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Abstract

Objective

To determine whether neurofilament light (NfL), glial fibrillary acidic protein (GFAP), tau, and
ubiquitin C-terminal hydrolase-L1 (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 (h = 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) of 0.84, 0.92,
and 0.92, respectively. At enroliment, 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 TAL.
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 Il evidence that serum NfL distinguishes patients with mild TBI from

healthy controls.

Glossary

AD = axial diffusivity; AUROC = area under the receiver operating characteristic curve; CC =
corpus callosum; DoD = Department of Defense; DT = diffusion tensor imaging; FA =
fractional anisotropy; GFAP = glial fibrillary acidic protein; GM = gray matter; GOS-E =
Glasgow Outcome Scale—Extended; MD = mean diffusivity; mTBI = mild TBI; NfL =
neurofilament light; RD = radial diffusivity; TAI = traumatic axonal injury; TBI = traumatic
brain injury; UCH-L1 = ubiquitin C-terminal hydrolase-L1; VA = Veterans Affairs; WM =
white matter.



Traumatic brain injury (TBI) is one of the leading causes of mortality, morbidity, and high
burden of disability.: TBI is a complex disorder in which several pathophysiologic processes
may occur depending on the injury subtype, including axonal injury, astrogliosis, and neuronal
injury or death.?® There is a great need to identify and measure these injury subtypes

noninvasively and reliably to develop mechanistically appropriate therapies.

TBI is recognized as a risk factor for late-life neurodegeneration.*® This evidence is especially
strong in those with moderate to severe TB1.#® The mechanism of neurodegeneration is
attributed to traumatic axonal injury (TAI), a direct consequence of trauma to the head. TAI
could potentially be quantified with diffusion tensor imaging (DTI) MRI, which measures the
diffusion of water in axons.” However, DTI has several limitations, including limited availability,
high cost, and cumbersome image postprocessing.” TAI can also be assessed with CSF
neurofilament light (NfL) protein or tau, with the former shown to be highly sensitive.®
Accessing CSF requires lumbar puncture, 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 from both those with disease and healthy individuals.*®** 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, 1213
When measured acutely after TBI, these 4 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.?” To the best of our knowledge, NfL, GFAP, tau, and
UCHL1 have not been examined in patients with subacute and chronic TBI, across spectrum of

TBI severities, or in relation to advanced imaging modalities such as DTI.



In a companion paper*! published simultaneously with this study, we conducted a detailed
analysis of NfL in multiple cohorts, including athletes, healthy controls, and a clinic-based
cohort. We showed that serum and CSF NfL are highly correlated. In addition, we showed in the
clinic-based cohort that serum NfL distinguished TBI severity and was correlated with measures

of functional outcome, MRI brain atrophy, and DTI estimates of TAI.!

In this study, we extend the findings in our companion paper*! using the same clinic-based
cohort. We compare NfL, GFAP, tau and UCH-L1 in clinic-based patients with mild TBI
(mTBI), moderate TBI, and severe TBI and longitudinal assessments for up to 5 years following
injury. We hypothesized that patients with TBI would have increased concentrations of axonal
and glial proteins in serum compared with controls, with higher concentrations in moderate or
severe cases, and that concentrations of axonal and glial proteins would correlate with functional

outcome, brain volumes, and DTl measures of TAI.

Methods

Study design and participants

The design of this study has been described previously.!! In this prospective cohort study, we
enrolled patients with subacute and chronic TBI between 2011 and 2019 at the Clinical Center,
NIH, Bethesda, MD. The inclusion criteria for the TBI participants were as follows: (1) male or
female >18 years of age; (2) clinical diagnosis of nonpenetrating TBI, and (3) injury occurring
<1 year before enrollment. Exclusion criteria included (1) contraindications to MR, including
foreign metallic objects and noncompatible metallic devices or objects; (2) a history of major
neurologic or psychiatric conditions such as multiple sclerosis, stroke, spinal cord in- jury, or
psychosis; and (3) pregnancy. The severity of TBI was based on clinical history and the
Department of Defense (DoD) and Veterans Affairs (VA) criteria.*®!° According to the DoD/VA

criteria, a patient is classified as having mTBI if there is no abnormality on brain CT or



conventional MRI. Thus, the CT and MRIs (T1- and T2-weighted and fluid- attenuated inversion
recovery sequences) were assessed by a board-certified radiologist at the Clinical Center, NIH to
ensure that patients were correctly classified in each severity category. Inclusion criteria for
healthy controls were (1) >18 years of age, (2) good general medical and psychological health
based on history and physical examination by licensed medical staff, (3) no history of heavy
alcohol use or substance abuse, and (4) no history of head injury, regardless of cause. The
participants were also offered longitudinal blood, imaging, and outcome assessments at 30 (+10
days), 90 (£30 days), and 180 (+30 days) days and at 1, 2, 3, 4, and 5 years (£2 months).

