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Abstract

Traumatic brain injury (TBI) is a common cause of death and disability, worldwide. Early
determination of injury severity is essential to improve care. Neurofilament light (NF-L) has
been introduced as a marker of neuroaxonal injury in neuroinflammatory/-degenerative dis-
eases. In this study we determined the predictive power of serum (s-) and cerebrospinal
fluid (CSF-) NF-L levels towards outcome, and explored their potential correlation to diffuse
axonal injury (DAI). A total of 182 patients suffering from TBI admitted to the neurointensive
care unit at a level 1 trauma center were included. S-NF-L levels were acquired, together
with S100B and neuron-specific enolase (NSE). CSF-NF-L was measured in a subcohort
(n = 84) with ventriculostomies. Clinical and neuro-radiological parameters, including com-
puterized tomography (CT) and magnetic resonance imaging, were included in the analy-
ses. Outcome was assessed 6 to 12 months after injury using the Glasgow Outcome Score
(1-5). In univariate proportional odds analyses mean s-NF-L, -S100B and -NSE levels pre-
sented a pseudo-R? Nagelkerke of 0.062, 0.214 and 0.074 in correlation to outcome,
respectively. In a multivariate analysis, in addition to a model including core parameters
(pseudo-R? 0.33 towards outcome; Age, Glasgow Coma Scale, pupil response, Stockholm
CT score, abbreviated injury severity score, S100B), S-NF-L yielded an extra 0.023
pseudo-R? and a significantly better model (p = 0.006) No correlation between DAl or CT
assessed-intracranial damage and NF-L was found. Our study thus demonstrates that S-
NF-L correlates to TBI outcome, even if used in models with S100B, indicating an indepen-
dent contribution to the prediction, perhaps by reflecting different pathophysiological pro-
cesses, not possible to monitor using conventional neuroradiology. Although we did not find
a predictive value of NF-L for DA, this cannot be completely excluded. We suggest further
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studies, with volume quantification of axonal injury, and a prolonged sampling time, in order
to better determine the connection between NF-L and DAI.

Introduction

Traumatic brain injury (TBI) is the leading cause of death and lifelong disability in young
adults worldwide, and is increasing in the elderly population [1, 2]. Despite recent advances in
intensive care, morbidity and mortality remains high in severe TBI [3]. Early determination of
injury severity and outcome prediction are important in order to improve care, balance benefits
and risks of early treatment options, and establish predictive models that can also be used in
future multi-center clinical trials. Existing predictors of outcome include age, Glasgow Coma
Scale (GCS), pupil response and grading of extent/type of TBI damage on imaging [2, 4, 5].
These factors have been included in predictive models with some success in estimating out-
come, although with limitations [2, 6].

In recent years, TBI research has also been devoted to finding biomarkers that can improve
the predictive capacity of these demographic, clinical and imaging factors, but also to highlight
relevant disease pathways (recently reviewed in [7, 8]). The most extensively studied biomarker
in TBI is S100B, with numerous studies showing a strong predictive capacity, also in the multi-
variate setting, and correlation to intracranial pathology [9, 10]. However, S100B is expressed
in other cell types such as melanocytes, Langerhans cells, Schwann cells, chondrocytes and adi-
pocytes and its serum concentration can increase due to extracranial injuries, such as bone
fractures (including skull and facial bones) and muscle injuries [11-15], as well as in multi-
trauma patients without head injury [16]. Also, S100B is found mainly in astrocytes and may
not reflect the extent of damage in neurons, which is more prominent in certain injury types,
such as diffuse axonal injury (DAI) [17]. NSE is an isoenzyme of enolase, a glycolytic protein
that is present, predominantly, in the cytoplasm of neurons, neuroendocrine cells [18] and
erythrocytes [7, 19]. As NSE is present in erythrocytes, its usefulness as a serum biomarker for
brain damage is limited since hemolysis will provide elevated levels of non-cerebral origin [7,
20]. A more clinically useful marker for axonal injury is thus warranted.

Neurofilaments consist of three kinds of chains, neurofilament light chain (NF-L) of 68
kDa, a neurofilament intermediate chain of 150 kDa, and a neurofilament heavy chain (NFH)
of 190 to 210 kDa, and assemble to form intermediate filaments of 10um diameter, which are
the main components of the axonal cytoskeleton. In situations of axonal damage they can be
released and measured in biological fluids [21]. NF-L has emerged as a promising cerebrospinal
fluid (CSF) biomarker for neurological disability and neuroaxonal damage in neurodegenera-
tive and neuroinflammatory diseases, such as amyotrophic lateral sclerosis and multiple sclero-
sis, respectively [12, 22-24]. It is also increased in CSF following concussions related to boxing,
in the extracellular space of pericontusional areas in TBI and in the serum of patients with spi-
nal cord injury (SCI), where it correlates with outcome [25-27]. In aggregate, NF-L shows
promise as a serum biomarker for TBI, with a different cellular origin than S100B.

By using a panel of several biomarkers of brain injury, the predictive capabilities toward
long term outcome has been shown to increase [28]. In a study from Mondello et al, it was
also shown that a biomarker of neuronal origin (ubiquitin carboxy-terminal hydrolase L1,
UCH-L1), combined with a marker of glial origin (glial fibrillary acidic protein, GFAP) could
discriminate between diffuse and focal injury on admission, and the ratio between the two pro-
teins was a better outcome predictor than either protein alone [29]. Presumably, monitoring
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several biomarkers, that reflect different clinical information, would improve the management
of patients suffering from TBIL.

The main objective of this study was to analyze a possible predictive value of CSF and/or
serum NF-L, as compared and adjusted to other known predictive factors including the two
biomarkers S100B and NSE. Secondary objectives were to explore the levels of NF-L after TBI
in serum and CSF and to investigate if NF-L and S100B reflect different pathophysiologic phe-
nomena as analyzed by neuroradiology. Additionally, in an exploratory approach, we also
looked for factors that might explain the increase of NF-L after TBI. Our study revealed a prog-
nostic value for serum levels of neurofilament light, independent from S100B, towards long
term functional outcome following TBI.

Methods
Clinical cohort

Patients with NF-L samples in the Traumatic Brain Injury Database at Karolinska University
Hospital, between 2007 and 2013, were retrospectively enrolled. Time points were chosen to
correspond to another unpublished study analyzing genetic differences in TBI patients (#2005/
1526/31/2). The patient cohort partially overlaps with an earlier study investigating the prog-
nostic relevance of S100B levels [10].

Ethic statement

The patients were included retrospectively (2007-2013), thus no verbal or written consent
could be acquired. Clinical data is stored in the patient’s hospital charts, which are biometri-
cally protected and stored on hospital servers. The extracted data was analyzed anonymized,
and all the results were presented on a group level, hence making it impossible to identify indi-
vidual patients. The study was approved by the Ethical Vetting Board of Research Involving
Humans, Stockholm, Sweden (approval number 2014/2025-31). Both the current ethical appli-
cation and the one approved for the other study (#2005/1526/31/2) approve that S100B, NSE
and NF-L are sampled in serum and CSF.

Admission parameters

Glasgow Coma Scale (GCS) [30] was assessed at admission to the hospital. Pupil responsive-
ness was used as a factor; 0 = pupil responsiveness, 1 = unilateral unresponsiveness and

2 = bilateral unresponsiveness. Injury Severity Score and Abbreviated Injury Score were
assessed following admission to the emergency room [31, 32].

NF-L

Determination of serum and CSF levels of NF-L were carried out using a commercially avail-
able ELISA kit (Uman Diagnostics, Umea, Sweden) according to the manufacturer’s instruc-
tions. Measurements were performed in duplicates using 50 pl undiluted cell-free serum, or
10yl CSF per well. The detection cut-off is set to 31ng/L, the standard is ranging from 100 to
10,000 ng/L. When values were below or above the ELISA detection range, the sample was re-
run at a lower or higher dilution, respectively, thus the concentration was never “0” (zero).
NEF-L has been shown to be a stable analyte and the measurements are not affected by repetitive
thawing (up to 4 thaws) [33]. Five serum and 7 CSF samples were thawed a second time to run
repeat readings. Other than that, all samples were thawed only once.
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S100B and NSE

All serum S100B samples collected until September 2008 were analyzed at Karolinska Univer-
sity Hospital, Department of Clinical Chemistry, using a quantitative automated luminometric
immunoassay (LIAISON-mat S100 system, Diasorin, Sangtec, Italy). In September 2008, the
Department changed to an automatic electrochemiluminescence immunoassay (Elecsys
S100B; Roche Diagnostics, Penzberg, Germany) analyzing method. A good correspondence
between the two methods has been shown, including internal validation by the Department of
Clinical Chemistry, Karolinska University Hospital, Solna, Sweden [34, 35]. Serum NSE, as
well as CSF levels of S100B and NSE, were analyzed using the immunoradiometric assay (Liai-
son, DiaSorin, Italy) throughout the whole study at the Karolinska University Hospital,
Department of Clinical Chemistry. The detection levels for the Liaison ranges from 0.04 pg/L
for NSE and 0.02 pg/L for S100B, while the Elecsys detects serum S100B levels down to
0.005pg/L. No patient presented with concentrations below detection levels. The serum levels
and clinical data were collected from the digital medical files in the hospital database system
Take Care (CompuGroup Medical Sweden AB, Farsta, Sweden) for each patient. As S100B and
NSE are routinely sampled twice daily in our clinic, a mean level of sample measurements
acquired during the day of NF-L-sampling was used. For serum S100B, the peak level 12-36
hours after TBI and for serum NSE, the peak level from the first 48 hours after trauma was also
acquired [36]. CSF levels of S100B and NSE were noted, if available the same day as the CSF
NF-L samples.

