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Abstract

Objective To determine whether neurofilament light (NfL), glial fibrillary acidic protein
(GFAP), tau, and ubiquitin C-terminal hydrolase-L.1 (UCH-L1) measured in serum relate to
traumatic brain injury (TBI) diagnosis, injury severity, brain volume, and diffusion tensor

imaging (DTI) measures of traumatic axonal injury (TAI) in patients with TBI.

Methods Patients with TBI (n = 162) and controls (n = 68) were prospectively enrolled between
2011 and 2019. Patients with TBI also underwent serum, functional outcome, and imaging
assessments at 30 (n = 30), 90 (n = 48), and 180 (n = 59) days, and 1’ (n=84), 2 (n=57),3 (n=
46), 4 (n = 38), and 5 (n = 29) years after injury.

Results At enrollment, patients with TBI had increased serum NfL compared to controls (p <
0.0001). Serum NfL decreased over the course of 5 years but remained significantly elevated
compared to controls. Serum NfL at 30 days distinguished patients with mild, moderate, and
severe TBI from controls with an area under the receiver-operating characteristic curve
(AUROC) 0f 0.84, 0.92, and 0.92, respectively. At enrollment, serum GFAP was elevated in
patients with. TBI compared to controls (p < 0.001). GFAP showed a biphasic release in serum,
with levels decreasing during the first 6 months of injury but increasing over the subsequent
study visits. The highest AUROC for GFAP was measured at 30 days, distinguishing patients
with moderate and severe TBI from controls (both 0.89). Serum tau and UCH-L1 showed weak
associations with TBI severity and neuroimaging measures. Longitudinally, serum NfL was the
only biomarker that was associated with the likely rate of MRI brain atrophy and DTI measures

of progression of TAI

Conclusions Serum NfL shows greater diagnostic and prognostic utility than GFAP, tau, and

UCH-L1 for subacute and chronic TBI.

Classification of evidence This study provides Class III evidence that serum NfL distinguishes

patients with mild TBI from healthy controls.



INTRODUCTION (< 3000 words)

Traumatic brain injury (TBI) is one of the leading causes of mortality and morbidity as
well as high burden of disability.! TBI is a complex disorder where several pathophysiological
processes may occur depending on the injury subtype including axonal injury, astrogliosis and
neuronal injury or death.*> TBI is also recognized as a risk factor for late-life
neurodegeneration.®® There is a great need to identify and measure these injury subtypes non-

invasively and reliably in order to develop mechanistically appropriate therapies.

Traumatic axonal injury (TAI) is measured with fractional anisotropy (FA), radial
diffusivity (RD), and mean diffusivity (MD) using diffusion tensor. imaging (DTI).*>!° However,
DTT has several limitations, including limited availability, high cost, and cumbersome image
postprocessing.!® TAI can also be assessed using cerebrospinal fluid (CSF) tau or neurofilament
light (NfL) protein, with the latter shown to be highly sensitive.!!"!* However, accessing CSF
requires lumbar puncture (LP), which is invasive'and not readily available. Recent developments
in the immunoassay technology field have made it possible to reliably measure tau-and NfL in
blood samples.!*1¢ This technique has been modified to quantify glial fibrillary acidic protein
(GFAp), a marker of astrogliosis, and ubiquitin C-terminal hydrolase-L1 (UCH-L1), a cytosolic
neuronal protein.!” When measured acutely after TBI, these four candidate blood biomarkers
have shown utility in distinguishing patients with intracranial hemorrhage on CT from those with
negative CT findings.!”-!” Blood NfL and tau have also shown utility in athletes with concussion
when measured within hours after injury.?? Despite these recent studies, there are critical gaps in
our knowledge related to these biomarkers, including the time course following injury, their
relationship to injury severity or subtype, and the relationship to functional and neuroimaging

outcomes.

In this study, we examine NfL, GFAp, tau and UCH-L1 in clinic-based patients with
mild, moderate and severe TBI for up to five years following injury. We hypothesized that: (/)
patients with TBI would have increased serum concentrations of axonal and glial proteins
compared with controls, with higher concentrations in moderate or severe cases, and (2) the
concentrations of axonal and glial proteins would correlate with brain white matter (WM)

volumes and DTI measures of WM integrity.



METHODS
Standard protocol approvals, registrations, and patient consents
The institutional review board at the National Institutes of Health (NIH), Bethesda, MD,

USA approved the study. Written and informed consent was obtained from all participants.

Study population

A prospective study of clinic-based patients with subacute and chronic mild, moderate,
and severe TBI enrolled between January 2009 to July 2018 at the NIH Clinical Center,
Bethesda, MD, USA. Severity of TBI was classified according to VA/DoD guidelines.?! The

inclusion criteria and the study population are described in Supplement 1.

Outcome measures

The primary outcome measures were changes in serum levels of NfL., GFAp, tau, and
UCH-L1 from 30 days to 5 years after injury in relation to severity of TBI, functional outcome,
brain MRI volumes, and DTI. Functional outcome was assessed with the Glasgow Outcome
Scale-Extended (GOS-E).?? Associations were also tested between blood biomarkers and gray
matter (GM), WM, and corpus callosum (CC) volumes. We also conducted a detailed DTI
characterization of CC. CC is a central WM structure and has been shown to be highly

vulnerable to trauma to the brain.?