Quantification of NfL, GFAp, tau, and UCH-L1

We collected blood samples by venipuncture into gel separator tubes for serum and centrifuged
the samples within 20 to 60 minutes. We divided the serum samples into aliquots and stored
them at —80°C pending biochemical analysis. We analyzed NfL, GFAP, tau, and UCH-L1
concentrations in serum using the Neurology 4-plex assay kit (Quanterix Corp, Lex- ington, MA)
on a single molecule array HD-1 Analyzer (Quanterix Corp). The average coefficients of
variation of measurement of NfL, GFAP, tau, and UCH-L1 were 4%, 3%, 33%, and 30%,

respectively.

Imaging acquisition and processing

We acquired MRIs on a 3T magnetic resonance scanner (Siemens Biograph, Munich, Germany)
with a 16-channel head coil in Radiology and Imaging Sciences at the Clinical Center, NIH,
Bethesda.

Brain volumetric analyses: The T1-weighted magnetization-prepared rapid gradient echo

imaging included the following parameters: repetition time 2,530 milliseconds, echo time 3.03

milliseconds, flip angle 7°, voxel size 1 x 1 x 1 mm, matrix size 256 x 256, and slices 176.



Briefly, images were corrected for intensity non- uniformity with the N41TK algorithm?® and
skull stripped with MONSTR.? Anatomic brain segmentations (gray matter [GM], white matter

[WM], and CSF) were done with FreeSurfer (version 6.3.0, surfer.nmr.mgh.harvard.edu) anal-

ysis of the T1-weighted magnetization-prepared rapid gradi- ent echo images.

Diffusion tensor imaging: We acquired diffusion-weighted images on the same scanner as

structural images with the following parameters: repetition time 17,000 milliseconds, echo time
98 milliseconds, flip angle 90°, voxel size 2 x 2 X 2 mm, matrix size 128 x128, and slices 75.
The acquisition included 10 images at b = 0 s/ mm?, 10 images with noncollinear directional
gradients at b = 300 s/mm?, and 60 images with noncollinear directional gradients at b = 1,100
s/mm?. Diffusion-weighted images were processed with the TORTOISE software?? for tensor
estimation. Briefly, we preprocessed images for motion correction and eddy current correction,
with adjustments to the gradient table performed on the basis of patient position. Distortions due
to echo planar imaging susceptibility arti- facts were corrected by first performing brain
extraction on an anatomic T2-weighted SPACE acquisition (repetition time 3200 milliseconds,
echo time 280 milliseconds, flip angle 120°, spatial resolution 0.98 x 0.98 x 1 mm, resampled to
0.49 x 0.49 x 1 mm). Next, a rigid registration performed aligned the T2-weighted image to the b
= 0 image using the ANTS software package.? Finally, we performed a deform- able registration
within TORTOISE from the b = 0 image to the T2-weighted image, and the resulting
transformation was applied to each gradient direction. After distortion correction, we performed
nonlinear least-squares tensor estimation followed by computation of fractional anisotropy (FA),
axial diffusivity (AD), radial diffusivity (RD), and mean diffusivity (MD). Measurements were
averaged across 39 regions of interest, defined automatically with the DOTS tract segmentation

algorithm.?*

Clinical, biochemical, and imaging outcomes


http://surfer.nmr.mgh.harvard.edu/

The primary outcome measures were changes in serum levels of NfL, GFAP, tau, and UCH-L1
from 30 days to 5 years after TBI in relation to TBI diagnosis, injury severity, functional
outcome, brain volumes, and DTI. We assessed functional outcome with the Glasgow Outcome
Scale—Extended (GOS- E).? We tested associations between serum biomarkers and GM, WM,
and corpus callosum (CC) volumes. The rationale for selecting these brain regions is that NfL is
found pre- dominantly in WM axons and that GM, WM, and CC volumes are surrogate markers
of brain atrophy.?® CC is also a central WM structure and has been shown to be highly vulnerable
to TAL?" TAI is frequently quantified with DTT measures of FA (reduced in the chronic phase),
RD (in- creased), and MD (increased).?’