Neuroradiology

Computerized tomography (CT) scans of each patient were used to compute the Stockholm
CT score [37], the Marshall classification [38] and the Rotterdam CT score at admission (initial
CT scan) [39]. The Marshall classification primarily describes if the injury is diffuse, with dif-
ferent degrees of severity, or focal. The Rotterdam system is graded in different levels of severity
(higher level = increased risk of unfavorable outcome) and includes compression of basal cis-
ternae, >5 mm of midline shift and the presence of subarachnoid hemorrhage. Stockholm CT
score uses midline shift as a continuous variable, but also looks at the presence of diffuse axonal
injury visible on CT scans and subarachnoid hemorrhage. Both Rotterdam and Stockholm CT-
scores considers the presence of epidural hematoma to be a favorable outcome factor. The anal-
ysis protocol also included volumes and locations of contusions, infarctions and information
on presence and extent of DAI lesions. Additionally, 85 patients had undergone magnetic reso-
nance imaging, (MRI) which was analyzed using the same protocol. The clinical MRI protocol
included Echo Planar diffusion-, Fluid Attenuated Inversion Recovery- (FLAIR), Gradient
Echo- (GRE), and T1- and T2 weighted image sequences. MRI was performed in individual
patients according to the clinical course and was usually used to assess if diffuse axonal injury
was present in the more severe cases of TBL. MRIs were graded according to Adams et al [40],
determining grade and type of DAIL, where grade 1 = subcortical DAI, grade 2 = basal ganglia
and/or corpus callosum (as well as subcortical), grade 3 = brain stem involvement (as well as
grade 1-2 locations).

Outcome

Outcome was evaluated by Glasgow Outcome Score (GOS) [41] 6-12 months post trauma.
This is regularly performed at our department, either at a follow-up visit at the neurosurgical
department or rehabilitation clinic approximately 6 months after trauma and/or by a struc-
tured questionnaire 12 months after trauma, therefore a combination of assessed and self-
reported outcome was used. The latest available GOS score was used if assessed at more than
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one time point. GOS 1 indicates death, GOS 2 vegetative state, GOS 3 severe, dependent state,
GOS 4 moderate, independent state, and GOS 5 full recovery. In outcome prediction models,
all steps of GOS was used, thus no dichotomization was performed.

Statistical analyses

The statistical progam R (v3.1.0, R-Foundation for Statistical Computing, Vienna, Austria;
http://www.R-project.org) was used with the “lrm” package for proportional odds models.
Parameters known to be predictive of TBI outcome were included as adjusting parameters.
These included Age, GCS, Pupil response, CT score, and trauma grade (ISS, AISS), which sub-
sequently are referred to as core variables [37]. Since data on NF-L was sampled 1-3 times per
subject and at different time points, mixed model analyses were not feasible. Instead median,
mean and max values were calculated and used in the statistical models. Logarithm values for
NF-L, S100B and NSE data were used to near a normal distribution of these variables. Multiple
Imputation (MI) was used to impute missing data, imputing 7 complete sets, and project the
composite introduced uncertainty of imputation in the multivariate models [42]. Multivariate
proportional odds analyses were performed towards GOS. Outcomes for different levels of
NF-L and S100B were illustrated using conditional density plots. Accuracy of models were
evaluated using Nagelkerke’s pseudo-R* [43], bootstrapped for bias when the number of pre-
dictor variables are increased. Nagelkerke’s pseudo-R?* provides an estimated explained vari-
ance, a number between 0 and 1 where 1 is a fully explained model. The explained variance of
linear models identifying factors related to serum (s)-NF-L and CSF-NF-L is given as an
adjusted R>. A Mann-Whitney U-Test was used to compare NF-L levels between patients with
and without DAI in Marshall Grade II patients. The raw data used in this study is available as
supplementary information (S1 File).

Results
Demographics

S-NEF-L samples were collected in 182 patients (75% males). The median initial GCS was 6.
Demographic histograms of primary core data and outcome are shown in Table 1. The early
GCS distribution showed a bias towards lower scores, in part explained by many patients being
sedated and intubated directly at the scene of accident. There were no patients with GOS2 (veg-
etative state) in the data set. For the 159 patients that survived, outcome was assessed at 6-7
months (n = 28), 8-10 months (n = 18), but primarily at 12 months (n = 116, 73%) after
trauma. Uninjured reference controls are presented in Table 1 for serum and CSF S100B, NSE
and NF-L levels. The data set was largely complete for core parameters, s-NSE and s-S100B,
and outcome (Table 2).

Characteristics of s-NF-L

Between 1 and 3 samples were collected per patient, as available (Fig 1A and 1B). In total, 439
serum-, and 167 CSF samples, of NF-L were acquired. There was a general upward trend of s-
NF-L at the group level over time (Fig 1C and 1D), but differences on an individual basis were
often less pronounced (Fig 2). Since mixed models were not applicable, and as intra-individual
changes were limited, data was reduced to mean and max per patient. Additionally two vari-
ables were derived: a variability parameter of the standard deviation per patient and a time
parameter stratifying samples to early (1-5) and late (5-15) sample days, respectively. The
analyses of these two parameters are affected by missing data points and should be considered
as exploratory.
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Table 1. Patient demographics.

Age (median- 1st/3rd quartile)

Glasgow Coma Scale (mean—SD)

GCS 3-8

GCS 9-13

GCS 14-15

Abbreviated Injury Severity Score (AlS) (mean—SD)
Injury Severity Score (ISS) (median- 1st/3rd quartile)
Pupil responsiveness

Bilateral responsive

Unilateral unresponsiveness

Bilateral unresponsiveness

Missing

Neuroradiology

Initial computerized tomography (CT) scan
Marshall Score

Grade |

Grade Il

Grade llI

Grade IV

Grade VI

Diffuse injury (Grade I-1V)

Missing

Rotterdam Score

Grade 1

Grade 2

Grade 3

Grade 4

Grade 5

Grade 6

Missing

Stockholm Score (mean—SD)

Magnetic resonance imaging (MRI)
Diffuse Axonal Injury (DAI)

DAl grade 1

DAI grade 2

DAI grade 3

Serum levels

S100B, 12-36h after trauma (median- 1st/3rd quartile) (ug/L)

NSE, peak level (median- 1st/3rd quartile) (ug/L)
NF-L (median- 1st/3rd quartile) (ng/L)
Cerebrospinal fluid levels

S100B, n = 68, pooled samples n = 117 (median- 1st/3rd quartile)
(bglL)

NSE, n = 67 patients, pooled samples = 117 (median- 1st/3rd
quartile) (pg/L)

NF-L, n = 84 patients, pooled samples = 167 (median- 1st/3rd

55 (37-63)
7(4)

n =128 (71%)
n = 39 (21%)
n =15 (8%)
4(1)

25 (19-29)

n =136 (75%)
n = 37 (20%)
n=7(4%)
n=2(1%)

n=0

n = 67 (37%)
n=11(6%)
n=2(1%)

n =100 (55%)
n = 80 (44%)
n=2(1%)

n =4 (2%)
n=21(12%
n=79 (43%
n=232(18%
n=33(18%
n =13 (7%)
n=2(1%)
2.53 (1.06)
n = 85 (47%)

n = 40 (47%—of performed MRI)
n = 6 (15%—of all DAI)

n = 14 (35%—of all DAI)

n = 20 (50%—of all DAI)

= =

0.46 (0.22-0.81) (Ctrl: 0.02, 0.00—
0.13)*

24 (18-33) (Ctrl: 9.4, 6.3-13.3)*
400 (181-865) (Ctrl: 7.9, 5.6-17.2)%

15.5 (2.6-63.8) (Ctrl: 0.96 + 0.50)F
35 (14-108) (Ctrl: 6.43 + 4.10)t

7026 (2610-19204) (Ctrl:

quartile) (ng/L) 138 + 31)t
Outcome
(Continued)
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Table 1. (Continued)