Biochemical assessment

Serum NfL, GFAp, tau, and UCH-L1 concentrations were measured simultaneously
using the Neurology 4-plex assay kit (Quanterix Corporation, Lexington, MA, USA) on a Single
molecule array (Simoa) HD-1 Analyzer (Quanterix Corporation, Lexington, MA, USA). The
average coefficient of variation (CV) of measurement of NfL, GFAp, tau, and UCH-L1 were 4%,
3%, 33%, and 30%, respectively. The sample processing procedure is described in detail in

Supplement 1.



Imaging acquisition and processing
MR images were acquired on a 3 tesla MR scanner (Siemens Biograph) with a 16-
channel head coil in Radiology and Imaging Sciences at the Clinical Center, NIH, Bethesda,

MD, USA. The image acquisition protocol and post-processing are detailed in Supplement 1.

Statistical analyses

The diagnostic utility of serum biomarkers was determined by calculating the Area Under
the Receiver Operating Characteristic Curve (AUROC). The association between serum
biomarkers and functional and imaging outcomes were tested using linear models, adjusted for
covariates. All tests were two-sided and statistical significance was determined at P <.05. All
statistical calculations were performed using R (v. 3.0.3, The R Foundation for Statistical

Computing). The statistical tests are detailed in Supplement 1.

Data availability

The data supporting the findings are available upon request to the corresponding author.

RESULTS
Demographics and clinical characteristics

Actotal of 613 individuals were screened between 2009 and 2018 of whom 243
participants (175 with TBI [median, 7 months after recent TBI], and 68 healthy controls) were
enrolled. Thirteen patients with TBI were excluded due to screening failure. Of 162 patients with
TBI, 106 underwent repeated blood, MRI, and outcome assessment at 30 (N = 30), 90 (N = 48),
and 180 (N =59) days, and 1 (N =282),2 (N=57),3 (N=46),4 (N =38), and 5 (N = 29) years
after injury. Of 162 patients with TBI, 89 were classified as mild TBI (mTBI) and had no
abnormalities on conventional MRI, 48 were moderate, and 25 were severe. The demographic

and clinical characteristics of the participants at enrollment are shown in eTable 1.

Biomarker concentrations at enrollment
At enrollment, patients with TBI (all severities) had increased concentrations of NfL and

GFAp compared with controls (P =.0001 and P <.001, respectively; eTable 1). There were no



differences in the concentrations of tau and UCH-L1 between TBI and controls (P =.17, and P =

.11, respectively; eTable 1).

Serum NfL was elevated in patients with mTBI versus controls, moderate versus mild,
and severe versus moderate (Padjusted = .0001, Padjusted = .0001, and Padjusted = .05, respectively;
Figure 1A). Serum GFAp was elevated in mTBI versus controls and severe versus moderate
cases but not moderate versus mild (Padjusted < .0001, Pagjusted =.005, and Pagjusted =.17,
respectively; Figure 1B). Serum concentrations of tau'and UCHL-1 were significantly higher in
patients with severe TBI versus moderate but did not significantly distinguish mild, moderate,

and controls (Figure 1C and D).

Time course of blood-based biomarkers

Figure 2A and eFigure 1A show the time course of serum NfL at group and individual
level. Serum NfL was increased at the 30-day time point, with levels decreasing over 5 years (83
=—0.09, P <.0001). Next, we conducted pairwise group comparisons across TBI severity and
controls at different time points. The significant results adjusted for multiple group comparisons
are summarized in eTable 2. In summary, serum NfL was increased in patients with mild,

moderate, and severe TBI compared with controls even at'$ years after injury (eTable 2).

Figure 2B and eFigure 1B show the time course of serum GFAp at group and individual
level. The longitudinal changes in GFAp concentrations from 30 days to 5 years were not
statistically significant (B = 0.003, P =.60). There was no difference in serum GFAp between
mTBI and controls at 30, 90, and 180-day sampling time points after correcting for multiple
comparisons; however, those with moderate or severe TBI had higher serum GFAp

concentrations at all measured time points compared with controls (eTable 2).

Figure 2C and eFigure 1C show the time course of serum tau at group and individual
level. Serum tau concentrations were variable over the course of the 5-year period, and there was
no difference in tau concentrations over time (8 =— 0.02, P =.23). Serum tau concentrations were
elevated in severe cases compared with controls at the 90-day, 1, and 2-year time points (eTable

2).



Figure 2D and eFigure 1D show the time course of serum UCH-L1 at group and
individual level. The time course for serum UCH-L1 over the 5-year period was variable, and
there was no effect of time on UCH-L1 concentrations (8 =—0.025, P =.08). Also, there were no
significant differences in UCH-L1 concentrations either across TBI severity or compared with
controls at any measured time point except for 30-day time point, where UCH-L1 was elevated

in moderate cases versus controls (Padjusted =.032; eTable 2).

Diagnostic utility of the biomarkers

Serum NfL distinguished mTBIs from controls at the 30-day time point with an AUROC
of 0.84 (Figure 3). The AUROC for serum NfL at the following time points decreased (0.72-
0.81; Figure 3). The highest AUROCs for serum NfL were measured for moderate to severe
cases at the 30, 90 and 180-day time points (ARUOCS, 0.84-0.98; Figure 3).