Readers should note that this paper reproduces some of the analyses and data from our
companion article.** This includes data relating to NfL measurement for figures 1A, 2A, 3 (top
row), 4A, 5A, 5E, 6A in the main text, as well as figures e-5 (left column), e-6, e-7, and e-8 (top
rows) and tables e-1-4A available from Dryad (https://doi.org/10.5061/dryad.44j0zpc98).

Although reproduction of data is usually to be avoided, we feel it is appropriate in this case. In

this way, readers can fully appreciate the differences between the various biomarkers without

having to refer to a separate article.

Statistical analysis

Blood biomarker concentrations in serum were non- normally distributed because of biologically
plausible higher values. Natural log-transformation produced plausibly normal distributions and
was used for all regression analyses. We used analysis of variance to compare groups at baseline,
followed by corrections for pairwise multiple comparisons with the Dunn test. To assess the
change in biomarkers over time, we conducted linear mixed-effect models with random
participant effect, and time (continuous) was used as a fixed effect. We determined the di-

agnostic utility of serum biomarkers by calculating the area under the receiver operating
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characteristic curve (AUROC). We tested the associations between blood biomarkers and GOS-E
scores and GM, WM, and CC volumes using generalized linear models with age, education, sex,
and total intracranial volume as covariates. For simplicity, we also report the relationships
between serum biomarkers and cross-sectional measures using the Spearman rank correlation.
Finally, we tested whether biomarker concentrations could predict future brain volume loss using
the following formula:

ABrainregion -~ fybiomarkers + ;demographics + [,ICV
Specifically, we examined whether biomarker concentrations could predict changes in brain
volume (denoted A in the formula) over the subsequent assessment period (e.g., bio- marker
concentrations at 30-day study visit to predict brain volume change from 30 to 90 days;
biomarker concentrations at 1 year to predict brain volume change from 1 to 2 years, etc).
Similarly, we tested the association between serum biomarkers and longitudinal changes and
DTI WM tracts. From these regression models, we extracted effect size (3 estimate) and p values,
and only p values that survived multiple comparison with the Bonferroni method were
considered significant.
We checked model assumptions by inspecting residuals (normality, histograms, Q-Q plots, and
homogeneity of variance). In addition, we explored the potential effects of body mass index,
diabetes mellitus, hypertension, hyperlipidemia, hematologic disorders (data available from
Dryad, figure e-1A—e1E, https://doi.org/10.5061/dryad.44j0zpc98), and family history of
dementia, diabetes mellitus, and hyperlipidemia on blood biomarker concentrations and found no

significant associations (data available from Dryad, figure e-2A—€2C). All tests were 2 sided, and
statistical significance was determined at p < 0.05. All statistical calculations were per- formed

using R (version 3.0.3, R Foundation for Statistical Computing, Vienna, Austria).

Standard Protocol Approvals, Registration, and Patient Consents

10
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The NIH institutional review board approved the study. All participants gave written and

informed consent.

Data Availability

The data supporting the findings are available on request from the corresponding author.

Results

A total of 230 participants (162 with TBI [median 7 months after recent TBI] and 68 healthy
controls) were enrolled at the Clinical Center, NIH. Patient with TBI also underwent serum,
brain MRI, and outcome assessments at 30 (n = 30), 90 (n = 48), and 180 (n = 59) days and 1 (n
=82),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 having mTBI and had no abnormalities on conventional MRI, 48 were
classified as having moderate TBI, and 25 were classified as having severe TBI. Table 1 shows
the demographic and clinical characteristics of the participants at enrollment. There were no
significant differences in the concentrations of the bio- markers between patients with TBI with
loss of conscious- ness vs those with no loss of consciousness (data available from Dryad, figure
e-3, https://doi.org/10.5061/dryad.44j0zpc98). Se- rum NfL levels were increased in patients
with TBI with posttraumatic amnesia vs those with no posttraumatic amnesia, while no

differences were seen for the other bio- markers (data available from Dryad, figure e-4).

Biomarker concentrations at enrollment
As reported in the companion paper and reproduced here for ease of comparison,*! the
concentrations of NfL in the cross-sectional serum samples were 2.0 times higher in TBI patients
(all severities) than controls (median 12.8 [IQR 7.2-33] pg/mL vs median 6.3 [IQR 3.6-9.2]
pg/mL, p < 0.0001). Concentrations of GFAP in serum were 1.67 times higher in patients with
TBI than controls (median 100.8 [64.0-143.5] pg/mL vs median 60.2 [46.4-80.1] pg/mL, p <

11



0.001). There were no significant differences in concentrations of tau and UCH-L1 between the

TBI groups and controls (table 1).