NICU Length of stay (median- 1st/3rd quartile) (days) 12 (6-21)
Glasgow Outcome Score (GOS 1-5)

GOS 1 -Dead n =23 (13%)
GOS 2—Vegetative state n=0

GOS 3—Severe disability n = 68 (37%)
GOS 4—Moderate disability n =54 (30%)
GOS 5—Mild disability n = 37 (20%)

lllustrating patient demographics including CT, MRI, biomarker and outcome data. Reference
concentrations from healthy controls (Ctrl) are presented for each biomarker in serum and CSF [44—47].
* = median, IQR

} = mean, SD

doi:10.1371/journal.pone.0132177.t001

Univariate analyses—outcome prediction

Univariate proportional odds were determined for core and biomarker predictor variables in
relation to GOS (Table 3). Mean, median and max values were determined for s-NF-L, s-
S100B, s-NSE, as well as the s-S100B/s-NF-L ratios (mean per patient), for each patient. S100B
was seen to be the best univariate predictor of outcome. The Stockholm CT score was more
informative than Rotterdam or Marshall, and therefore chosen as the core CT variable in the
multivariate analyses. The AISS, similarly, was chosen over the ISS. Gender was not significant.
All other variables were significant (p<0.05) except for the Marshall classification and, surpris-
ingly, the GCS. The derived NF-L variability and the early/late NF-L parameter were found to
be non-significant.

GOS spread at all levels of s-S100B (mean per patient) and s-NF-L (mean per patient) are
shown in Fig 3, also including a data density distribution in red with no relation to the y axis.
As evident from the graph, the relation of S100B levels to GOS is more consistent for all out-
come levels than s-NF-L, which however differentiates better outcome levels.

Multivariate analysis—outcome prediction

For multivariate analyses, core data and mean serum biomarker data were imputed with MI
with <3.3% missing data for any variable. Missing values were non-significant towards GOS,
supporting the missing-at-random assumption of imputation. A correlation matrix indicated
that s-S100B and s-NSE were most highly correlated (R* = 0.26, p<0.00001).

The core parameters (Age, GCS, Pupil response, Stockholm CT score, and AISS), similar to
parameters presented by the IMPACT group [43], exhibited an adjusted pseudo R* of 0.25 in a

Table 2. Missing data.

Core Percent missing Biomarkers Percent missing
Age 0 Serum (s)—NF-L 0

Pupils 1.1 s-NSE peak 0

GCS 0 s-S100B 12h-36 hours 0

CT 1.1 s-NSE (day of NF-L sample) 3.3

AISS/ISS 1.1 s-S100B (day of NF-L sample) 3.3

GOS 0

The amount of missing data was low and was imputed using multiple imputations.

doi:10.1371/journal.pone.0132177.t002
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Fig 1. Characteristics of serum NF-L samples. Histograms illustrating the number of s-NF-L samples per patient (A) and the distribution over time after
trauma (B). C illustrates the s-NF-L levels over time (one dot per sample), with a red line representing the locally weighted scatterplot smoothing (LOWESS),
a nonlinear regression of data points. D illustrates the s-NF-L levels over time after trauma using boxplots.

doi:10.1371/journal.pone.0132177.g001

proportional odds models towards GOS. The individual biomarkers s-S100B, s-NSE and s-
NF-L added to this model increasing the estimated explained variance of models to 0.33, 0.27
and 0.30, respectively. A step-up procedure found both s-S100B and s-NF-L significant in a
combined model exhibiting an adjusted Pseudo R? of 0.35 and thus adding a partial R* of 0.098
to the base model, where s-NF-L adds an additional 0.023 over S100B. The difference in devi-
ances of this model and sub-model were tested and support a significantly better model when
combined (p = 0.006). These results indicate that both s-S100B and s-NF-L are significant and
independent predictors of TBI outcome.

Relations of s-NF-L and CSF-NF-L

In a subset of 84 patients who had ventriculostomies for intracranial pressure monitoring,
NF-L was also measured in CSF. The relatively weak but significant relations between serum
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Fig 2. Serum NF-L levels by patient. Every line (separate color) represents an individual patient. Generally, even if there were differences in concentration
between patients they were limited over time for the individual patient.

doi:10.1371/journal.pone.0132177.9002

and CSF-NF-L are seen in Fig 4, exhibiting an adjusted R* of 0.12 (p<0.001). In comparison,
the logged serum and CSF correlation (R?) for S100B and NSE were 0.34 and 0.17, respectively.
When analyzing the ratios of CSF vs. serum values of NF-L it was found that the between
individual ratios differ greatly, whereas the intra-individual changes are generally more moder-
ate and with no clear time dependency (data not shown). Levels of both s-NF-L and CSF-NF-L
were highly related to the day of sampling (p <0.0001) with a positive correlation coefficient
and CSE-NF-L levels, as s-NF-L, generally increased as seen in a histogram of changes in Fig 5.
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Table 3. Univariate proportional odds analysis of parameters versus Glasgow Outcome Score.

Core variables Pseudo R? Biomarker variables Pseudo R?
Age 0.167 S—NF-L mean/max 0.062/ 0.062
GCS 0.016 (p = 0.10) S—S100B mean/max 0.214/0.193
Pupil response 0.033 S—NSE mean/max 0.074 /0.062
Stockholm score 0.119 S—S100B 12 h 0.179
Rotterdam score 0.05 S—NSE peak 0.045
Marshall class 0.021 (p = 0.06) S—NSE at S100B (12-36h) 0.053
AISS/ISS 0.067 / 0.025 S—S100B/s-NF-L ratio 0.204

Individual parameters and correlation (pseudo-R?) toward long term functional outcome (GOS).

doi:10.1371/journal.pone.0132177.1003

Analyses of CSF-NF-L cohort

In the subset (n = 84) of patients with CSF-NF-L similar univariate and multivariate analyses
were performed. Caution must be made when comparing with the results in Table 3 with the
analysis in this smaller subgroup of patients, which comprised a more severely injured cohort
requiring intra-cranial pressure monitoring. The CSF-NF-L was found to be significantly related
to GOS in a univariate proportional odds analysis (p = 0.0056, pseudo-R” 0.098), however non-
significant when adjusted for the other variables of the base model, with or without S100B.

Relations of s-NF-L to predictors and imaging

Parameters that significantly and positively correlated to s-NF-L (logged, mean per patient) in
univariate analysis withstanding a Bonferroni correction for multiple testing were: Days-after-
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Fig 3. Both serum-S100B and —NF-L correlate to TBI outcome. Serum levels of S100B (A) and NF-L (B) (x-axis, respectively) vs Glasgow Outcome
Score (GOS) (y-axis, left) shown using conditional density plots. The red line represents the data distribution. Outcome proportions are illustrated, summing
to one (y-axis right).

doi:10.1371/journal.pone.0132177.9003
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doi:10.1371/journal.pone.0132177.g004

trauma when the serum sample was collected (p = 0.00037), s-NSE (peak first 48 hours, logged,
p = 0.00080) and GOS (p = 0.00036). Additional parameters significant in univariate analyses
(without Bonferroni correction) and included in an initial multivariate model prior to step-
down were, ISS (p = 0.017) and s-S100B (logged, p = 0.0010) at 12 hours post trauma. No CT
scores or individual components thereof were significantly correlated to s-NF-L, while serum
levels of S100B were (Stockholm CT score, p = 0.0038). Only Days-after-trauma and GOS
remained significantly related to s-NF-L in multivariate analyses.

When analyzing the smaller cohort of patients that underwent MRIs (n = 85) midline-shift
on MR was significantly related to s-NF-L (p = 0.012). However, midline-shift was not signifi-
cantly correlated to s-NF-L in early CTs in the full cohort, or a subgroup of patients with late
CT’s (n = 102). The MRI population is also noted to have a lower mean age and GCS. Notably,
s-NF-L was not related to outcome in this smaller MRI cohort. Specifically, no significant rela-
tions between DAI locations, or grade, on MRI vs. s-NF-L, were identified.

In an exploratory attempt to remove focal injuries, a subgroup analysis, including only Mar-
shall Grade 2 (diffuse injury, n = 40), including diffuse TBI patients with DAI (n = 29) and
without (n = 11) on MR, there was no significant difference between the presence of DAI and
NF-L median levels in serum (p = 0.2664) and CSF (p = 0.5564), respectively (Mann-Whitney
U Test).

Relations of CSF-NF-L to predictors and imaging

In the subpopulation of patients with sampled CSE-NF-L (n = 84), multivariate analyses identi-
fied age, days-after-trauma, s-NF-L and CSF-S100B or CSF-NSE (interchangeably, but not
simultaneously in model due to co-variation) to be independently correlated to CSF-NF-L,
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doi:10.1371/journal.pone.0132177.9005

with the model exhibiting an adjusted R of 0.35. GOS was not found related to CSE-NF-L in
this cohort. In the group of patients with both MRI and CSF-NF-L (n = 47), no MRI variable
was correlated significantly to CSF-NF-L levels.

