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Abstract

Neurofilament light (NF-L) is an axonal protein that has shown promise as a traumatic brain
injury (TBI) biomarker. Serum NF-L shows a rather slow rise after injury, peaking after 1-2
weeks, although some studies suggest that it may remain elevated for months after TBI. The
aim of this study was to examine if plasma NF-L levels several months after the injury correlate
with functional outcome in patients who have sustained TBIs of variable initial severity.

In this prospective study on 178 patients with TBI and 40 orthopaedic injury controls, we
measured plasma NF-L levels in blood samples taken at the follow-up appointment on average
nine months after injury. Patients with TBI were divided into two groups [mild (mTBI) vs.
moderate to severe (mo/sTBI)] according to the severity of injury assessed with the Glasgow
Coma Scale upon admission. Recovery and functional outcome were assessed using the
Extended Glasgow Outcome Scale (GOSE).

Higher levels of NF-L at the follow-up correlated with worse outcome in patients with
moderate to severe TBI (Spearman’s rho = -0.18; p < 0.001). In addition, in CT-positive mTBI
group, the levels of NF-L were significantly lower in patients with GOSE 7-8 (median 18.14;
IQR 9.82, 32.15) when compared with patients with GOSE <7 (median 73.87; IQR 32.17,
110.54; p = 0.002). In patients with mTBI, late NF-L levels do not seem to provide clinical
benefit for late-stage assessment, but in patients with initially mo/sTBI, persistently elevated

NF-L levels are associated with worse outcome after TBI and may reflect ongoing brain injury.

Keywords: traumatic brain injury, outcome, biomarker, Neurofilament light, NF-L



Introduction

Traumatic brain injury (TBI) is a major public health problem worldwide. An estimated 69
million TBIs occur each year, most of which are classified as mild.! Young drivers, athletes,

and older adults are among the most susceptible risk groups.?

Currently, the diagnostic process of TBI relies on clinical examination and brain imaging.
Computed tomography (CT) and magnetic resonance imaging (MRI) are the standard

techniques for TBI imaging, but both have their limitations in detecting TBI.?

Blood levels of brain-enriched biomarkers have been increasingly studied as diagnostic aids
for TBI. Several potential biomarkers such as S100B, glial fibrillary acidic protein (GFAP),
neuron-specific enolase (NSE), ubiquitin carboxy-terminal hydrolase L1 (UCH-L1),
neurofilament light (NF-L), and tau protein have been examined in various settings.*° Most
studies on diagnostic and prognostic TBI-associated biomarkers have focused on measuring
the early levels of these biomarkers, whereas late biomarker levels have been less studied. One
study showed that late (measured 30, 90, and 180 days after the injury) NF-L levels have a
better prognostic value for functional outcome after TBI than GFAP, tau, or UCH-L1.° A recent
study reported that integration of UCH-L1 into established clinical outcome prediction models

yielded the highest incremental prognostic value for functional outcome after TBI.

NF-L is a protein that is most abundantly expressed in myelinated axons of the white matter
(WM).1-15 |n the healthy population, serum levels of NF-L remain fairly stable in people under
60 years of age and increase thereafter.'® Earlier studies have shown that serum levels of NF-L
increase after a severe TBI and this increase persists for 10-12 days after injury,~*° but the
levels can remain elevated for up to five years after injury.®?° Persistently elevated NF-L levels

have also been related to late WM volume loss for years after a TBI.#



The aim of this study was to investigate whether plasma NF-L levels associate with functional
outcome assessed on the same day on the average nine months after the injury. Late elevated
NF-L levels may have diagnostic value in patients with initially mild TBI (mTBI) with clinical
confounding factors present at the time of diagnosis, or if they have had post-acute secondary
problems that complicate the clinical assessment. In patients with more severe TBIs, these later
NF-L levels may be useful in identifying patients at higher risk for developing progressive
neurological damage.

