March 03, 2019. Accessed 
March 20, 2019. https://www.ncbi.nlm.nih.gov/books/NBK513298/.  

4. Prince, Carolyn, and Maya E. Bruhns. "Evaluation and Treatment of Mild Traumatic 
Brain Injury: The Role of Neuropsychology." Brain Sciences. August 17, 2017. Accessed 
March 20, 2019. https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5575625/.  

a. Jagoda, Andy S., Jeffrey J. Bazarian, John J. Bruns, Stephen V. Cantrill, Alisa D. 
Gean, Patricia Kunz Howard, Jamshid Ghajar, Silvana Riggio, David W. Wright, 
Robert L. Wears, Aric Bakshy, Paula Burgess, Marlena M. Wald, and Rhonda R. 
Whitson. "Clinical Policy: Neuroimaging and Decisionmaking in Adult Mild 
Traumatic Brain Injury in the Acute Setting." Journal of Emergency Nursing: JEN 
: Official Publication of the Emergency Department Nurses Association. April 
2009. Accessed March 21, 2019. 
https://www.ncbi.nlm.nih.gov/pubmed/19285163.  

b. Ruff, Ronald. "Two Decades of Advances in Understanding of Mild Traumatic 
Brain Injury." The Journal of Head Trauma Rehabilitation. 2005. Accessed March 
21, 2019. https://www.ncbi.nlm.nih.gov/pubmed/15668567.  

c. Ruff, Ronald M., Grant L. Iverson, Jeffrey T. Barth, Shane S. Bush, Donna K. 
Broshek, and NAN Policy and Planning Committee. "Recommendations for 
Diagnosing a Mild Traumatic Brain Injury: A National Academy of 
Neuropsychology Education Paper." Archives of Clinical Neuropsychology: The 
Official Journal of the National Academy of Neuropsychologists. February 2009. 
Accessed March 21, 2019. https://www.ncbi.nlm.nih.gov/pubmed/19395352.  

5. Foks, Kelly A., Maryse C. Cnossen, Diederik W J Dippel, Andrew Maas, David Menon, 
Joukje Van Der Naalt, Ewout W. Steyerberg, Hester Lingsma, and Suzanne Polinder. 
"Management of Mild Traumatic Brain Injury at the Emergency Department and Hospital 
Admission in Europe: A Survey of 71 Neurotrauma Centers Participating in the 
CENTER-TBI Study." Journal of Neurotrauma. April 11, 2017. Accessed March 21, 2019. 
https://www.ncbi.nlm.nih.gov/pubmed/28398105.  

23 

https://www.cdc.gov/traumaticbraininjury/pubs/tbi_report_to_congress.html
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5027071/#S10title
https://www.ncbi.nlm.nih.gov/books/NBK513298/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5575625/
https://www.ncbi.nlm.nih.gov/pubmed/19285163
https://www.ncbi.nlm.nih.gov/pubmed/15668567
https://www.ncbi.nlm.nih.gov/pubmed/19395352
https://www.ncbi.nlm.nih.gov/pubmed/28398105


 

6. Kim, Han Jun, Jack W. Tsao, and Ansley Grimes Stanfill. "The Current State of 
Biomarkers of Mild Traumatic Brain Injury." JCI Insight. January 11, 2018. Accessed 
March 20, 2019. https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5821170/#B1.  

7. Bramlett, Helen M., and W. Dalton Dietrich. "Long-Term Consequences of Traumatic 
Brain Injury: Current Status of Potential Mechanisms of Injury and Neurological 
Outcomes." Journal of Neurotrauma. December 01, 2015. Accessed March 20, 2019. 
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4677116/. 

8. Smith, Douglas H., David F. Meaney, and William H. Shull. "Diffuse Axonal Injury in 
Head Trauma." The Journal of Head Trauma Rehabilitation. 2003. Accessed March 20, 
2019. https://www.ncbi.nlm.nih.gov/pubmed/16222127.  

9. Bazarian, J.J., Blyth, B.J., He, H., Mookerjee, S., Jones, C., Kiechle, K., Moynihan, R., 
Wojcik, S.M., Grant, W.D., Secreti, L.M., Triner, W., Moscati, R., Leinhart, A., Ellis, 
G.L., and Khan, J. (2013). Classication accuracy of serum Apo A-I and S100B for the 
diagnosis of mild traumatic brain injury and prediction of abnormal initial head computed 
tomography scan. J. Neurotrauma 30, 1747–1754 

10. Shan, R., Szmydynger-Chodobska, J., Mohammad Farah, J.Z., and Chodobski, A. (2015). 
A new panel of blood biomarkers for the diagnosis of mild traumatic brain 
injury/concussion in adults. J. Neurotrauma 33, 49–57.  