Discussion

We determined serum and CSF levels of NF-L in a large cohort of retrospectively collected
samples from TBI patients, and correlated the levels to functional outcome while adjusting for
established predictive factors. This study represents the first larger study of this biomarker in
the context of human TBI, where previously only a small study revealed a correlation between
microdialysis-based measurements of the brain extracellular fluid levels of NF-L and outcome
[25]. We detected a significant correlation to outcome, which was independent, though with
inferior predictive value to S100B. Both serum and CSF levels of NF-L were stable, but with an
upwards trend during the first 15 days after trauma. The correlation between serum and CSF
NEF-L levels was weak, yet significant. However, we did not observe any correlation to MRI
imaging parameters and thus no clear relation to a specific type and/or grade of diffuse injury.
To the best of our knowledge, this is the first study to sample NF-L in human serum follow-
ing TBI. NF-L, in contrast to S100B, is a neuronal protein, and thus would perhaps better
reflect loss of nerve cells and axonal connections, an important determinant of long-term
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deficits in TBI [48]. We therefore, determined the predictive value of NF-L both in univariate
and multivariate analyses, where S100B was included, and found that both S100B and s-NF-L
significantly contribute to outcome prediction, albeit s-NF-L levels contributed less than serum
levels of S100B. This additive predictive value of s-NF-L indicates that NF-L could be used as a
biomarker for predictive models of TBI outcome. The additional partial R* of NF-L in the pre-
diction model is 0.023, which is lower than age, pupil responsiveness and GCS motor score in
outcome models using the IMPACT study material [43] and what S100B provides in outcome
prediction models by our group [10]. However, even if it is only a few percentage points, that
two biomarkers used together provides independent information in outcome prediction mod-
els is a major finding. In previous studies, combinations of biomarkers have been shown to
increase outcome prediction (GFAP+S100B, NSE+S100B+GFAP and UCHL-1+GFAP) and
this is accordingly suggested for NF-L+S100B in our study [28, 29, 49]. A predictive value of
NEF-L for TBI outcome is also supported by previous data which showed that extracellular fluid
levels of NF-L in severe TBI patients correlate to TBI outcome [25] and that s-NF-L levels also
predict SCI outcome [27]. On the other hand, we only found a significant prediction between
CSF-NF-L and outcome in a univariate analysis, presumably because the material was under-
powered for such an analysis. CSF-NF-L levels were correlated to CSF-NSE and CSF-S100B
levels, indicating a correlation to injury severity. Studies detecting a correlation between injury
severity in mild TBI and CSF-NF-L used earlier/later sampling, making comparisons to our
results difficult [26, 50]. In aggregate, an independent predictive capability of s-NF-L towards
outcome was shown, even when adjusting for S100B values, perhaps indicating that a separate
pathological process, including axonal injury, was being monitored.

Although we found a correlation of NF-L levels to ISS, which is partly influenced by intra-
cranial injury, we could not verify an association of NF-L to the extent of DAI on MRI or to
damage assessed using CT scores. This could be due to analyses difficulties because of the het-
erogeneity of disease and sample size in our study. Another reason could be how NF-L behaves
physiologically in focal vs diffuse injuries. In focal lesions, NF-L might be rapidly released to
the CSF, while in diffuse injuries, it may first accumulate during axonal swelling, intermittently
disrupted axons and be subsequently released over longer time periods [51]. However, an
attempt to only look at diffuse injuries on CT scan and DAI on MRI, removing patients with
focal injuries, failed to yield any statistical correlation to NF-L levels. Another reason why DAI
did not yield significantly higher levels of NF-L could be the way that DAI is quantified. Even if
we noted localizations affected by DAI on MRI, the exact volume was not available. NFH has
been seen to increase in serum relatively more in diffuse injury compared to focal injuries [52,
53], unlike NF-L in our study. While midline shift on MRI was correlated to s-NF-L, we could
not see any correlation to CT data when including all patients, suggesting that this positive cor-
relation was probably a result of multiple testing in different subpopulations. S1I00B was corre-
lated to the extent of CT injury, whereas NF-L was not, indicating that conventional
neuroradiology cannot adequately monitor the pathophysiological process leading to increased
NEF-L levels. Also, it is difficult to determine the correct extent of axonal injury using CT and
MR, so perhaps novel techniques, such as high resolution fiber tracking [54], are needed to
better determine the full extent of the injury.

Contrary to the MRI findings, the finding that the predictive value of NF-L is independent
of S100B suggests that NF-L might be used in models to monitor an additional pathophysiolog-
ical pathway. NF-L, in contrast to S100B, is a neuronal protein, and thus should better reflect
loss of nerve cells and axonal connections, an important determinant of long-term deficits
[48]. This might be of special relevance for discriminating different injury types, e.g. diffuse
injury vs focal tissue injury, as shown by Mondello et al by using the ratio GFAP:UCH-L1 [29]
or disclosing special neuro-degenerative/inflammatory pathways. In an exploratory approach,
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as our data were not completely suited for such an analysis, we did not find a SI00B:NF-L
“glial:axonal” ratio to enhance predictions in outcome. One of the reasons this is difficult is
probably due to the extreme difference in half-life between the two proteins (1 hour vs 3

weeks) [55, 56] compared to GFAP and UCH-L1 (16 vs 8 hours) [57, 58]. However, this cannot
be excluded and should be evaluated in future studies with more controlled sampling times,
presumably early after trauma. NSE was more highly correlated to levels of NF-L, compared to
S100B, hence supporting NF-L as a marker of neuronal injury. However, NSE would probably
be less specific than NF-L in TBI as extracranial sources exist and hemolysis in samples is a
problem [11, 19]. Even if DAI was not correlated to NF-L levels in serum and CSF in our study,
we believe that prospective multi-center studies are needed to determine the correlation
between axonal injury and NF-L levels.

While S100B and NSE are present in extracranial tissue,[11, 19] there are no studies report-
ing extracranial origins of NF-L. Unfortunately, no specific extracranial injury data was avail-
able in this study to confirm this, with the ISS and AIS being too influenced by the intracranial
injury. As could be seen in relation to uninjured reference controls, all CSF and serum levels of
the biomarkers were elevated, which was especially true for the NF-L levels. The CSF- and s-
NF-L measurements in our study (median 7026 ng/L and 400ng/1 respectively) are similar to
previously reported data in mild TBI and severe SCI. Regarding CSF, the levels are higher than
in a previous study by Zetterberg et al analyzing NF-L in CSF of boxers suffering mild TBI
(mean 845 ng/L) [50] and s-NF-L levels are similar to those reported by Kuhle et al in severe
spinal cord injury (70-800 ng/L) [27]. On the other hand, the correlation between CSF-NF-L
(log) and s-NF-L (log) in our study only had an adjusted R* of 0.13. In contrast, serum-CSF
(log) correlation (R?) for S100B and NSE in this study were 0.34 and 0.17 respectively, thus
NEF-L presented similar results as NSE. As this is the first study measuring both s- and
CSE-NF-L in CNS trauma, we can only compare to a R* value measured in other neurological
diseases (Alzheimer’s disease, Guillain-Barre syndrome and amyotrophic lateral sclerosis)
which showed a stronger correlation (R* = 0.46) [24]. This discrepancy could partly be
explained by the heterogeneity and severity of the TBI compared to neurodegenerative dis-
eases, as well as, a higher variation in the permeability of the blood-brain barrier (BBB). How-
ever, since the NF-L levels of CSF and serum have a strong correlation to the parameter days
sampled after injury, they probably correlate more to the extent of the injury than to the BBB
integrity, which has been shown regarding S100B levels [59, 60] and are presumably excreted
predominantly from the brain using the recently discovered glymphatic system [61]. Also, ani-
mal studies show that the BBB is primarily affected only the first 30 minutes following experi-
mental TBI [62, 63], hence earlier than when samples were acquired in this study. Moreover,
CSE-NEF-L levels were correlated to age, perhaps indicating a higher morbidity of neurodegen-
erative diseases in this material including relatively old patients (median age 55 years). In
aggregate, looking at other studies of NF-L, our levels seem plausible and the discrepancies
could be explained by differences in injury severity and the heterogeneity of TBL

Generally, logged NF-L levels remained unchanged, or increased, during the first days after
injury. Being an obvious effect of logarithmic data, this could also be explained by the half-life
of NF-L in vivo, which has been shown to be about three weeks [64], and hence considerably
longer than for NSE [56] (approximately 20 hours) and S100B [55] (1 hour). Thus, if the NF-L
levels are elevated initially, they will probably remain high, throughout the first two weeks after
TBI. This means that NF-L levels, measured within 2 weeks, will likely be heavily influenced by
the primary brain injury and the very early pathophysiological cascades. Probably due to its
short half-life, S100B has been shown to be more dynamic and thus perhaps better as a bio-
marker to detect secondary injuries in the neuro-intensive care unit [65]. Still, the increase of
NF-L in individual patients might indicate acceleration in neuronal death/axotomy due to
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secondary effects of inflammatory or neurodegenerative pathways, which in turn could also
depend on genetic factors. This is supported by our previous data in an animal TBI model on
two different inbred rat strains, where genetic heterogeneity and neuroinflammatory pathways
had an effect on CSF-NF-L values [66]. Further studies would therefore be needed in order to
discover the potential source of this temporal increase in NF-L.