Methods

Study population
This study was part of the EU-funded TBlcare (Evidence-based diagnostic and Treatment

Planning Solution for Traumatic Brain Injuries,) project. The project was approved by the
ethical board of the hospital. Consecutive eligible patients were recruited at Turku University
hospital between November 2011 and October 2013 and the biomarker levels were measured
and outcome was assessed between February 2012 and January 2014. For this study, the levels
of NF-L were measured on 178 patients with TBI on average nine months after the injury, and
from 40 controls after a similar interval from an orthopaedic injury. The inclusion criteria for
patients with TBI were age over 18 years, clinical diagnosis of TBI, and indications for acute
head CT according to National Institute for Health and Care Excellence criteria
(http://www.nice.org.uk/guidance/cg176). Exclusion criteria were blast-induced or penetrating
injury; chronic subdural hematoma; inability to live independently as a result of pre-existing
brain disease; TBI or suspected TBI not needing head CT; >2 weeks from the injury; not
speaking native language; and no consent obtained. For the control group inclusion criteria
were an acute orthopaedic nontrivial trauma without any signs of acute central nervous system
involvement, whereas previous central nervous system disease or previous TBI were causes

for exclusion.



Biomarker analysis

Blood samples for plasma NF-L were drawn at the follow-up appointment, put on ice bath,
centrifuged for 10 minutes at 10 000 rpm at 4 °C within 30 min from sampling, and stored at -
80°C until analysis. Freeze-thaw cycles were performed once prior to analysis. All samples
were analyzed at the same time in a single batch. For measuring plasma NF-L levels, the
Neurology 4-Plex A assay on an HD-1 Single molecule array (Simoa) device with instructions
from the manufacturer (Quanterix, Billerica, MA) in the Clinical Neurochemistry Laboratory,
Sahlgrenska University Hospital, MoIndal, Sweden, was used. For quality control (QC), two
QC levels were run in duplicates at the beginning and at the end of each run. The repeatability
was 10.5% and intermediate precision was 12.2% with a concentration of 10.8 pg/mL. With a
concentration of 155 pg/mL the same parameters were 7.7% for repeatability and 8.4% for
intermediate precision. The lower limit of detection (LLoD) was 0.104 pg/mL, the lower limit
of quantification (LLoQ) 0.174 pg/mL and the calibration ranging from 0.533 to 453 pg/mL.
TBI severity and CT scan grading

The initial severity of TBI was assessed using the lowest recorded Glasgow Coma Scale
(GCS)# before possible intubation. GCS values 13-15 were considered as mild, 9-12 as
moderate, and 3-8 as severe. Due to the nature of the clinical questions of the study, we studied
the moderate and severe TBI groups (mo/sTBI) together and analysed them alongside the mTBI
and control groups. CT images were graded according to the descriptive system proposed by
Marshall et al.?® In the statistical analyses, patients were divided into two groups: CT-positive
(Marshall score 2—6) and CT-negative (Marshall score 1).

Outcome and recovery grading

Patient recovery and outcome were assessed on the average nine months from the injury (range
5.3-18.5 months) using the Extended Glasgow Outcome Scale (GOSE).* Outcomes were

classified as favourable or unfavourable using a sliding dichotomy based on the initial severity



of injury. In patients with mTBI, incomplete recovery (GOSE <8) was classified as
unfavourable, while in mo/sTBI a GOSE of < 4 was classified as unfavourable. During the
same follow-up visit, the length of post-traumatic amnesia (PTA) was assessed and a blood
sample for NF-L level analysis was taken. The length of PTA was assessed using the
Rivermead method.?® The outcome and PTA assessment were done by a single experienced
neurologist (OT), who was blinded to the NF-L levels.

Statistical analysis

Demographics are presented either as mean + standard deviation or frequencies and

percentages depending on the type of the variable.

The normality of distributions was analysed with the Kolmogorov-Smirnov test and visually.
Because the levels of the NF-L were not normally distributed, the levels are presented as
medians and interquartile range (IQR) and nonparametric tests were used in the statistical
analyses. The longitudinal percentage change in NF-L levels were calculated subtracting the
acute NF-L level from the late NF-L level and dividing the result by the acute NF-L level.
Spearman’s rank correlation coefficient was used to assess correlations between the biomarker
levels and the clinical variables (CT-positivity, worst GCS, GOSE, and PTA). In correlation
coefficient analyses, the effect of age and sex were accounted for. Mann-Whitney U test was

used for comparing NF-L levels between the groups.