11. Ghasemi, Asghar, and Saleh Zahediasl. "Normality Tests for Statistical Analysis: A Guide 
for Non-statisticians." International Journal of Endocrinology and Metabolism. 2012. 
Accessed March 21, 2019. 
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3693611/#A3505R4.  

12. Elliott, Alan C., and Wayne A. Woodward. Statistical Analysis: Quick Reference 
Guidebook; with SPSS Examples. Thousand Oaks: Sage Publ., 2007.  

13. "Sports Injury Statistics." Sports Injury Statistics | Johns Hopkins Medicine Health 
Library. Accessed March 21, 2019. 
https://www.hopkinsmedicine.org/healthlibrary/conditions/pediatrics/sports_injury_statisti
cs_90,P02787.   

14. Papa, Linda. "Exploring Serum Biomarkers for Mild Traumatic Brain Injury." Brain 
Neurotrauma: Molecular, Neuropsychological, and Rehabilitation Aspects. January 01, 
1970. Accessed March 20, 2019. 
https://www.ncbi.nlm.nih.gov/books/NBK299199/#_ch22_sec5_.  

15. Kawata, Keisuke, Charles Y. Liu, Steven F. Merkel, Servio H. Ramirez, Ryan T. Tierney, 
and Dianne Langford. "Blood Biomarkers for Brain Injury: What Are We Measuring?" 
Neuroscience and Biobehavioral Reviews. September 2016. Accessed March 20, 2019. 
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5003664/#S2title.  

16. Zhang, Jin. "Biomarkers of Traumatic Brain Injury and Their Relationship to Pathology." 
Translational Research in Traumatic Brain Injury. January 01, 1970. Accessed March 20, 
2019. https://www.ncbi.nlm.nih.gov/books/NBK326724/. 

24 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5821170/#B1
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4677116/
https://www.ncbi.nlm.nih.gov/pubmed/16222127
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3693611/#A3505R4
https://www.hopkinsmedicine.org/healthlibrary/conditions/pediatrics/sports_injury_statistics_90,P02787
https://www.hopkinsmedicine.org/healthlibrary/conditions/pediatrics/sports_injury_statistics_90,P02787
https://www.ncbi.nlm.nih.gov/books/NBK299199/#_ch22_sec5_
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5003664/#S2title
https://www.ncbi.nlm.nih.gov/books/NBK326724/


 

17. Price, Lulit. "Blood-Brain Barrier Pathophysiology following Traumatic Brain Injury." 
Translational Research in Traumatic Brain Injury. January 01, 1970. Accessed March 20, 
2019. https://www.ncbi.nlm.nih.gov/books/NBK326726/.  

18. Shahim, Pashtun, Magnus Gren, Victor Liman, Ulf Andreasson, Niklas Norgren, 
Yelverton Tegner, Niklas Mattsson, Niels Andreasen, Martin Öst, Henrik Zetterberg, 
Bengt Nellgård, and Kaj Blennow. "Serum Neurofilament Light Protein Predicts Clinical 
Outcome in Traumatic Brain Injury." Nature News. November 07, 2016. Accessed March 
21, 2019. https://www.nature.com/articles/srep36791. 

19. Hol, Elly M., and Milos Pekny. "Glial Fibrillary Acidic Protein (GFAP) and the Astrocyte 
Intermediate Filament System in Diseases of the Central Nervous System." Current 
Opinion in Cell Biology. February 2015. Accessed March 20, 2019. 
https://www.ncbi.nlm.nih.gov/pubmed/25726916.  

20. Missler, U., M. Wiesmann, G. Wittmann, O. Magerkurth, and H. Hagenström. 
"Measurement of Glial Fibrillary Acidic Protein in Human Blood: Analytical Method and 
Preliminary Clinical Results." Clinical Chemistry. January 1999. Accessed March 21, 
2019. https://www.ncbi.nlm.nih.gov/pubmed/9895354?report=abstract.  

21. Lei, Jin, Guoyi Gao, Junfeng Feng, Yichao Jin, Chuanfang Wang, Qing Mao, and Jiyao 
Jiang. "Glial Fibrillary Acidic Protein as a Biomarker in Severe Traumatic Brain Injury 
Patients: A Prospective Cohort Study." Critical Care (London, England). October 12, 
2015. Accessed March 20, 2019. 
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4601141/.  

22. Zetterberg, Henrik, Douglas H. Smith, and Kaj Blennow. "Biomarkers of Mild Traumatic 
Brain Injury in Cerebrospinal Fluid and Blood." Nature Reviews. Neurology. April 2013. 
Accessed March 21, 2019. https://www.ncbi.nlm.nih.gov/pubmed/23399646.  

23. Lépinoux-Chambaud, Claire, and Joël Eyer. "Review on Intermediate Filaments of the 
Nervous System and Their Pathological Alterations." Histochemistry and Cell Biology. 
July 2013. Accessed March 21, 2019. https://www.ncbi.nlm.nih.gov/pubmed/23749407.   