Limitations

The number of NF-L samples acquired, per patient, in this study are biased towards more
severe injuries, since these patients are more likely to spend more time in the neuro-intensive
care unit, hence being sampled more frequently. Also, sampling of NF-L was performed during
different days, for all patients. Even if there were low intra-individual differences between sam-
ples, a more regular sampling protocol would have improved the study. However, considering
the long half-life of NF-L and the low intra-individual sample difference, we do not think that
the number of samples per patient constitutes a major limitation. Additionally, GCS was, sur-
prisingly, not significantly correlated to outcome in our dataset, which leads to question the
quality of the initial emergency room GCS. GCS at admission to the hospital has been shown
to be influenced by sedative drugs, substance intoxication [67] and poor examination tech-
nique [68]. A motor GCS would have been preferable, as well as an objective post-resuscitation
GCS. A statistical weakness of this study is that multiple testing was performed, and only the
strongest correlations should therefore be discussed with confidence. It is also difficult to com-
pare results from the different subpopulations (full, MRI, CSF-NF-L) as these differ somewhat
in base-line variables. Since some patients had several CSF (and serum) samples, it was impos-
sible to use a mixed-models approach in the correlations between serum and CSF concentra-
tions of NSE and S100B (similar to NF-L in Fig 4A). As the release from CSF to serum might
differ in individual patients, we believe that there are limitations to Fig 4A using the current
method, even if the results in Fig 4A and 4B were similar for NF-L. All in all, this study must
largely be seen as exploratory and hypothesis generating and we recommend further studies
using fixed time points for sampling and imaging to better illustrate the correlation between
NF-L and cerebral injury. Outcome was not assessed at the same time point for all patients,
instead it was assessed over a time point of 6 months. Studies have shown that patients improve
during this time period [69], and may even continue to improve after 12 months [70]. How-
ever, as it noted in the results, a majority of the patients were assessed at around 12 months
after injury hence we believe that this is probably not a major limitation in our dataset.

Conclusions

We found that NF-L levels in serum are significantly correlated to outcome even when adjust-
ing for known strong predictors of TBI, including S100B. In line with its long half-life, logged
NEF-L levels remained relatively unchanged over time, albeit with an upward trend, exhibiting
limited intra-patient differences. No correlation between DAI, or CT parameters, and NF-L
levels could be detected. We hypothesize that NF-L might reflect a separate, more long term,
pathophysiological process than current TBI biomarkers. We suggest that further studies are
performed, with better quantification of axonal injury, and a prolonged sampling time, in
order to better determine the correlation between NF-L and axonal pathology in TBL

Supporting Information

S1 File. Raw data used in the study. Datasheets in a.zip-file containing all the patient data that
were used to produce the findings in this study.
(Z1P)

PLOS ONE | DOI:10.1371/journal.pone.0132177 July 2, 2015 15/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0132177.s001

@’PLOS ‘ ONE

Serum and CSF Levels of Neurofilament Light in TBI

Author Contributions

Conceived and designed the experiments: FAN ET AS FP DN BB. Performed the experiments:
FAN ET HN AMD. Analyzed the data: ET DN HN FAN AMD. Contributed reagents/materi-
als/analysis tools: AS FP DN BB. Wrote the paper: ET FAN FP DN BB.

References

1.

10.

11.

12

13.

14.

15.

16.

Roozenbeek B, Maas Al, Menon DK. Changing patterns in the epidemiology of traumatic brain injury.
Nat Rev Neurol. 2013; 9(4):231-6. Epub 2013/02/28. doi: 10.1038/nrneurol.2013.22 nrneurol.2013.22
[pii]. PMID: 23443846.

Steyerberg EW, Mushkudiani N, Perel P, Butcher I, Lu J, McHugh GS, et al. Predicting outcome after
traumatic brain injury: development and international validation of prognostic scores based on admis-
sion characteristics. PLoS Med. 2008; 5(8):e165; discussion e. Epub 2008/08/08. doi: 07-PLME-RA-
2016 [pii] doi: 10.1371/journal.pmed.0050165 PMID: 18684008; PubMed Central PMCID:
PMC2494563.

Stein SC, Georgoff P, Meghan S, Mizra K, Sonnad SS. 150 years of treating severe traumatic brain
injury: a systematic review of progress in mortality. J Neurotrauma. 2010; 27(7):1343-53. doi: 10.1089/
neu.2009.1206 PMID: 20392140.

Hukkelhoven CW, Steyerberg EW, Rampen AJ, Farace E, Habbema JD, Marshall LF, et al. Patient age
and outcome following severe traumatic brain injury: an analysis of 5600 patients. Journal of neurosur-
gery. 2003; 99(4):666—73. doi: 10.3171/jns.2003.99.4.0666 PMID: 14567601.

Marmarou A, Lu J, Butcher I, McHugh GS, Murray GD, Steyerberg EW, et al. Prognostic value of the
Glasgow Coma Scale and pupil reactivity in traumatic brain injury assessed pre-hospital and on enroll-
ment: an IMPACT analysis. J Neurotrauma. 2007; 24(2):270-80. Epub 2007/03/23. doi: 10.1089/neu.
2006.0029 PMID: 17375991.

Raj R, Siironen J, Kivisaari R, Hernesniemi J, Skrifvars MB. Predicting Outcome after Traumatic Brain
Injury: Development of Prognostic Scores Based on the IMPACT and the APACHE II. Journal of neuro-
trauma. 2014; 31(20):1721-32. doi: 10.1089/neu.2014.3361 PMID: 24836936.

Yokobori S, Hosein K, Burks S, Sharma I, Gajavelli S, Bullock R. Biomarkers for the clinical differential
diagnosis in traumatic brain injury—a systematic review. CNS Neurosci Ther. 2013; 19(8):556—65.
Epub 2013/05/29. doi: 10.1111/cns.12127 PMID: 23710877.

Strathmann FG, Schulte S, Goerl K, Petron DJ. Blood-based biomarkers for traumatic brain injury: eval-
uation of research approaches, available methods and potential utility from the clinician and clinical lab-
oratory perspectives. Clinical biochemistry. 2014; 47(10—11):876-88. doi: 10.1016/j.clinbiochem.2014.
01.028 PMID: 24486649.

Goyal A, Failla MD, Niyonkuru C, Amin K, Fabio A, Berger RP, et al. S100b as a prognostic biomarker
in outcome prediction for patients with severe traumatic brain injury. Journal of neurotrauma. 2013; 30
(11):946-57. doi: 10.1089/neu.2012.2579 PMID: 23190274; PubMed Central PMCID: PMC3684103.

Thelin EP, Johannesson L, Nelson D, Bellander BM. S100B is an important outcome predictor in trau-
matic brain injury. J Neurotrauma. 2013; 30(7):519-28. doi: 10.1089/neu.2012.2553 PMID: 23297751.

Savola O, Pyhtinen J, Leino TK, Siitonen S, Niemela O, Hillbom M. Effects of head and extracranial
injuries on serum protein S100B levels in trauma patients. J Trauma. 2004; 56(6):1229-34; discussion
34. Epub 2004/06/24. doi: 00005373-200406000-00011 [pii]. PMID: 15211130.

Haimoto H, Hosoda S, Kato K. Differential distribution of immunoreactive S100-alpha and S100-beta
proteins in normal nonnervous human tissues. Lab Invest. 1987; 57(5):489-98. Epub 1987/11/01.
PMID: 3316838.

Unden J, Bellner J, Eneroth M, Alling C, Ingebrigtsen T, Romner B. Raised serum S100B levels after
acute bone fractures without cerebral injury. J Trauma. 2005; 58(1):59-61. PMID: 15674151.

Wolf H, Frantal S, Pajenda G, Leitgeb J, Sarahrudi K, Hajdu S. Analysis of S100B serum levels in differ-
ent types of traumatic intracranial lesions. Journal of neurotrauma. 2014. doi: 10.1089/neu.2013.3202
PMID: 25068442.

Papa L, Silvestri S, Brophy GM, Giordano P, Falk JL, Braga CF, et al. GFAP Out-Performs S100beta in
Detecting Traumatic Intracranial Lesions on Computed Tomography in Trauma Patients with Mild Trau-
matic Brain Injury and Those with Extracranial Lesions. Journal of neurotrauma. 2014. doi: 10.1089/
neu.2013.3245 PMID: 24903744.