Serum NfL was elevated in patients with mTBI vs controls, moderate TBI vs mTBI, and severe
TBI vs moderate TBI (p = 0.0001, p = 0.0001, and p = 0.05, respectively; figure 1A).1* In
contrast, serum GFAP was elevated in those with mTBI vs controls and those with severe TBI vs
moderate but not in patients with moderate TBI vs mTBI (p< 0.0001, p= 0.005, and p= 0.17,
respectively, figure 1B). Serum concentrations of tau and UCH-L1 were significantly higher in
patients with severe vs moderate TBI but did not significantly distinguish between patients with

mTBI, those with moderate TBI, and controls (figure 1, C and D).

Time course of blood-based biomarkers

As reported in the companion paper and reproduced here for ease of comparison,*! serum NfL
levels decreased in a linear fashion over the 5-year assessment period (13 =—0.09 log pg/mL, p <
0.0001; figure 2A). Serum NfL remained elevated in mild to moderate cases compared to
controls for up to five years after injury (table e-1 available from Dryad:
https://doi.org/10.5061/dryad.44j0zpc98).

Longitudinally, the decline in serum GFAP over the course of 5 years was not significant (3 =
0.003 log pg/mL, p= 0.60, figure 2B). We noticed a biphasic release of GFAP in serum, with
levels decreasing during the first 6 months of injury but increasing over the subsequent time
points (figure 2B). Consistently, pair-wise comparison revealed no significant differences in the
concentrations of serum GFAP between patients with mTBI and controls at the 30-, 90-, and
180-day time points after correction for multiple comparisons; however, the levels were

increased at the 1, 2, and 3-year time points (data available from Dryad, table e-1, doi:10.

12
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5061/dryad.44j0zpc98). For patients with moderate or severe TBIs, GFAP concentrations were
increased compared to controls for up to 5 years (data available from Dryad, table e-1).

Serum tau concentrations were variable over the course of 5 years, and the decline in serum tau
during this time was not significant (8 = —0.02 log pg/mL, p= 0.23, figure 2C). Serum tau
concentrations were elevated only in severe cases com- pared with controls at the 90-day, 1-year,
and 2-year time points (data available from Dryad, table e-1, doi:10.5061/ dryad.44j0zpc98).

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 log pg/mL, p= 0.08, figure 2D). In addition,
there were no significant differences in serum UCH-L1 concentrations either across TBI severity
or compared with controls at any measured time point except for the 30-day time point, when
UCH-L1 was significantly elevated in patients with moderate TBI vs controls (data available

from Dryad, table e-1, doi:10.5061/dryad. 44j0zpc98).

Diagnostic utility of the biomarkers

As noted in our companion paper and reproduced here for ease of comparison,*! serum NfL
distinguished patients with mTBI from controls at the 30-day timepoint with an AUROC of 0.84
(figure 3). The highest AUROCSs for NfL were measured for moderate to severe TBIs at the 30-,
90-, and 180-day time points (AUROCSs 0.84-0.98, figure 3). The AUROC for NfL at the
following time points decreased (figure 3). The AUROCs for GFAP over the course of 5 years
ranged from 0.60 to 0.89 (figure 3). The highest AUROC for GFAP was measured at 30 days for
patients with moderate and severe TBIs vs con- trols (both 0.89, figure 3). The AUROCS for tau
and UCH-L1 distinguishing patients with TBI from controls over the course of 5 years were

variable, ranging from 0.45 to 0.74 and 0.45 to 0.77, respectively (figure 3)
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Serum NfL shows associations to functional outcome

At enrollment, increased serum NfL concentrations correlated with worse GOS-E scores ([3= —
0.28, p=0.0019; figure 4A).!! The other biomarkers did not correlate with GOS-E scores (figure
4, B-D). Next, we assessed whether serum bio- markers could predict subsequent change in
GOS-E scores. NfL and GFAP measured at 30 days were associated with an improvement in
GOS-E at 90 days (data available from Dryad, table e-2,
https://doi.org/10.5061/dryad.44j0zpc98). No significant changes were observed beyond the 30-
day time point (data available from Dryad, table e-2). Changes in GOS-E scores were not

associated with tau and UCH-L1 (data available from Dryad, table e-2).