The AUROC: for serum GFAp over the course of five years ranged from 0.60-0.89,
across TBI severity (Figure 3). Serum GFAp distinguished mTBIs from controls at the 30-day
time point with an ARUOC of 0.71, while for the moderate and severe cases the AUROCs were
0.89, and 0.89, respectively (Figure 3).

The AUROC for serum tau distinguishing TBI cases from controls over the course of 5
years ranged from 0.50-0.74, with the highest AUROC measured at 2 years, distinguishing

moderate and severe TBIs from controls (0.74, and 0.74, respectively; Figure 3).

Overall, the AUROCs for UCH-L1 decreased over the 5-year period, ranging from 0.50-
0.77. The highest AUROC:S for distinguishing mTBI from controls were measured at the 30-day
time point, 0.70, while the AUROC for moderate and severe were 0.77 and 0.77, respectively
(Figure 3).

Serum NfL shows associations to functional outcome
At enrollment, increased serum NfL concentrations were associated with worsened GOS-
E scores (B =—-0.28, P =.0019; eFigure 2A). There were no associations between GOS-E scores

and other biomarkers (eFigure 2B-D).



Serum NfL and GFAp measured at 30 days were associated with an improvement in
GOS-E at 90-day (B =10.64, P =.0002, 3 = 1.14, P =.032; eFigure 3 row A and B). No changes
were observed beyond the 30-day time point (eFigure 3 row A and B). Changes in GOS-E
scores were not associated with tau and UCH-L1 at any of the time points (eFigure 3 row C and

D).

Associations between blood biomarkers and brain volumes

At enrollment, increased serum NfL was associated with decreased GM, WM, mid
anterior, central, and mid posterior CC volumes (Figure 4A, E and eFigure 4). Increased serum
GFAp was associated with decreased GM, WM, anterior, mid anterior, central, and posterior CC
volumes (Figure 4B, F and eFigure 4). Increased serum tau was associated with decreased GM
volume, but WM volume or CC volumes (Figure 4C and eFigure 4). Also, increased serum
UCH-L1 was associated with decreased GM volumes but not CC volumes. (Figure 4D and
eFigure 4).

The summary of serum biomarkers predicting future change in brain volumes are
presented in eTable 3. Serum NfL measured at the 180-day time point predicted WM volume
loss at 1-year(BB =—3881, P=.001; eTable 3). Serum NfL at 1-year predicted a loss in mid-
anterior and central CC volumes at the 2-year time point (eTable 3). Also, serum NfL at the 3-

year time point was associated with loss in central CC volume at the 4-year time point (eTable

3).

There were no significant relationships between GFAp, tau or UCH-L1 and changes in

brain volumes over time after correcting for multiple comparisons (eTable 3).

Associations between blood biomarkers and DTI measures of WM integrity

At enrollment, increased NfL was associated with decreased DTI FA for all segments of
CC including genu, body, and splenium (3 =—0.0075, P<.0001, 3 =—0.0071, P=.004, and 8 =
—0.0075, P<.0001, respectively; Figure SA-C). Similarly, increased GFAp was associated with
DTI FA for all segments of CC (B =-0.0075, P<.0001, 3 =-0.0071, P=.004, and 8 =—
0.0075, P<.0001, respectively; Figure 5D-F). Similarly, increased serum concentrations of NfL



and GFAp were associated with increases in DTI RD and MD for all segments of CC (eFigure 5
and eFigure 6). Increased serum GFAp was also associated with DTT AD for all segments of CC
(eFigure 7). There were no relationships between tau and UCH-L1 and DTI FA, AD, RD, and
MD, except for UCH-L1 showing an association with DTI FA and CC splenium (8 =—0.005, P
=.017; eFigure 5-8).

The results testing whether serum NfL, GFAp, tau, and UCH-L1 could predict future DTI
CC changes are summarized in eTable 4A-D. Serum NfL at the 3-year time point predicted a
change in DTI FA for genu CC at the 4-year time point (3 =— 0.010, P<.0001, eTable 4A).
Similarly, serum NfL at the 3-year time point predicted a change in DTT RD for genu CC from
the 3 to 4-years (B = 16.4, P=.006, eTable 4A). Serum GFAp at 180-day time point predicted a
change in DTI FA for splenium CC from 180-day to 1-year (B8 =0.009, P=.0013; eTable 4B).
Also, GFAp measured at 3-year predicted a change in DTI FA for genu CC at 4-years (8 =0.011,
P=.0003; eTable 4B). Serum tau measured at the 4-year time point predicted a change in DTI
FA for splenium CC from 4-year to 5-year (3 =0.003, P=.007; eTable 4C). Serum tau at 1-year
predicted DTI MD changes for body of CC from 1 to 2 years (3= 8.4, P= .009; eTable 4C).
There was no relationship between serum UCH-L1 and changes in DTI measures for CC

integrity after correcting for multiple comparisons (eTable 4D).

DISCUSSION

The main findings of this study are: (/) at median time of 7 months after injury, patients
with mild, moderate, and severe TBI had increased concentrations of NfL. and GFAp compared
to controls, while serum tau and UCHL-1 were increased in the moderate to severe cases only;
(2) serum NfL distinguished patients with TBI from controls at 30, 90, and 180-days with good
to excellent accuracy; the diagnostic accuracy of GFAp, tau, and UCH-L1 were lower; (3) serum
NfL was the only biomarker that showed relationships with functional outcome, cerebral WM,
and CC volume changes; both serum NfL and GFAp showed relationships with DTI measures of
WM axonal integrity.