Pelinka LE, Toegel E, Mauritz W, Redl H. Serum S 100 B: a marker of brain damage in traumatic brain
injury with and without multiple trauma. Shock. 2003; 19(3):195-200. Epub 2003/03/13. PMID:
12630517.

PLOS ONE | DOI:10.1371/journal.pone.0132177 July 2, 2015 16/19


http://dx.doi.org/10.1038/nrneurol.2013.22
http://www.ncbi.nlm.nih.gov/pubmed/23443846
http://dx.doi.org/10.1371/journal.pmed.0050165
http://www.ncbi.nlm.nih.gov/pubmed/18684008
http://dx.doi.org/10.1089/neu.2009.1206
http://dx.doi.org/10.1089/neu.2009.1206
http://www.ncbi.nlm.nih.gov/pubmed/20392140
http://dx.doi.org/10.3171/jns.2003.99.4.0666
http://www.ncbi.nlm.nih.gov/pubmed/14567601
http://dx.doi.org/10.1089/neu.2006.0029
http://dx.doi.org/10.1089/neu.2006.0029
http://www.ncbi.nlm.nih.gov/pubmed/17375991
http://dx.doi.org/10.1089/neu.2014.3361
http://www.ncbi.nlm.nih.gov/pubmed/24836936
http://dx.doi.org/10.1111/cns.12127
http://www.ncbi.nlm.nih.gov/pubmed/23710877
http://dx.doi.org/10.1016/j.clinbiochem.2014.01.028
http://dx.doi.org/10.1016/j.clinbiochem.2014.01.028
http://www.ncbi.nlm.nih.gov/pubmed/24486649
http://dx.doi.org/10.1089/neu.2012.2579
http://www.ncbi.nlm.nih.gov/pubmed/23190274
http://dx.doi.org/10.1089/neu.2012.2553
http://www.ncbi.nlm.nih.gov/pubmed/23297751
http://www.ncbi.nlm.nih.gov/pubmed/15211130
http://www.ncbi.nlm.nih.gov/pubmed/3316838
http://www.ncbi.nlm.nih.gov/pubmed/15674151
http://dx.doi.org/10.1089/neu.2013.3202
http://www.ncbi.nlm.nih.gov/pubmed/25068442
http://dx.doi.org/10.1089/neu.2013.3245
http://dx.doi.org/10.1089/neu.2013.3245
http://www.ncbi.nlm.nih.gov/pubmed/24903744
http://www.ncbi.nlm.nih.gov/pubmed/12630517

@’PLOS ‘ ONE

Serum and CSF Levels of Neurofilament Light in TBI

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Buki A, Povlishock JT. All roads lead to disconnection?—Traumatic axonal injury revisited. Acta Neuro-
chir (Wien). 2006; 148(2):181-93; discussion 93—4. doi: 10.1007/s00701-005-0674-4 PMID:
16362181.

Marangos PJ, Schmechel DE. Neuron specific enolase, a clinically useful marker for neurons and neu-
roendocrine cells. Annu Rev Neurosci. 1987; 10:269-95. Epub 1987/01/01. doi: 10.1146/annurev.ne.
10.030187.001413 PMID: 3551759.

Cheng F, Yuan Q, Yang J, Wang W, Liu H. The prognostic value of serum neuron-specific enolase in
traumatic brain injury: systematic review and meta-analysis. PLoS One. 2014; 9(9):e106680. Epub
2014/09/05. doi: 10.1371/journal.pone.0106680 PONE-D-14-22693 [pii]. PMID: 25188406; PubMed
Central PMCID: PMC4154726.

Sharma R, Laskowitz DT. Biomarkers in Traumatic Brain Injury. Curr Neurol Neurosci Rep. 2012; 12
(5):560-9. doi: 10.1007/s11910-012-0301-8 PMID: WOS:000308439700009.

Teunissen CE, Khalil M. Neurofilaments as biomarkers in multiple sclerosis. Multiple sclerosis. 2012;
18(5):552-6. doi: 10.1177/1352458512443092 PMID: 22492131.

Khademi M, Dring AM, Gilthorpe JD, Wuolikainen A, Al Nimer F, Harris RA, et al. Intense inflammation
and nerve damage in early multiple sclerosis subsides at older age: a reflection by cerebrospinal fluid
biomarkers. PloS one. 2013; 8(5):e63172. doi: 10.1371/journal.pone.0063172 PMID: 23667585;
PubMed Central PMCID: PMC3646751.

Tortelli R, Ruggieri M, Cortese R, D'Errico E, Capozzo R, Leo A, et al. Elevated cerebrospinal fluid neu-
rofilament light levels in patients with amyotrophic lateral sclerosis: a possible marker of disease sever-
ity and progression. European journal of neurology: the official journal of the European Federation of
Neurological Societies. 2012; 19(12):1561—7. doi: 10.1111/j.1468-1331.2012.03777.x PMID:
22680408.

Gaiottino J, Norgren N, Dobson R, Topping J, Nissim A, Malaspina A, et al. Increased neurofilament
light chain blood levels in neurodegenerative neurological diseases. PLoS One. 2013; 8(9):e75091.
doi: 10.1371/journal.pone.0075091 PMID: 24073237; PubMed Central PMCID: PMC3779219.

Magnoni S, Esparza TJ, Conte V, Carbonara M, Carrabba G, Holtzman DM, et al. Tau elevations in the
brain extracellular space correlate with reduced amyloid-beta levels and predict adverse clinical out-
comes after severe traumatic brain injury. Brain: a journal of neurology. 2012; 135(Pt 4):1268-80. doi:
10.10983/brain/awr286 PMID: 22116192; PubMed Central PMCID: PMC3326246.

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. Epub
2012/04/13. doi: 10.1371/journal.pone.0033606 PONE-D-11-24988 [pii]. PMID: 22496755; PubMed
Central PMCID: PMC3319096.

Kuhle J, Gaiottino J, Leppert D, Petzold A, Bestwick JP, Malaspina A, et al. Serum neurofilament light
chain is a biomarker of human spinal cord injury severity and outcome. J Neurol Neurosurg Psychiatry.
2014. doi: 10.1136/jnnp-2013-307454 PMID: 24935984.

Vos PE, Jacobs B, Andriessen TM, Lamers KJ, Borm GF, Beems T, et al. GFAP and S100B are bio-
markers of traumatic brain injury: an observational cohort study. Neurology. 2010; 75(20):1786-93.
Epub 2010/11/17. doi: 75/20/1786 [pii] doi: 10.1212/WNL.0b013e3181fd62d2 PMID: 21079180.

Mondello S, Jeromin A, Buki A, Bullock R, Czeiter E, Kovacs N, et al. Glial neuronal ratio: a novel index
for differentiating injury type in patients with severe traumatic brain injury. J Neurotrauma. 2012; 29
(6):1096—104. doi: 10.1089/neu.2011.2092 PMID: 22165978; PubMed Central PMCID: PMC3325554.

Teasdale G, Jennett B. Assessment and prognosis of coma after head injury. Acta Neurochir (Wien).
1976; 34(1—4):45-55. PMID: 961490.

Baker SP, O'Neill B, Haddon W Jr., Long WB. The injury severity score: a method for describing
patients with multiple injuries and evaluating emergency care. J Trauma. 1974; 14(3):187-96. Epub
1974/03/01. PMID: 4814394,

Copes WS, Champion HR, Sacco WJ, Lawnick MM, Keast SL, Bain LW. The Injury Severity Score
revisited. J Trauma. 1988; 28(1):69—-77. PMID: 3123707.

Kuhle J, Plattner K, Bestwick JP, Lindberg RL, Ramagopalan SV, Norgren N, et al. A comparative
study of CSF neurofilament light and heavy chain protein in MS. Multiple sclerosis. 2013; 19(12):1597—
603. doi: 10.1177/1352458513482374 PMID: 23529999.

Bergman AS, R. Verification report for S100, S- and Modular. [Validation Report]. In press 2009.

Smit LH, Korse CM, Bonfrer JM. Comparison of four different assays for determination of serum S-
100B. Int J Biol Markers. 2005; 20(1):34—42. Epub 2005/04/19. PMID: 15832771.

Thelin EP, Johannesson L, Nelson D, Bellander BM. S100B is an important outcome predictor in trau-
matic brain injury. 2012.