IBM SPSS statistics (Version 28, IBM Corp, Armonk, NY), was used to perform all statistical
analyses and a p value <0.05 was used to assess the statistical significance of the results.
Results

Demographics
In total, 178 patients with TBI and 40 orthopaedic non-CNS trauma controls were included in

the analyses, and their demographics are shown in Table 1. Most patients (62%) had an mTBI

and approximately one-third (38%) had a mo/sTBI. Of all patients, 47% were CT-negative,



and 53% CT-positive. The most common cause of injury was incidental fall (52.3% of patients
with mTBI and 56.7% of patients with mo/sTBI). Half (51%) of the patients diagnosed with an
mTBI had incomplete recovery. In more than half (58%) of the patients diagnosed with a
mo/sTBI, the outcome was favourable.

The levels of NF-L in TBIs of different severities

The late levels of NF-L were significantly higher in patients with mo/sTBI (median 46.16; IQR
26.35, 66.22) when compared with patients with mTBI (median 16.16; IQR 9.99, 24.27; p <
0.001) and orthopaedic controls (median 14.36; IQR 8.07, 18.56; p < 0.001) (Figure 1). The
difference between the patients with mTBI and controls was not statistically significant (p =

0.233).

The levels of NF-L and outcome
Levels of NF-L in all patients with mTBI and complete recovery (median 17.80; IQR 9.85,

27.75) did not differ from those with incomplete recovery (median 13.30; IQR 9.91, 21.59; p
= 0.579). The levels of NF-L by outcome and CT-positivity in patients with mTBI is shown in
(Figure 2). However, when NF-L levels of patients with GOSE 7-8 were compared with
patients with GOSE <7, there was a significant difference (median 13.14; IQR 9.77, 23.78 and
median 21.28; IQR 13.37, 47.13; respectively; p = 0.036). In case of mo/sTBI, those with
favourable outcome had lower levels than those with unfavourable outcome (median 34.31;

IQR 25.20, 48.13, and median 64.96; IQR 55.44, 71.52; respectively; p < 0.001).

NF-L levels were compared between the outcome groups in CT-positive and CT-negative
patients separately. In patients with mTBI, there was no significant difference in CT-negative
patients (median 17.37; IQR 10.19, 25.12 for complete recovery and median 12.53; IQR 8.99,
20.20 for incomplete recovery; p = 0.174) nor CT-positive patients (median 25.14; IQR 8.54,

35.24 for complete recovery and median 20.12; IQR 12.74, 67.18 for incomplete recovery; p



= 0.551). However, when mTBI patients with GOSE 7-8 were compared with patients with
GOSE <7, there was a significant difference in CT-positive patients (median 18.14; IQR 9.82,
32.15 for GOSE 7-8 and median 73.87; IQR 32.17, 110.54 for GOSE < 7; p = 0.002) but not
in CT-negative (median 12.47; IQR 9.56, 22.39 for GOSE 7-8 and median 16.43; IQR 10.43,
21.41 for GOSE < 7; p = 0.702). For patients with mo/sTBI, there was significant difference in
NF-L levels between favourable and unfavourable outcome in CT-positive patients (median
32.78; IQR 25.39, 48.93 for favourable outcome and median 63.11; IQR 53.73, 70.88 for
unfavourable outcome; p = 0.006). For CT-negative patients, the analyses were not performed

since there were only 10 CT-negative patients in mo/sTBI group.

Longitudinal percentage change of NF-L level correlated with GOSE (Spearmans rho = 0.228,
p = 0.016) when all patients with TBI were included. However, when the severity groups were
analysed separately, the significance was lost (Spearman’s rho = 0.029; p = 0.814 for patients

with mTBI and Spearman’s rho = -0.0.276; p = 0.070 for patients with mo/sTBI).