NfL is a component of the axonal cytoskeleton and is primarily expressed in large-caliber

myelinated axons that extend subcortically.?* In the context of TBI, serum NfL measured within
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48 hours of injury has been shown to distinguish patients with CT findings from those without
CT findings.!7%26 In contrast to the existing studies, we herein found that serum NfL can
distinguish patients with mild, moderate, and severe TBI from each other as well compared to
controls months to years after injury. The AUROC: at 30 days for serum NfL distinguishing
mTBI from controls was 0.84, while for moderate and severe cases were 0.94. Although the
AUROC:s decreased over five years, it remained significant in the mild and moderate cases.
Serum NfL also showed modest associations with GOS-E score and was the only biomarker in
this study associated with functional outcome at enrollment. In direct comparison to these
findings, we previously observed increased concentrations of serum NfL up to 1-year after injury
in patients with severe TBI, with initial levels associated with GOS-E score.!® Together, these
findings suggest that a single TBI may cause long-term axonal degeneration which could be

detectable in serum months to years after injury using NfL‘as the biomarker.

GFAp is an intermediate filament protein that is predominantly expressed by astrocytes.?’
In the context of TBI, serum GFAp measured acutely after injury distinguish patients with
intracranial hemorrhage on CTI from those with normal CT finding.!”-!° Herein, serum GFAp
measured median of 7 months did not relate to injury severity, but could distinguish mild,
moderate and severe TBI from controls. Additionally, in the previous study, the concentration of
serum GFAp decreased in the days following injury.'® In contrast, we found increased
concentrations of serum GFAp at 30 days after TBI, with lower levels over the following time
points. The highest ARUOC for GFAp was measured at 30-day time point for moderate to severe
TBI cases (AUCROC, 0.89), however, beyond 30-day time point the AUROCs were limited.
Also, there was no association between GFAp and outcome. Therefore, unlike previous studies
in acute TBL,!"8 these results indicate that serum GFAp may not perform well as a diagnostic

biomarker in subacute and chronic TBI:

Tau is a microtubule-associated protein predominantly expressed in short cortical
unmyelinated axons.?’ In the context of TBI, increased concentrations of CSF tau have
previously been found in acute samples from patients with moderate to severe TBI.!>? Also,
plasma tau increased within hours after concussion in athletes compared with preseason

baseline.!>2%30 In the present study, serum tau concentrations were elevated in patients with TBI
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at enrollment, with higher concentrations in moderate to severe cases. Longitudinally, the levels
of serum tau were variable and did not relate to injury severity (AUROCs ranged from 0.50-
0.74) or functional outcome. Similar findings have also been observed in CSF of athletes with a
history of repetitive concussions, where there was no association between CSF tau and
outcome.*'32 These findings are consistent with previous reports showing elevated

concentrations of tau following TBI, however, with limited prognostic utility.?!3

UCH-L1 is abundantly found in neurons.*® Similar to serum GFAp, previous studies have
reported that serum UCH-L1 measured within 48 hours after injury distinguish patients with
intracranial hemorrhage on CT from those with normal CT finding.!”" In contrast to the
previous studies, serum UCH-L1 measured at median of 7 months after injury was elevated in
patients with severe TBI compared with controls but not mild or moderate TBI. Longitudinally,
the levels of serum UCH-L1 was variable but did not relate to injury severity or outcome.
Together, these findings indicate that serum UCH-L1 may not perform as well when measured in
the subacute and chronic phase of TBI. This is further supported by the higher analytical

variability seen for lower concentrations of serum UCH-L1 herein as well as previously.!”

In the last part of this study, we attempted to cross-validate NfL, GFAp, tau, and UCH-
L1 with brain MRI volumetric analysis and DTI. Increased serum NfL was related to decreased
GM, WM, and CC volumes. Decreases in FA, along with increased RD and MD were also
observed for NfL. These findings are in direct comparison to a recent prospective study of nine
patients that revealed a strong relationship between serum NfL measured six days after injury
with TAI assessed with DTI 12 months later.* Similar to NfL, serum GFAp showed a
relationship with both brain volumes and DTI metrics at enrollment, however, with limited
predictive utility. As expected, the association of tau and UCH-L1 with brain volumes and DTI
measures were weak, further indicating that tau and UCH-L1 measured in the subacute and
chronic phase of TBI may not be as informative as when measured acutely. Importantly, the
convergent findings provided by the methodologies used herein (i.e., serum biomarker levels,
MRI volumetric analysis, and DTI) is a principal proof of independent cross-validation of these
methods. From the scientific perspective, the data provided by these three methods greatly

increases the confidence of a relationship between serum biomarker levels and underlying

12



neuropathology. From a clinical perspective, the complementary strengths of these methods and
their relationship with clinical outcome provide multiple diagnostic and prognostic options to the
clinician. For instance, MRI volumetric analysis provides no information regarding WM axonal
microstructure yet is readily available and not technically challenging, while DTI provides more
detailed and region-specific information of WM microstructure but has limited availability and
high cost. On the other hand, serum NfL concentrations are related to both imaging outcomes as
well as clinical outcome and TBI severity, and they are readily measured using standard

laboratory techniques.