Associations between blood biomarkers and brain MRI volumes

At enrollment, increased serum NfL, GFAP, tau, and UCH-L1 were associated with decreased
total GM volume (figure 5, A-D). Increased NfL and GFAP were also associated with decreased
WM volume (figure 5, E and F). There were no associations between tau, UCH-L1, and WM
volume (figure 5, G and H). In addition, increased NfL was associated with decreased
midanterior, central, and midposterior CC volumes (data available from Dryad, figure e-5,
doi:10.5061/dryad. 44j0zpc98). Similarly, increased GFAP was associated with decreased
anterior, midanterior, central, and posterior CC volumes (data available from Dryad, figure e-5).
Serum tau did not correlate with CC volumes (data available from Dryad, figure e-5). Increased
UCH-L1 was associated with decreased anterior CC volume but not other segments of the CC

(data available from Dryad, figure e-5).

Longitudinally, serum NfL measured at 180 days predicted WM volume loss at 1 year (8 =
—3,881, p=0.001, data available from Dryad, table e-3,
https://doi.org/10.5061/dryad.44j0zpc98). Serum NfL at 1 year predicted a loss in midanterior
and central CC volumes at subsequent years (data available from Dryad, table e-3). In addition,

14



NfL at the 3-year time point predicted a loss in central CC volume at the 4-year time point (data
available from Dryad, table e-3). There were no significant relationships between GFAP, tau, or
UCH-L1 and changes in brain volumes over time after correction for multiple comparisons (data
available from Dryad, table e-3). As reported in the companion paper,'* serum NfL showed

associations with the changes in WM and CC volumes (table e-3).

Associations between blood biomarkers and DT measures of WM integrity

At enrollment, increased NfL was associated with decreased DTI FA for all segments of the CC,
including the genu, body, and splenium (3 =—0.0075, p< 0.0001; 5 =-0.0071, p= 0.004; and 3
=—0.0075, p < 0.0001, respectively, figure 6A). In ad- dition, increased GFAP was associated
with reduced DTI FA for all segments of the CC (3 =—0.0075, p < 0.0001; B =

—0.0071, p = 0.004; and B =—0.0075, p < 0.0001, respectively, figure 6B). Similarly, increased
NfL and GFAP were associated with increases in DTI RD and MD for all segments of the CC
(data available from Dryad, figures e-6 and e-7, https://doi.org/10.5061/dryad.44j0zpc98).
Increased GFAP also was associated with DTI AD for all segments of the CC (data available
from Dryad, figure e-8). 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 the CC splenium (3
=—0.005, p = 0.017, figure 5 and data available from Dryad, figures e-6—e-8).

Longitudinally, serum NfL at the 180-day time point was associated with increases in DTI FA
for the genu and splenium CC at the subsequent time points (8 = 0.004, p = 0.001; B = 0.006, p<
0.0001, data available from Dryad, table e-4A, https://doi.org/10.5061/dryad.44j0zpc98). Serum
NfL at the 3-year time point predicted a decrease in DTI FA for the genu CC at the 4-year time
point (3 =-0.010, p < 0.0001, data available from Dryad, table e-4A). Similarly, increased NfL
at the 3-year time point predicted increases in DTI RD for the genu CC from 3 to 4 years (B =
16.4, p= 0.006, data available from Dryad, table e-4A). In addition, GFAP measured at 3 years

15



predicted a change in DTI FA for the genu CC at 4 years (3 =-0.011, p = 0.0003, data available
from Dryad, table e-4B). Serum tau measured at 4 years predicted a change in DTI FA for the
splenium CC from 4 to 5 years (B =—0.003, p = 0.007, data available from Dryad, table e-4C).
Serum tau at 1 year predicted DTI MD changes for the body of the CC from 1 to 2 years (B = 8.4,
p= 0.009, data available from Dryad, table e-4C). There was no relationship between serum
UCH-L1 and changes in DTI measures for CC integrity after correction for multiple
comparisons (data available from Dryad, table e-4D). A summary of the associations between
serum NfL and changes in DTI metric is reported in the companion paper!! and included here for

comparison purposes (table e-4A).

Discussion

The main findings of this study are the following. (1) Concentrations of NfL and GFAP in serum
were increased in patients with subacute and chronic TBI, while tau and UCHL- 1 levels were
increased in the severe cases only. (2) Serum NfL distinguished patients with TBI from controls
at 30, 90, and 180 days with high accuracy; the diagnostic accuracy of GFAP, tau, and UCH-L1
was lower. (3) Serum NfL at enrollment showed a relationship to TBI severity and functional
outcome, while the relationship was weaker for the other measured biomarkers. (4) Increased
concentrations of NfL and GFAP in serum at enrollment correlated with MRI brain volumes and
DTI measures of TALI. (5) Serum NfL was the only biomarker that was associated with the likely
rate of brain atrophy and DTI measures of progression of TAI Our findings suggest that NfLL
concentrations in serum offer rapid and accessible means of assessing and predicting neuronal

damage in patients with TBI.