24. Shibahashi, Keita, Toru Doi, Sakae Tanaka, Hidenori Hoda, Hirotaka Chikuda, Yasuhiro 
Sawada, Yuichi Takasu, Kentaro Chiba, Toshiki Nozaki, Yuichi Hamabe, and Toru Ogata. 
"The Serum Phosphorylated Neurofilament Heavy Subunit as a Predictive Marker for 
Outcome in Adult Patients after Traumatic Brain Injury." Journal of Neurotrauma. 
October 15, 2016. Accessed March 20, 2019. 
https://www.ncbi.nlm.nih.gov/pubmed/27098610. 

25. Smith, Douglas H., David F. Meaney, and William H. Shull. "Diffuse Axonal Injury in 
Head Trauma." The Journal of Head Trauma Rehabilitation. 2003. Accessed March 20, 
2019. https://www.ncbi.nlm.nih.gov/pubmed/16222127.  

26. Shahim, Pashtun, Yelverton Tegner, Bengt Gustafsson, Magnus Gren, Johan Ärlig, Martin 
Olsson, Niklas Lehto, Åsa Engström, Kina Höglund, Erik Portelius, Henrik Zetterberg, 
and Kaj Blennow. "Neurochemical Aftermath of Repetitive Mild Traumatic Brain Injury." 

25 

https://www.ncbi.nlm.nih.gov/books/NBK326726/
https://www.nature.com/articles/srep36791
https://www.ncbi.nlm.nih.gov/pubmed/25726916
https://www.ncbi.nlm.nih.gov/pubmed/9895354?report=abstract
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4601141/
https://www.ncbi.nlm.nih.gov/pubmed/23399646
https://www.ncbi.nlm.nih.gov/pubmed/23749407
https://www.ncbi.nlm.nih.gov/pubmed/27098610
https://www.ncbi.nlm.nih.gov/pubmed/16222127


 

JAMA Neurology. November 01, 2016. Accessed March 20, 2019. 
https://www.ncbi.nlm.nih.gov/pubmed/27654934/.  

27. Zetterberg, Henrik, M. Albert Hietala, Michael Jonsson, Niels Andreasen, Ewa Styrud, 
Ingvar Karlsson, Ake Edman, Cornel Popa, Abdullah Rasulzada, Lars-Olof Wahlund, 
Pankaj D. Mehta, Lars Rosengren, Kaj Blennow, and Anders Wallin. "Neurochemical 
Aftermath of Amateur Boxing." Archives of Neurology. September 2006. Accessed 
March 20, 2019. https://www.ncbi.nlm.nih.gov/pubmed/16966505/.  

28. Kuhle, Jens, Christian Barro, Ulf Andreasson, Tobias Derfuss, Raija Lindberg, Åsa 
Sandelius, Victor Liman, Niklas Norgren, Kaj Blennow, and Henrik Zetterberg. 
"Comparison of Three Analytical Platforms for Quantification of the Neurofilament Light 
Chain in Blood Samples: ELISA, Electrochemiluminescence Immunoassay and Simoa." 
Clinical Chemistry and Laboratory Medicine. October 01, 2016. Accessed March 21, 
2019. https://www.ncbi.nlm.nih.gov/pubmed/27071153.  

29. Mesfin, Fassil B. "Diffuse Axonal Injury (DAI)." StatPearls [Internet]. February 14, 2019. 
Accessed March 20, 2019. https://www.ncbi.nlm.nih.gov/books/NBK448102/.  

30. Trojanowski, J. Q., T. Schuck, M. L. Schmidt, and V. M. Lee. "Distribution of Tau 
Proteins in the Normal Human Central and Peripheral Nervous System." The Journal of 
Histochemistry and Cytochemistry: Official Journal of the Histochemistry Society. 
February 1989. Accessed March 20, 2019. 
https://www.ncbi.nlm.nih.gov/pubmed/2492045. 

31. Liliang, Po-Chou, Cheng-Loong Liang, Hui-Ching Weng, Kang Lu, Kuo-Wei Wang, 
Han-Jung Chen, and Jiin-Haur Chuang. "Tau Proteins in Serum Predict Outcome after 
Severe Traumatic Brain Injury." The Journal of Surgical Research. May 15, 2010. 
Accessed March 20, 2019. https://www.ncbi.nlm.nih.gov/pubmed/19345376.  

32. Liu, Meng-Dong, Peng Luo, Zhan-Jiang Wang, and Zhou Fei. "Changes of Serum Tau, 
GFAP, TNF-α and Malonaldehyde after Blast-related Traumatic Brain Injury." Chinese 
Journal of Traumatology = Zhonghua Chuang Shang Za Zhi. 2014. Accessed March 20, 
2019. https://www.ncbi.nlm.nih.gov/pubmed/25471424.  