Comparing the four serum neuronal injury biomarkers measured herein, the performance
of NfL was robust in distinguishing patients with different TBI severities at enrollment and over
time as well as showing stronger associations with functional outcome, brain volumes, and DTI
measures of TAI compared to the other biomarkers. Additionally, serum NfL was elevated in
mild and moderate cases compared with controlsup to 5 years after injury. Serum GFAp showed
a biphasic releasing pattern, with levels decreasing during the first 6 months of injury but
increased over the following time points. These findings indicate that axonal injury and
astrogliosis may persist for years after TBI and are more evident in moderate to severe cases,
which is consistent with existing animal model and human histopathological studies.**-*® From a
clinical stand point, although serum GFAp was increased in the subacute and chronic TBI
patients, it did not relate to injury severity or outcome. Finally, the level of tau and UCH-L1
were variable and showed weak or no relationships to injury severity and function and
neuroimaging outcomes, suggesting that tau, and UCH-L1 may not be sensitive biomarkers for

subacute and chronic TBIL

Limitations

We did not have longitudinal blood samples and MRI assessments at all measured time
points, which is an inherent issue of many long-term longitudinal studies. Second, the present
study was designed to include participants at 30 days and onwards after injury, precluding
comparison to their acute biomarker concentrations as well as direct comparison to the existing
studies of these biomarkers. Third, serum may not be the optimal source for measurement of tau,

as tau concentrations in serum are lower than in plasma, possibly explaining the higher analytical
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variation for this biomarker. Lastly, we also observed higher analytical variations for UCH-L1,
especially for the lower concentrations, limiting the utility of serum UCH-L1 as a biomarker for

subacute or chronic mTBI.

Conclusion and clinical relevance

These findings suggest that serum NfL. and GFAP, which are reflective of axonal injury
and astroglial injury/activation, respectively, can be detected months to years after injury, with
serum NfL showing greater diagnostic utility and greater associations with functional outcome,
brain MRI volumes, and DTI measures of WM integrity. In order to implement these findings
into clinical practice, future directions include standardization of methods of quantification
across analytical platforms and determining cutoffs across age, severity, and for different

populations such as athletes and military personnel.
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FIGURE LEGENDS

Figure 1. Biomarker concentrations across TBI severities at enrollment

Plots (A-D) show serum concentrations of NfL, GFAp, tau, and UCH-L1 across TBI severities at
median 7 months after TBI. The boxplots show the median and interquartile range. The P values
are adjusted for multiple comparisons using Holm-Bonferroni method. Abbreviations: TBI,
traumatic brain injury; NfL, neurofilament light; UCH-L1, ubiquitin C-terminal hydrolase-L1;
GFAp, glial fibrillary acidic protein.

Figure 2. Time course of the blood biomarkers

Plots (A-D) show the time course of serum NfL, GFAp, tau, and UCH-L1 across TBI severities.
The error bars indicate the standard error of mean. The y-axes are long-transformed (log 10) for
better visual clarity. The x-axes show the sampling time points after TBL. Abbreviations: TBI,
traumatic brain injury; NfL, neurofilament light; GFAp, glial fibrillary acidic protein; UCH-L1,
ubiquitin C-terminal hydrolase-L1.

Figure 3. Diagnostic utility of blood biomarkers over time

The plots show the diagnostic utility (AUROC) of serum NfL, GFAp, tau, and UCH-LI in
distinguishing TBI patients from controls. The error bars indicate the 95 % confidence interval.
Abbreviations: TBI, traumatic brain injury; AUROC, area under the receiver operating
characteristics curve; NfL, neurofilament light; GFAp, glial fibrillary acidic protein; UCH-L1,
ubiquitin C-terminal hydrolase-L1.

Figure 4. Association between blood biomarkers and GM, WM volumes at enrollment
Plots (A-H) show the association between serum concentrations of NfL, GFAp, tau, and UCH-
L1, and GM and WM volumes. The B estimates and P values are from regression models,
covaried for age, education, and‘gender. The fitted lines including the confidence interval are
from the adjusted regression models. Abbreviations: GM, grey matter; WM, white matter; NfL,
neurofilament light; GFAp, glial fibrillary acidic protein; UCH-L1, ubiquitin C-terminal
hydrolase-L1.

15



Figure 5. Serum NfL and GFAp concentrations at enrollment in relation to DTI fractional

anisotropy
Plots (A-F) show the relationship between serum NfL and GFAp measured at enrollment and
DTI FA for CC integrity measured at enrollment. The B estimates and P values are from

regression models, covaried for age, education, and gender. The fitted lines including the

confidence interval are from the adjusted regression models. The p denotes the Spearman’s rank

correlation coefficient (univariate analysis). Abbreviations: NfL; neurofilament light; GFAp,
glial fibrillary acidic protein; CC, corpus callosum; diffusion tensor imaging; FA, fractional

anisotropy.

eFigure 1. Time course of the blood biomarkers

Rows (A-D) show the time course of serum NfL, GFAp, tau, and UCHL-1 for individual patients

across TBI severities. Abbreviations: TBI, traumatic brain injury; NfL, neurofilament light;

GFAp, glial fibrillary acidic protein; UCH-L1, ubiquitin C-terminal hydrolase-L1.