NfL is a component of the axonal cytoskeleton and is expressed primarily in large-caliber
myelinated subcortical axons.?® In the context of TBI, serum NfL measured within 48 hours of
16



injury has been shown to distinguish patients with CT findings from those with normal CT.1429:30
In this and the companion paper,*! we found that serum NfL can distinguish patients with MTBI,
moderate TBI, and severe TBI from each other as well as compared to controls months to years
after injury. In contrast to the existing studies, we found here that serum NfL can distinguish
patients with mTBI, moderate TBI, and severe TBI from each other as well as from controls
months to years after injury. The AUROC at 30 days for serum NfL for distinguishing those with
mTBI (DoD/VA criteria were used) from controls was 0.84, while for moderate and severe
cases, the AUROC was 0.94. AUROC:s over the following time points decreased for all
severities but remained statistically significant (e.g., the AUROC for distinguishing those with
mTBI from controls at 5 years was 0.80). In addition, NfL measured in cross-sectional serum
samples showed associations with GOS-E score. Compared 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-termaxonal degeneration that could be detectable in serum months to

years after injury with NfL used as the biomarker.

GFAP is an intermediate filament protein that is expressed predominantly by astrocytes.! In the
context of TBI, serum GFAP measured acutely after injury distinguished patients with
intracranial hemorrhage on CT from those with normal CT.14® Herein, serum GFAP measured a
median of 7 months from the date of injury did not relate to injury severity but could distinguish
patients with mTBI, moderate TBI, and severe TBI from controls. The highest AUROC for
GFAP was measured at the 30-day time point for moderate to severe TBI cases (AUROC 0.89);
however, beyond the 30-day time point, the AUROCSs were low. In addition, there was no as-
sociation between GFAP and outcome. Therefore, unlike previous studies in acute TBI,14-16
these results indicate that serum GFAP may not perform well as a biomarker in subacute or
chronic TBI.
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Tau is a microtubule-associated protein expressed pre- dominantly 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.22® In addition, plasma tau increased
within hours after concussion in athletes compared with their preseason baseline.!?!’ In the
present study, serum tau concentrations were elevated in patients with severe TBI but did not
relate to injury severity, functional outcome, or neuro- imaging measures. These findings suggest

that serum tau has limited utility when measured in the subacute and chronic phases of TBI.

UCH-L1 is found abundantly in neurons.®* Similar to serum GFAP, previous studies have
reported that serum UCH-L1 measured within 48 hours after injury distinguishes patients with
intracranial hemorrhage on CT from those with normal CT findings.?*® In contrast to the
previous studies, serum UCH-L1 measured here at a median of 7 months after injury was
elevated in patients with severe TBI compared with controls but not in patients with mTBI or
moderate TBI. Longitudinally, the levels of serum UCH-L1 were variable and did not relate to
injury severity or outcome. Together, these findings indicate that serum UCH-L1 has limited
diagnostic and prognostic utility in patients with subacute and chronic TBI. This is further
supported by the higher analytic variability for lower concentrations of serum UCH-L1 seen here

and previously.4

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. As reported in the companion paper,*! increased serum
NfL at enrolment was related to decreased GM, WM, and CC volumes. Decreased FA and
increased RD and MD were observed in patients with elevated serum NfL at enrolment.
Additionally, serum NfL was associated with the likely rates of MRI markers of brain atrophy
and progression of TAL! These findings are in direct comparison to a recent study of 9 patients
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that revealed a strong relationship between serum NfL measured 6 days after injury and TAI
assessed with DT1 12 months later.®® Similar to NfL, serum GFAP showed a relationship with
brain volumes and DTI measures but with limited prognostic util- ity. The associations 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 phases of TBI may not be as informative as when
measured acutely. The convergent findings provided by the methodologies used here (i.e., serum
biomarker levels, MRI volumetric analysis, and DTI) are principal proof of independent cross-
validation of these methods. From the scientific perspective, the data provided by these 3
methods greatly increase the confidence of a relationship between serum biomarker levels and
underlying 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 on WM
axonal microstructure yet is readily available and not technically challenging, while DTI
provides more detailed and region- specific information on WM microstructure but has limited
availability and high cost. On the other hand, serum NfL concentrations are related to TBI
severity, clinical outcome, and imaging outcome and are readily measured with standard

laboratory techniques.