33. Bulut, M., O. Koksal, S. Dogan, N. Bolca, H. Ozguc, E. Korfali, Y. O. Ilcol, and M. 
Parklak. "Tau Protein as a Serum Marker of Brain Damage in Mild Traumatic Brain 
Injury: Preliminary Results." Advances in Therapy. 2006. Accessed March 20, 2019. 
https://www.ncbi.nlm.nih.gov/pubmed/16644603.  

34. Grabbe, Caroline, Koraljka Husnjak, and Ivan Dikic. "The Spatial and Temporal 
Organization of Ubiquitin Networks." Nature Reviews. Molecular Cell Biology. May 
2011. Accessed March 21, 2019. https://www.ncbi.nlm.nih.gov/pubmed/21448225.  

35. Doran, J. F., P. Jackson, P. A. Kynoch, and R. J. Thompson. "Isolation of PGP 9.5, a New 
Human Neuron-specific Protein Detected by High-resolution Two-dimensional 
Electrophoresis." Journal of Neurochemistry. June 1983. Accessed March 20, 2019. 
https://www.ncbi.nlm.nih.gov/pubmed/6343558.  

26 

https://www.ncbi.nlm.nih.gov/pubmed/27654934/
https://www.ncbi.nlm.nih.gov/pubmed/16966505/
https://www.ncbi.nlm.nih.gov/pubmed/27071153
https://www.ncbi.nlm.nih.gov/books/NBK448102/
https://www.ncbi.nlm.nih.gov/pubmed/2492045
https://www.ncbi.nlm.nih.gov/pubmed/19345376
https://www.ncbi.nlm.nih.gov/pubmed/25471424
https://www.ncbi.nlm.nih.gov/pubmed/16644603
https://www.ncbi.nlm.nih.gov/pubmed/21448225
https://www.ncbi.nlm.nih.gov/pubmed/6343558


 

36. Wilkinson, K. D., K. M. Lee, S. Deshpande, P. Duerksen-Hughes, J. M. Boss, and J. Pohl. 
"The Neuron-specific Protein PGP 9.5 Is a Ubiquitin Carboxyl-terminal Hydrolase." 
Science (New York, N.Y.). November 03, 1989. Accessed March 20, 2019. 
https://www.ncbi.nlm.nih.gov/pubmed/2530630.  

37. Chen, Fujun, Yoshie Sugiura, Kalisa Galina Myers, Yun Liu, and Weichun Lin. 
"Ubiquitin Carboxyl-terminal Hydrolase L1 Is Required for Maintaining the Structure and 
Function of the Neuromuscular Junction." Proceedings of the National Academy of 
Sciences of the United States of America. January 26, 2010. Accessed March 20, 2019. 
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2824399/.  

38. Blyth, Brian J., Arash Farahvar, Hua He, Akshata Nayak, Cui Yang, Gerry Shaw, and 
Jeffrey J. Bazarian. "Elevated Serum Ubiquitin Carboxy-terminal Hydrolase L1 Is 
Associated with Abnormal Blood-brain Barrier Function after Traumatic Brain Injury." 
Journal of Neurotrauma. December 2011. Accessed March 20, 2019. 
https://www.ncbi.nlm.nih.gov/pubmed/21428722.  

39. Papa, Linda, Lawrence M. Lewis, Salvatore Silvestri, Jay L. Falk, Philip Giordano, 
Gretchen M. Brophy, Jason A. Demery, Ming Cheng Liu, Jixiang Mo, Linnet Akinyi, 
Stefania Mondello, Kara Schmid, Claudia S. Robertson, Frank C. Tortella, Ronald L. 
Hayes, and Kevin K W Wang. "Serum Levels of Ubiquitin C-terminal Hydrolase 
Distinguish Mild Traumatic Brain Injury from Trauma Controls and Are Elevated in Mild 
and Moderate Traumatic Brain Injury Patients with Intracranial Lesions and Neurosurgical 
Intervention." The Journal of Trauma and Acute Care Surgery. May 2012. Accessed 
March 20, 2019. https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5516044/.  

40. Bogoslovsky, Tanya, Jessica Gill, Andreas Jeromin, Cora Davis, and Ramon 
Diaz-Arrastia. "Fluid Biomarkers of Traumatic Brain Injury and Intended Context of 
Use." Diagnostics (Basel, Switzerland). October 18, 2016. Accessed March 20, 2019. 
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5192512/.  
 

 
 

 
 

 

27 

https://www.ncbi.nlm.nih.gov/pubmed/2530630
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2824399/
https://www.ncbi.nlm.nih.gov/pubmed/21428722
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5516044/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5192512/