eFigure 2. Association between blood biomarkers and functional outcome at enrollment
Plots (A-D) show the association of GOS-E with serum concentrations of NfL, GFAp, tau, and
UCH-L1. The x-axes show the log-transformed values for visual clarity. The B estimates and P
values are from linear regression models, covaried for age, education, and gender. The fitted
linesincluding the standard error are from the regression models. Abbreviations: GOS-E,
Glasgow Outcome Scale Extended; NfL, neurofilament light; GFAp, glial fibrillary acidic
protein; UCH-L1, ubiquitin C-terminal hydrolase-L]1.

eFigure 3. Serum NfL shows association with clinical outcome
Rows (A-D) show serum NfL, GFAp, tau, and UCH-L1 measured at different sampling time

point in relation to change in GOS-E score from the previous time point. The x axes show the

log-transformed values for visual clarity. The B estimates and P values are from linear regression

model, covaried for age, education, and gender. The fitted are from the regression models. The

models were also tested with Spearman’s rank correlation, however, none of the models were

significant. Abbreviations: GOS-E, Glasgow Outcome Scale Extended; NfL, neurofilament light;
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GFAp, glial fibrillary acidic protein; UCH-L1, ubiquitin C-terminal hydrolase-L1; N.S., non-

significant.

eFigure 4. Associations between blood biomarkers and GM, WM, and CC volumes at
enrollment

Rows (A-E) show the association between serum concentrations of NfL, GFAp, tau, and UCH-
L1, and GM, WM, and CC volumes. The B estimates and P values are from regression models,
covaried for age, education, and gender. The fitted lines including the confidence interval are
from the adjusted regression models. Abbreviations: GM, grey matter; WM, white matter, CC,
corpus callosum; NfL, neurofilament light; GFAp, glial fibrillary acidic protein; UCH-L1,
ubiquitin C-terminal hydrolase-L1.

eFigure 5. Serum NfL, GFAp, tau, and UCH-L1 concentrations at enrollment in relation to
DTI radial diffusivity at enrollment

Rows (A-D) show the association between serum NfL, GFAp tau, and UCH-L1 measured at
enrollment and DTI AD for CC integrity measured at enrollment. The B estimates and P values
are from regression models, covaried for age, education, and gender. The fitted lines including
the confidence interval are from the ‘adjusted regression models. The p denotes the Spearman’s
rank correlation coefficient (univariate analysis). Abbreviations: NfL; neurofilament light;
GFAp, ghal fibrillary acidic protein; UCH-L1, ubiquitin C-terminal hydrolase-L1; CC, corpus
callosum; DTI, diffusion tensor imaging; RD, radial diffusivity.

eFigure 6. Serum NfL, GFAp, tau, and UCH-L1 concentrations at enrollment in relation to
DTI mean diffusivity at enrollment

Rows (A-D) show the association between serum NfL, GFAp tau, and UCH-L1 measured at
enrollment and DTI AD for CC integrity measured at enrollment. The B estimates and P values
are from regression models, covaried for age, education, and gender. The fitted lines including
the confidence interval are from the adjusted regression models. The p denotes the Spearman’s
rank correlation coefficient (univariate analysis). Abbreviations: NfL; neurofilament light;
GFAp, glial fibrillary acidic protein; UCH-L1, ubiquitin C-terminal hydrolase-L1; CC, corpus

callosum; DTI, diffusion tensor imaging; MD, mean diffusivity.
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eFigure 7. Serum NfL, GFAp, tau, and UCH-L1 concentrations at enrollment in relation to
DTI axial diffusivity at enrollment

Rows (A-D) show the association between serum NfL, GFAp tau, and UCH-L1 measured at
enrollment and DTI AD for CC integrity measured at enrollment. The B estimates and P values
are from regression models, covaried for age, education, and gender. The fitted lines including
the confidence interval are from the adjusted regression models. The p denotes the Spearman’s
rank correlation coefficient (univariate analysis). Abbreviations: NfL; neurofilament light;
GFAp, glial fibrillary acidic protein; UCH-L1, ubiquitin C-terminal hydrolase-L1; CC, corpus

callosum; DTI, diffusion tensor imaging; AD, axial diffusivity.

eFigure 8. Serum tau and UCH-L1 concentrations at enrollment in relation to DTI axial
diffusivity at enrollment

Rows (A-D) show the association between serum NfL, GFAp tau, and UCH-L1 measured at
enrollment and DTI AD for CC integrity measured at enrollment. The B3 estimates and P values
are from regression models, covaried for age, education, and gender. The fitted lines including
the confidence interval are from the adjusted regression models. The p denotes the Spearman’s
rank correlation coefficient (univariate analysis). Abbreviations: UCH-L1, ubiquitin C-terminal

hydrolase-L 1; CC, corpus callosum; DTI, diffusion tensor imaging; AD, axial diffusivity.

18



REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Taylor CA, Bell JM, Breiding MJ, Xu L. Traumatic Brain Injury-Related Emergency
Department Visits, Hospitalizations, and Deaths - United States, 2007 and 2013. MMWR
Surveill Summ. Mar 17 2017;66(9):1-16.

Agimi Y, Regasa LE, Stout KC. Incidence of Traumatic Brain Injury in the U.S. Military,
2010-2014. Mil Med. Dec 4 2018.

Selassie AW, Wilson DA, Pickelsimer EE, Voronca DC, Williams NR, Edwards JC.
Incidence of sport-related traumatic brain injury and risk factors of severity: a population-
based epidemiologic study. Ann Epidemiol. Dec 2013;23(12):750-756.