Comparing the 4 serum neuronal injury biomarkers measured herein shows that the performance
of NfL was robust in distinguishing patients with different TBI severities, showing stronger
associations with functional outcome, brain volumes, and DTI measures of TAI relative to the
other biomarkers. In addition, although serum NfL decreased in a linear fashion over time, it
remained elevated in mild and moderate cases com- pared with controls for a prolonged period.
In contrast to NfL, GFAP had a biphasic release in serum, with levels decreasing during the first
6 months of injury but increasing over the subsequent time points. These findings indicate that

axonal injury and astrogliosis may persist for years after TBI and are more evident in moderate
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to severe cases, which is consistent with existing animal models and human histopathologic
studies.®*3” Mechanistically, the kinetics observed for NfL and GFAP in serum after TBI provide
insight into the persistence of neuroaxonal degeneration and astrogliosis/activation, respectively.
Although serum GFAP was increased in patients with subacute and chronic TBI, it did not relate
to injury severity or outcome. Finally, tau and UCH-L1 levels were variable and showed weak
relationships with TBI severity and imaging outcomes. This suggests that tau and UCH-L1 may

not be sensitive bhiomarkers for sub- acute and chronic TBI.

Our study is not without limitations. First, we did not have longitudinal blood samples and MRI
assessments at all measured time points, which is an issue inherent in many long-term
longitudinal studies. Second, serum may not be the optimal source for measurement of tau
because tau concentrations in serum are lower than in plasma, possibly explaining the higher
analytical variation for this biomarker. Third, 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 TBI. Lastly, there was overlap in biomarker concentrations
between the groups, especially between the mTBI group and controls, which could be due to
several reasons, including intraindividual variability, limited sensitivity of the assay, and

limitations of the current TBI classification.®®

These findings suggest that a single mTBI to moderate TBI may cause long-term neuroaxonal
degeneration and astrogliosis/activation. The collective evidence from this study suggests that
serum NfL is a highly sensitive biomarker for neuroaxonal degeneration after subacute and
chronic TBI and performs better than the other measured bio- markers. The strong relationships
seen between serum NfL and DTI measures of TAI suggest that serum NfL could be used to
assess TAI or as a prognostic blood biomarker of disease progression or neuroaxonal damage

after TBI. Serum NfL may have a potential role in facilitating the development of novel disease-
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modifying therapeutics and possibly guiding treatment decisions once such treatments become
available. To translate these findings into clinical practice, future research should standardize
methods of quantification across analytical platforms and determine cutoffs across age and

different injury subtypes.
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Table 1. Demographic and clinical characteristics of TBI patients and controls at enrolment

Variables TBI (n =162) Controls (n = 68) p Value
Age, median (IQR), y 43 (30-56) 42 (27-54) 0.38
Female, n (%0) 55 (34) 36 (53) 0.007
Race, n (%) 0.01
White 120 (0.74) 23 (34)
Black 24 (0.15) 19 (28)
Asian 4 (2.5) 1(1.2)
Multiple races 12 (7.5) 1(1.5)
Other 2(1.2) 0 (0.0)
Education, median (IQR), y 16 (14-18) 16 (16-17) 0.20
Time since most recent TBI, mo 7(3-17) — —
Injury severity, n (%0)
Mild 89 (55) — —
Moderate 48 (30) — —
Severe 25 (15) — —
LOC, n (%)
Yes 114 (70) — —
No 33 (20) — —
Unknown 15 (10) — —
PTA, n (%)
Yes 96 (59) — —
No 29 (18) — —
Unknown 37 (23) — —
Causes of injury, n (%6)
Acceleration/deceleration 47 (28) — —
Blast 8(5) — —
Direct impact/blow to the head 46 (28) — —
Fall 50 (30) — —
Other 11 (9) — —
GOS-E score, n (%) 146 (90) — —
1-Dead 0(0) — —
2—Vegetative state 0(0) — —
3—Low-severe disability 8 (5) — —
4—Upper-severe disability 14 (10) — —
5—Low-moderate disability 34 (23) — —
6—Upper-moderate disability 45 (31) — —
7—Low-good recovery 25 (17) — —
8—Upper-good recovery 20 (14) — —
BMI, median (IQR), kg/m? 26 (23-29) —
Current health-related factors, n (%0)
Diabetes mellitus 1(0.6) — —
Dementia 0(0) — —
Endocrinologic 30 (18) — —
Hematologic 74 — —
Hyperlipidemia 74) — —
Hypertension 32 (20) — —
Family history, n (26)
Diabetes mellitus 57 (35) — —
Dementia 6 (3.7) — —
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Hyperlipidemia 28 (17) — —