PLOS ONE | DOI:10.1371/journal.pone.0132177 July 2,2015 17/19


http://dx.doi.org/10.1007/s00701-005-0674-4
http://www.ncbi.nlm.nih.gov/pubmed/16362181
http://dx.doi.org/10.1146/annurev.ne.10.030187.001413
http://dx.doi.org/10.1146/annurev.ne.10.030187.001413
http://www.ncbi.nlm.nih.gov/pubmed/3551759
http://dx.doi.org/10.1371/journal.pone.0106680
http://www.ncbi.nlm.nih.gov/pubmed/25188406
http://dx.doi.org/10.1007/s11910-012-0301-8
http://www.ncbi.nlm.nih.gov/pubmed/WOS:000308439700009
http://dx.doi.org/10.1177/1352458512443092
http://www.ncbi.nlm.nih.gov/pubmed/22492131
http://dx.doi.org/10.1371/journal.pone.0063172
http://www.ncbi.nlm.nih.gov/pubmed/23667585
http://dx.doi.org/10.1111/j.1468-1331.2012.03777.x
http://www.ncbi.nlm.nih.gov/pubmed/22680408
http://dx.doi.org/10.1371/journal.pone.0075091
http://www.ncbi.nlm.nih.gov/pubmed/24073237
http://dx.doi.org/10.1093/brain/awr286
http://www.ncbi.nlm.nih.gov/pubmed/22116192
http://dx.doi.org/10.1371/journal.pone.0033606
http://www.ncbi.nlm.nih.gov/pubmed/22496755
http://dx.doi.org/10.1136/jnnp-2013-307454
http://www.ncbi.nlm.nih.gov/pubmed/24935984
http://dx.doi.org/10.1212/WNL.0b013e3181fd62d2
http://www.ncbi.nlm.nih.gov/pubmed/21079180
http://dx.doi.org/10.1089/neu.2011.2092
http://www.ncbi.nlm.nih.gov/pubmed/22165978
http://www.ncbi.nlm.nih.gov/pubmed/961490
http://www.ncbi.nlm.nih.gov/pubmed/4814394
http://www.ncbi.nlm.nih.gov/pubmed/3123707
http://dx.doi.org/10.1177/1352458513482374
http://www.ncbi.nlm.nih.gov/pubmed/23529999
http://www.ncbi.nlm.nih.gov/pubmed/15832771

@’PLOS ‘ ONE

Serum and CSF Levels of Neurofilament Light in TBI

37.

38.

39.

40.

4.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Nelson DW, Nystrom H, MacCallum RM, Thornquist B, Lilja A, Bellander BM, et al. Extended analysis
of early computed tomography scans of traumatic brain injured patients and relations to outcome. J
Neurotrauma. 2010; 27(1):51-64. Epub 2009/08/25. doi: 10.1089/neu.2009.0986 PMID: 19698072.

Marshall LF, Marshall SB, Klauber MR, Clark MV, Eisenberg HM, Jane JA, et al. A new classification of
head-injury based on computerized-tomography. Journal of Neurosurgery. 1991; 75:5S14-S20. PMID:
WOS:A1991GN58400004.

Maas Al, Hukkelhoven CW, Marshall LF, Steyerberg EW. Prediction of outcome in traumatic brain
injury with computed tomographic characteristics: a comparison between the computed tomographic
classification and combinations of computed tomographic predictors. Neurosurgery. 2005; 57(6):1173—
82; discussion -82. Epub 2005/12/07. doi: 00006123-200512000-00013 [pii]. PMID: 16331165.

Adams JH, Doyle D, Ford I, Gennarelli TA, Graham DI, McLellan DR. Diffuse axonal injury in head
injury: definition, diagnosis and grading. Histopathology. 1989; 15(1):49-59. PMID: 2767623.

Jennett B, Bond M. Assessment of outcome after severe brain damage. Lancet. 1975; 1(7905):480-4.
Epub 1975/03/01. PMID: 46957.

McHugh GS, Butcher |, Steyerberg EW, Lu J, Mushkudiani N, Marmarou A, et al. Statistical approaches
to the univariate prognostic analysis of the IMPACT database on traumatic brain injury. J Neurotrauma.
2007; 24(2):251-8. doi: 10.1089/neu.2006.0026 PMID: 17375989.

Murray GD, Butcher |, McHugh GS, Lu J, Mushkudiani NA, Maas Al, et al. Multivariable prognostic anal-
ysis in traumatic brain injury: results from the IMPACT study. J Neurotrauma. 2007; 24(2):329-37.
Epub 2007/03/23. doi: 10.1089/neu.2006.0035 PMID: 17375997.

de Kruijk JR, Leffers P, Menheere PP, Meerhoff S, Twijnstra A. S-100B and neuron-specific enolase in
serum of mild traumatic brain injury patients. A comparison with health controls. Acta Neurol Scand.
2001; 103(3):175-9. PMID: 11240565.

Disanto G, Adiutori R, Dobson R, Martinelli V, Dalla Costa G, Runia T, et al. Serum neurofilament light
chain levels are increased in patients with a clinically isolated syndrome. J Neurol Neurosurg Psychia-
try. 2015. doi: 10.1136/jnnp-2014-309690 PMID: 25716934.

Schmidt FM, Mergl R, Stach B, Jahn |, Schonknecht P. Elevated levels of cerebrospinal fluid neuron-
specific enolase (NSE), but not S100B in major depressive disorder. The world journal of biological psy-
chiatry: the official journal of the World Federation of Societies of Biological Psychiatry. 2015; 16
(2):106—13. doi: 10.3109/15622975.2014.952776 PMID: 25264292.

Rosengren LE, Karlsson JE, Karlsson JO, Persson LI, Wikkelso C. Patients with amyotrophic lateral
sclerosis and other neurodegenerative diseases have increased levels of neurofilament protein in CSF.
J Neurochem. 1996; 67(5):2013-8. PMID: 8863508.

Skandsen T, Kvistad KA, Solheim O, Strand IH, Folvik M, Vik A. Prevalence and impact of diffuse axo-
nal injury in patients with moderate and severe head injury: a cohort study of early magnetic resonance
imaging findings and 1-year outcome. J Neurosurg. 2010; 113(3):556—63. doi: 10.3171/2009.9.
JNS09626 PMID: 19852541.

Vos PE, Lamers KJ, Hendriks JC, van Haaren M, Beems T, Zimmerman C, et al. Glial and neuronal
proteins in serum predict outcome after severe traumatic brain injury. Neurology. 2004; 62(8):1303—10.
PMID: 15111666.

Zetterberg H, Hietala MA, Jonsson M, Andreasen N, Styrud E, Karlsson |, et al. Neurochemical after-
math of amateur boxing. Arch Neurol. 2006; 63(9):1277-80. doi: 10.1001/archneur.63.9.1277 PMID:
16966505.

Smith DH, Uryu K, Saatman KE, Trojanowski JQ, Mclntosh TK. Protein accumulation in traumatic brain
injury. Neuromolecular medicine. 2003; 4(1-2):59-72. doi: 10.1385/NMM:4:1-2:59 PMID: 14528053.

Anderson KJ, Scheff SW, Miller KM, Roberts KN, Gilmer LK, Yang C, et al. The phosphorylated axonal
form of the neurofilament subunit NF-H (pNF-H) as a blood biomarker of traumatic brain injury. J Neuro-
trauma. 2008; 25(9):1079-85. Epub 2008/08/30. doi: 10.1089/neu.2007.0488 PMID: 18729720;
PubMed Central PMCID: PMC2820728.

Vajtr D, Benada O, Linzer P, Samal F, Springer D, Strejc P, et al. Immunohistochemistry and serum val-
ues of S-100B, glial fibrillary acidic protein, and hyperphosphorylated neurofilaments in brain injuries.
Soudni lekarstvi/ casopis Sekce soudniho lekarstvi Cs lekarske spolecnosti J Ev Purkyne. 2012; 57
(1):7-12. PMID: 22724589.

Shin SS, Verstynen T, Pathak S, Jarbo K, Hricik AJ, Maserati M, et al. High-definition fiber tracking for
assessment of neurological deficit in a case of traumatic brain injury: finding, visualizing, and interpret-
ing small sites of damage. J Neurosurg. 2012; 116(5):1062-9. doi: 10.3171/2012.1.JNS111282 PMID:
22381003.

Ghanem G, Loir B, Morandini R, Sales F, Lienard D, Eggermont A, et al. On the release and half-life of
S100B protein in the peripheral blood of melanoma patients. Int J Cancer. 2001; 94(4):586—90. Epub
2001/12/18. doi: 10.1002/ijc.1504 [pii]. PMID: 11745448.