Marion CM, Radomski KL, Cramer NP, Galdzicki Z, Armstrong RC. Experimental
Traumatic Brain Injury Identifies Distinct Early and Late Phase Axonal Conduction
Deficits of White Matter Pathophysiology, and Reveals Intervening Recovery. J
Neurosci. Oct 10 2018;38(41):8723-8736.

Johnson VE, Stewart W, Smith DH. Axonal pathology in traumatic brain injury. Exp
Neurol. Aug 2013;246:35-43.

Cole JH, Jolly A, de Simoni S, et al. Spatial patterns of progressive brain volume loss
after moderate-severe traumatic brain injury. Brain. Mar 1 2018;141(3):822-836.

Smith DH, Chen XH, Pierce JE, et al. Progressive atrophy and neuron death for one year
following brain trauma in the rat. J Neurotrauma. Oct 1997;14(10):715-727.

Goddeyne C, Nichols J, Wu C, Anderson T. Repetitive mild traumatic brain injury
induces ventriculomegaly and cortical thinning in juvenile rats. J Neurophysiol. May 1
2015;113(9):3268-3280.

Edlow BL, Keene CD, Perl DP, et al. Multimodal Characterization of the Late Effects of
Traumatic Brain Injury: A Methodological Overview of the Late Effects of Traumatic
Brain Injury Project. J Neurotrauma. Jul 15 2018;35(14):1604-1619.

Hulkower MB, Poliak DB, Rosenbaum SB, Zimmerman ME, Lipton ML. A decade of
DTTI in traumatic brain injury: 10 years and 100 articles later. AJNR Am J Neuroradiol.
Nov-Dec 2013;34(11):2064-2074.

Zetterberg H, Hietala MA, Jonsson M, et al. Neurochemical aftermath of amateur boxing.
Arch Neurol. Sep 2006;63(9):1277-1280.

Shahim P, Tegner Y, Gustafsson B, et al. Neurochemical Aftermath of Repetitive Mild
Traumatic Brain Injury. JAMA neurology. Sep 19 2016.

Ost M, Nylen K, Csajbok L, et al. Initial CSF total tau correlates with 1-year outcome in
patients with traumatic brain injury. Neurology. Nov 14 2006;67(9):1600-1604.

Randall J, Mortberg E, Provuncher GK, et al. Tau proteins in serum predict neurological
outcome after hypoxic brain injury from cardiac arrest: results of a pilot study.
Resuscitation. Mar 2013;84(3):351-356.

Shahim P, Tegner Y, Wilson DH, et al. Blood biomarkers for brain injury in concussed
professional ice hockey players. JAMA Neurol. Jun 2014;71(6):684-692.

Shahim P, Gren M, Liman V, et al. Serum neurofilament light protein predicts clinical
outcome in traumatic brain injury. Sci Rep. Nov 7 2016;6:36791.

Gill J, Latour L, Diaz-Arrastia R, et al. Glial fibrillary acidic protein elevations relate to
neuroimaging abnormalities after mild TBI. Neurology. Oct 9 2018;91(15):e1385-e1389.
Papa L, Brophy GM, Welch RD, et al. Time Course and Diagnostic Accuracy of Glial
and Neuronal Blood Biomarkers GFAP and UCH-LI in a Large Cohort of Trauma

19



19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Patients With and Without Mild Traumatic Brain Injury. JAMA Neurol. May 1
2016;73(5):551-560.

Bazarian JJ, Biberthaler P, Welch RD, et al. Serum GFAP and UCH-LI1 for prediction of
absence of intracranial injuries on head CT (ALERT-TBI): a multicentre observational
study. Lancet Neurol. Sep 2018;17(9):782-789.

Shahim P, Tegner Y, Marklund N, Blennow K, Zetterberg H. Neurofilament light and tau
as blood biomarkers for sports-related concussion. Neurology. May 15
2018;90(20):e1780-e1788.

VA/DoD CLINICAL PRACTICE GUIDELINE FOR THE MANAGEMENT OF
CONCUSSION-MILD TRAUMATIC BRAIN INJURY. 2009.

Wilson JT, Pettigrew LE, Teasdale GM. Structured interviews for the Glasgow Outcome
Scale and the extended Glasgow Outcome Scale: guidelines for their use. J Neurotrauma.
Aug 1998;15(8):573-585.

Hunter LE, Lubin N, Glassman NR, Xue X, Spira M, Lipton ML. Comparing Region of
Interest versus Voxel-Wise Diffusion Tensor Imaging Analytic Methods in Mild and
Moderate Traumatic Brain Injury: A Systematic Review and Meta-Analysis. J
Neurotrauma. Apr 15 2019;36(8):1222-1230.

Friede RL, Samorajski T. Axon caliber related to neurofilaments and microtubules in
sciatic nerve fibers of rats and mice. Anat Rec. Aug 1970;167(4):379-387.

Iverson GL, Reddi PJ, Posti JP, et al. Serum Neurofilament Light is Elevated
Differentially in Older Adults with Uncomplicated Mild Traumatic Brain Injuries. J
Neurotrauma. Mar 7 2019.

Hossain I, Mohammadian M, Takala RSK, et al. Early Levels of Glial Fibrillary Acidic
Protein and Neurofilament Light Protein in Predicting the Outcome of Mild Traumatic
Brain Injury. J Neurotrauma. Jan 8 2019.