Serum biomarkers, median (IQR)

NfL, pa/mL 12.8 (7.2-33.0) 6.3 (3.6-9.2) <0.0001
GFAP, pg/mL 100.8 (64.0—143.5) 60.2 (46.4—80.1) <0.001
Tau, pg/mL 0.21 (0.13-0.42) 0.15 (0.07—10.27) 0.17
UCH-L1, pg/mL 9.6 (6.4-15.5) 8.3 (5.5-11.7) 0.11

Abbreviations: BMI = bodymass index; GFAP = glial fibrillary acidic protein; GOS-E = Glasgow Outcome Scale—Extended;
IQR = interquartile range; LOC = loss of consciousness; NfL = neurofilament light; PTA = posttraumatic amnesia; UCH-L1
= ubiquitin C-terminal hydrolase-L1. The NfL data is reproduced from the companion paper* and included for comparison.
Data are presented as median (interquartile range). Categorical variables were calculated with the 2 test. Continuous
variables were calculated with the Mann-Whitney U test.

30



Figure legends

Figure 1. Biomarker concentrations across TBI severities at enrollment.

(A-D) Serum concentrations of neurofilament light (NfL), glial fibrillary acidic protein (GFAP),
tau, and ubiquitin C-terminal hydrolase-L1 (UCH-L1) across traumatic brain injury (TBI)
severities at a median of 7 months after TBI. NfL data (A) is reproduced from the companion
paper!! and included for comparison. Boxplots show the median and interquartile range. The p

values are adjusted for multiple comparisons with the Holm-Bonferroni method.

Figure 2. Time course of the blood biomarkers.

(A-D) Time course of serum neurofilament light (NfL), glial fibrillary acidic protein (GFAP),
tau, and ubiquitin C-terminal hydrolase-L1 (UCH-L1) across traumatic brain injury (TBI)
severities. Error bars indicate SEM. NfL data (A) is reproduced from the companion paper!! and
included for comparison. The y-axes are log-transformed (log 10) for better visual clarity. The x-

axes show the sampling time points after TBI.

Figure 3. Diagnostic utility of blood biomarkers over time.

Plots show the diagnostic utility (area under the receiver operating characteristics curve
[AUROC]) of serum neurofilament light (NfL), glial fibrillary acidic protein (GFAP), tau, and
ubiquitin C-terminal hydrolase-L1 (UCH-L1) in distinguishing patients with traumatic brain
injury from controls. NfL data (top row) is reproduced from the companion paper*! and included

for comparison. Error bars indicate 95% confidence interval.

Figure 4. Association between blood biomarkers and functional outcome at enrollment.
(A-D) Association between concentrations of neurofilament light (NfL), glial fibrillary acidic
protein (GFAP), tau, and ubiquitin C-terminal hydrolase-L1(UCH-L1) at enrollment and
Glasgow Outcome Scale—Extended (GOS-E) assessed cross-sectionally. NfL data (A) is
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reproduced from the companion paper!! and included for comparison. 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 sex.

Figure 5. Association between blood biomarkers and GM and WM volumes at enrollment.
(A—H) Association between serum concentrations of neurofilament light (NfL), glial fibrillary
acidic protein (GFAP), tau, and ubiquitin C-terminal hydrolase-L1 (UCH-L1) and gray matter
(GM) and white matter (WM) volumes (all patients with traumatic brain injury). NfL data (A and
E) is reproduced from the companion paper*! and included for comparison. The R estimates and
p values are from regression models, covaried for age, education, sex, and total intracranial
volume. Associations were also assessed with the univariate Spearman rank correlation (p).

Brain regions were normalized to total intracranial volume before analysis with p.

Figure 6. Serum biomarkers at enrollment in relation to DTI fractional anisotropy.

(A-D) Relationship between serum neurofilament light (NfL), glial fibrillary acidic protein
(GFAP), tau, and ubiquitin C-terminal hydrolase-L1 (UCH-L1) measured at enroliment and
diffusion tensor imaging (DTI) fractional anisotropy (FA) for corpus callosum (CC) integrity
measured at enrollment. The NfL data (row A) is reproduced from the companion paper*! and
included for comparison. The [ estimates and p values are from regression models, covaried for
age, education, and sex. We also assessed the relationship with univariate the Spearman rank

correlation (p).
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