PLOS ONE | DOI:10.1371/journal.pone.0132177 July 2, 2015 18/19


http://dx.doi.org/10.1089/neu.2009.0986
http://www.ncbi.nlm.nih.gov/pubmed/19698072
http://www.ncbi.nlm.nih.gov/pubmed/WOS:A1991GN58400004
http://www.ncbi.nlm.nih.gov/pubmed/16331165
http://www.ncbi.nlm.nih.gov/pubmed/2767623
http://www.ncbi.nlm.nih.gov/pubmed/46957
http://dx.doi.org/10.1089/neu.2006.0026
http://www.ncbi.nlm.nih.gov/pubmed/17375989
http://dx.doi.org/10.1089/neu.2006.0035
http://www.ncbi.nlm.nih.gov/pubmed/17375997
http://www.ncbi.nlm.nih.gov/pubmed/11240565
http://dx.doi.org/10.1136/jnnp-2014-309690
http://www.ncbi.nlm.nih.gov/pubmed/25716934
http://dx.doi.org/10.3109/15622975.2014.952776
http://www.ncbi.nlm.nih.gov/pubmed/25264292
http://www.ncbi.nlm.nih.gov/pubmed/8863508
http://dx.doi.org/10.3171/2009.9.JNS09626
http://dx.doi.org/10.3171/2009.9.JNS09626
http://www.ncbi.nlm.nih.gov/pubmed/19852541
http://www.ncbi.nlm.nih.gov/pubmed/15111666
http://dx.doi.org/10.1001/archneur.63.9.1277
http://www.ncbi.nlm.nih.gov/pubmed/16966505
http://dx.doi.org/10.1385/NMM:4:1&ndash;2:59
http://www.ncbi.nlm.nih.gov/pubmed/14528053
http://dx.doi.org/10.1089/neu.2007.0488
http://www.ncbi.nlm.nih.gov/pubmed/18729720
http://www.ncbi.nlm.nih.gov/pubmed/22724589
http://dx.doi.org/10.3171/2012.1.JNS111282
http://www.ncbi.nlm.nih.gov/pubmed/22381003
http://dx.doi.org/10.1002/ijc.1504
http://www.ncbi.nlm.nih.gov/pubmed/11745448

@’PLOS ‘ ONE

Serum and CSF Levels of Neurofilament Light in TBI

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Ingebrigtsen T, Romner B. Biochemical serum markers of traumatic brain injury. J Trauma. 2002; 52
(4):798-808. Epub 2002/04/17. PMID: 11956409.

Smith ME, Perret V, Eng LF. Metabolic studies in vitro of the CNS cytoskeletal proteins: synthesis and
degradation. Neurochem Res. 1984; 9(10):1493-507. Epub 1984/10/01. PMID: 6514112.

Brophy GM, Mondello S, Papa L, Robicsek SA, Gabrielli A, Tepas J 3rd, et al. Biokinetic analysis of ubi-
quitin C-terminal hydrolase-L1 (UCH-L1) in severe traumatic brain injury patient biofluids. J Neuro-
trauma. 2011; 28(6):861-70. Epub 2011/02/12. doi: 10.1089/neu.2010.1564 PMID: 21309726;
PubMed Central PMCID: PMC3113451.

Bellander BM, Olafsson IH, Ghatan PH, Bro Skejo HP, Hansson LO, Wanecek M, et al. Secondary
insults following traumatic brain injury enhance complement activation in the human brain and release
of the tissue damage marker S100B. Acta Neurochir (Wien). 2011; 153(1):90—100. Epub 2010/08/06.
doi: 10.1007/s00701-010-0737-z PMID: 20686797; PubMed Central PMCID: PMC3015189.

Kleindienst A, Schmidt C, Parsch H, Emtmann |, Xu Y, Buchfelder M. The Passage of S100B from
Brain to Blood Is Not Specifically Related to the Blood-Brain Barrier Integrity. Cardiovasc Psychiatry
Neurol. 2010; 2010:801295. Epub 2010/07/31. doi: 10.1155/2010/801295 PMID: 20671945; PubMed
Central PMCID: PMC2910463.

Plog BA, Dashnaw ML, Hitomi E, Peng W, Liao Y, Lou N, et al. Biomarkers of traumatic injury are trans-
ported from brain to blood via the glymphatic system. J Neurosci. 2015; 35(2):518-26. doi: 10.1523/
JNEUROSCI.3742-14.2015 PMID: 25589747; PubMed Central PMCID: PMC4293408.

Barzo P, Marmarou A, Fatouros P, Corwin F, Dunbar JG. Acute blood-brain barrier changes in experi-
mental closed head injury as measured by MRI and Gd-DTPA. Acta Neurochir Suppl. 1997; 70:243-6.
Epub 1997/01/01. PMID: 9416335.

Barzo P, Marmarou A, Fatouros P, Corwin F, Dunbar J. Magnetic resonance imaging-monitored acute
blood-brain barrier changes in experimental traumatic brain injury. J Neurosurg. 1996; 85(6):1113-21.
doi: 10.3171/jns.1996.85.6.1113 PMID: 8929504.

Barry DM, Millecamps S, Julien JP, Garcia ML. New movements in neurofilament transport, turnover
and disease. Exp Cell Res. 2007; 313(10):2110-20. doi: 10.1016/j.yexcr.2007.03.011 PMID:
17451679.

Thelin EP, Nelson DW, Bellander BM. Secondary peaks of S100B in serum relate to subsequent radio-
logical pathology in traumatic brain injury. Neurocrit Care. 2014; 20(2):217-29. Epub 2013/10/23. doi:
10.1007/512028-013-9916-0 PMID: 24146416.

Al Nimer F, Lindblom R, Strom M, Guerreiro-Cacais AO, Parsa R, Aeinehband S, et al. Strain influences
on inflammatory pathway activation, cell infiltration and complement cascade after traumatic brain injury
in the rat. Brain Behav Immun. 2013; 27(1):109-22. doi: 10.1016/j.bbi.2012.10.002 PMID: 23044177.

Balestreri M, Czosnyka M, Chatfield DA, Steiner LA, Schmidt EA, Smielewski P, et al. Predictive value
of Glasgow Coma Scale after brain trauma: change in trend over the past ten years. J Neurol Neurosurg
Psychiatry. 2004; 75(1):161-2. Epub 2004/01/07. PMID: 14707332; PubMed Central PMCID:
PMC1757441.

Bledsoe BE, Casey MJ, Feldman J, Johnson L, Diel S, Forred W, et al. Glasgow Coma Scale Scoring is
Often Inaccurate. Prehospital and disaster medicine. 2014:1-8. doi: 10.1017/S1049023X14001289
PMID: 25489727.

Corral L, Ventura JL, Herrero JI, Monfort JL, Juncadella M, Gabarros A, et al. Improvement in GOS and
GOSE scores 6 and 12 months after severe traumatic brain injury. Brain Inj. 2007; 21(12):1225-31.
Epub 2008/02/01. doi: 10.1080/02699050701727460 789660066 [pii]. PMID: 18236198.

Miller KJ, Schwab KA, Warden DL. Predictive value of an early Glasgow Outcome Scale score: 15-
month score changes. J Neurosurg. 2005; 103(2):239—45. Epub 2005/09/24. doi: 10.3171/jns.2005.
103.2.0239 PMID: 16175852.

PLOS ONE | DOI:10.1371/journal.pone.0132177 July 2, 2015 19/19


http://www.ncbi.nlm.nih.gov/pubmed/11956409
http://www.ncbi.nlm.nih.gov/pubmed/6514112
http://dx.doi.org/10.1089/neu.2010.1564
http://www.ncbi.nlm.nih.gov/pubmed/21309726
http://dx.doi.org/10.1007/s00701-010-0737-z
http://www.ncbi.nlm.nih.gov/pubmed/20686797
http://dx.doi.org/10.1155/2010/801295
http://www.ncbi.nlm.nih.gov/pubmed/20671945
http://dx.doi.org/10.1523/JNEUROSCI.3742-14.2015
http://dx.doi.org/10.1523/JNEUROSCI.3742-14.2015
http://www.ncbi.nlm.nih.gov/pubmed/25589747
http://www.ncbi.nlm.nih.gov/pubmed/9416335
http://dx.doi.org/10.3171/jns.1996.85.6.1113
http://www.ncbi.nlm.nih.gov/pubmed/8929504
http://dx.doi.org/10.1016/j.yexcr.2007.03.011
http://www.ncbi.nlm.nih.gov/pubmed/17451679
http://dx.doi.org/10.1007/s12028-013-9916-0
http://www.ncbi.nlm.nih.gov/pubmed/24146416
http://dx.doi.org/10.1016/j.bbi.2012.10.002
http://www.ncbi.nlm.nih.gov/pubmed/23044177
http://www.ncbi.nlm.nih.gov/pubmed/14707332
http://dx.doi.org/10.1017/S1049023X14001289
http://www.ncbi.nlm.nih.gov/pubmed/25489727
http://dx.doi.org/10.1080/02699050701727460
http://www.ncbi.nlm.nih.gov/pubmed/18236198
http://dx.doi.org/10.3171/jns.2005.103.2.0239
http://dx.doi.org/10.3171/jns.2005.103.2.0239
http://www.ncbi.nlm.nih.gov/pubmed/16175852