Bignami A, Eng LF, Dahl D, Uyeda CT. Localization of the glial fibrillary acidic protein
in astrocytes by immunofluorescence. Brain Res. Aug 25:1972;43(2):429-435.

Neselius S, Brisby H, Theodorsson A, Blennow K, Zetterberg H, Marcusson J. CSF-
biomarkers in Olympic boxing: diagnosis and effects of repetitive head trauma. PLoS
ONE. 2012;7(4):e33606.

Trojanowski JQ, Schuck T, Schmidt ML, Lee VM. Distribution of tau proteins in the
normal human central and peripheral nervous system. J Histochem Cytochem. Feb
1989;37(2):209-215.

Gill J, Merchant-Borna K, Jeromin A, Livingston W, Bazarian J. Acute plasma tau relates
to prolonged return to play after concussion. Neurology. Feb 7 2017;88(6):595-602.
Shahim P, Tegner Y, Gustafsson B, et al. Neurochemical Aftermath of Repetitive Mild
Traumatic Brain Injury. JAMA Neurol. Nov 1 2016;73(11):1308-1315.

Shahim P, Tegner Y, Marklund N, et al. Astroglial activation and altered amyloid
metabolism in human repetitive concussion. Neurology. Apr 11 2017;88(15):1400-1407.
Wilkinson KD, Deshpande S, Larsen CN. Comparisons of neuronal (PGP 9.5) and non-
neuronal ubiquitin C-terminal hydrolases. Biochem Soc Trans. Aug 1992;20(3):631-637.
Ljungqvist J, Zetterberg H, Mitsis M, Blennow K, Skoglund T. Serum Neurofilament
Light Protein as a Marker for Diffuse Axonal Injury: Results from a Case Series Study. J
Neurotrauma. Mar 1 2017;34(5):1124-1127.

20



35.

36.

Mouzon B, Bachmeier C, Ojo J, et al. Chronic White Matter Degeneration, But No Tau
Pathology at One-Year Post-Repetitive Mild Traumatic Brain Injury in a Tau Transgenic
Model. J Neurotrauma. Sep 6 2018.

Hsu ET, Gangolli M, Su S, et al. Astrocytic degeneration in chronic traumatic
encephalopathy. Acta Neuropathol. Dec 2018;136(6):955-972.

QK

21



ACKNOWLEDGEMENT
We thank the study participants, their families and the care providers who made this study
possible.

The views expressed in this manuscript are those of the authors and do not reflect the policy of
the United States Department of the Army, Navy, Air Force, Department of Defense or United
States Government. The identification of specific products or scientific instrumentation is
considered an integral part of the scientific endeavor, and does not constitute endorsement or
implied endorsement on the part of the author, Department of Defense, or any component

agency.

STUDY FUNDING

These studies were funded through the Intramural Research Program (IRP) at the National
Institutes of Health (NIH), the Department of Defense (Center for Neuroscience and
Regenerative Medicine [CNRM)]), and the Swedish Research Council.

ROLE OF THE FUNDER/SPONSOR
The funding organization had no role in the design and conduct of the study; collection,
management, analysis, and interpretation of the data; preparation, review, or approval of the

manuscript; and decision to submit the manuscript for publication.

CONFLICTS OF INTEREST

Dr. Shahim reports no conflicts of interest. Dr. Diaz-Arrastia serves in the Scientific Advisory
Board or BrainBox, Inc, and Neural Analytics (all unrelated to the work presented in this paper).
Dr. Zetterberg has served at scientific advisory boards for CogRx, Samumed, Roche Diagnostics
and Wave, has given lectures as symposia sponsored by Biogen and Alzecure, and is a co-
founder of Brain Biomarker Solutions in Gothenburg AB, a GU Ventures-based platform
company at the University of Gothenburg (all unrelated to the work presented in this paper). Dr.
Blennow has served as a consultant or at advisory boards for Alector, Alzheon, CogRx, Biogen,
Lilly, Novartis and Roche Diagnostics, and is a co-founder of Brain Biomarker Solutions in

Gothenburg AB, a GU Ventures-based platform company at the University of Gothenburg (all

22



unrelated to the work presented in this paper). Dr. Brody has served as a paid consultant for
Pfizer Inc, Intellectual Ventures, Signum Nutralogix, Kypha Inc, Sage Therapeutics, iPerian Inc,
Navigant, Avid Radiopharmaceuticals (Eli Lilly & Co), the St Louis County Public Defender,
the United States Attorney’s Office, the St Louis County Medical Examiner, GLG, Stemedica,
and Luna Innovations. Dr. Brody holds equity in the company Inner Cosmos. Dr. Brody receives

royalties from sales of Concussion Care Manual (Oxford University Press). All of these are

unrelated to the work presented in this paper.

AUTHOR CONTRIBUTION

Dr. Shahim had full access to all the data in the study and takes responsibility for the integrity of

the data and the accuracy of the data analysis.

Study concept and design: Shahim, Brody, Diaz-Arrastia, Chan.

Acquisition of data: Shahim, van der Merwe, Gill, Chan.

Statistical analysis: Shahim.

Drafting of the manuscript: Shahim.

Analysis and interpretation of data: All authors.

Critical revision of the manuscript for important intellectual content: All authors.

Study supervision: Brody, Zetterberg, Blennow, Diaz-Arrastia, Chan.

23