The levels of NF-L by GOSE are shown in (Figure 3). There was no correlation between the
levels of NF-L and GOSE in patients with mTBI (Spearman’s rho = 0.101; p = 0.373), but
there was a negative correlation in patients with mo/sTBI (Spearman’s rho = -0.18; p < 0.001).
When the correlation was assessed for CT-positive and CT-negative patients separately, there
were no correlation between the NF-L levels and GOSE in CT-negative (Spearman’s rho =
0.113; p = 0.430) nor CT-positive (Spearman’s rho = - 0.125; p = 0.560) patients with mTBI.
However, there was a negative correlation in CT-positive (Spearman's rho = - 0.431; p=0.009)
but not CT-negative (Spearman’s rho = - 0.569, p = 0.404) patients with mo/sTBI.
Correlations between the levels of NF-L and clinical variables

In patients with mo/sTBI — but not in patients with mTBI — the duration of PTA correlated with
the levels of NF-L (Spearman’s rho = 0.491; p = 0.003). All correlations between the levels of

NF-L and clinical variables are shown in Table 2. In CT-positive patients with mTBI, NF-L



levels were not correlated with patient outcome measured with GOSE (Spearman’s rho -0.125;
p = 0.560). In addition, levels of NF-L did not differ in patients with mTBI when patients with
PTA <24 h were compared with patients with PTA >24 h (median 12.99, IQR 9.85, 21.47 and
median 19.51; IQR 11.10, 32.10; respectively; p = 0.246). For patients with mo/sTBI, similar

analyses were not done since only one patient had PTA <24 h and 3 patients PTA 1 to 7 days.

Discussion

In this study, we sought to investigate whether NF-L levels measured on the average nine
months after the injury are associated with the contemporaneous outcome in patients with TBIs
of different initial severities. The main finding of this study is that in patients with initially
mo/sTBI the late levels of NF-L associate significantly with outcome. In addition, CT-
positivity in the acute stage was correlated with the later levels of NF-L in patients with initially
mTBI. The levels of NF-L were significantly higher in patients with mo/sTBI compared with
patients with mTBI and orthopaedic controls. However, the significance was found only in CT-
positive patients but not in CT-negative. These results suggest that in patients with more severe
injuries or worse outcome, the levels of NF-L may remain elevated for several months after the
injury and these elevated NF-L levels, when combined with the other variables, associate with
worse outcome. The diagnostic value of late NF-L in patients with mTBI remains negligible.
These findings are in line with the previous studies.®?22" \WWhen the longitudinal change was
compared, the patients with more severe TBI had greater change in the NF-L levels between
the two time points than patients with mTBI. There was correlation between the NF-L
percentage change and GOSE when all patients with TBI were included. However, there were
no significant correlations at the subgroup level. This may be because of too low sample size

for statistical significance.



The duration of PTA has been a strong predictor for long-term outcome in many studies,
outperforming the predictions based on GCS%-%. Similarly, in our study, the duration of PTA
was strongly associated with the outcome in patients with mTBI, as well as in patients with
mo/sTBI. The levels of NF-L correlated with the duration of PTA in patients with mo/sTBI,
but not in patients with mTBI. Patients with mo/sTBI had both higher levels of NF-L and longer
PTA durations. It has been reported that patients with sports-related concussion and PTA have
higher elevations in NF-L levels than those without and that the levels remain increased days
after TB1.3! The pathophysiological mechanism of PTA is not well understood, but it has been
suggested to reflect the degree of diffuse axonal injury?®, although there may also be other
underlying mechanisms. Thus, one could expect that the levels of NF-L as an axonal biomarker
correlate with the duration of PTA, but this was the case only in patients with mo/sTBI in this
study. The lack of association between the levels of NF-L and PTA in milder cases may reflect
the small number of cases with a longer PTA or uncertainties in assessing the true duration,
which is reflected also in the large number of missing data (= PTA was impossible to assess

reliably).

Our findings agree with earlier studies that have shown that the levels of NF-L may remain
elevated for months to even years after injury.®?° This may reflect progressive damage in brain
tissue, correlating with a slowly progressively worsening outcome, which may occur in some
patients after a TBI?*32, In patients with mTBI, the late levels of NF-L did not correlate
significantly with outcome. However, when outcome in this group was dichotomised to GOSE
7-8 vs <7, the latter group showed significantly higher levels. Individual cases with mTBI
showed fairly high levels of NF-L as shown in Fig. 1, but all these with clearly elevated levels

were CT-positive.

This was a secondary analysis of a prospective study examining a well-characterised cohort.

The main limitation in our study is the nature of our mTBI population, which is more severe



than an average mTBI population, based on the recruitment issues in our study. In recruitment
process, only the worst GCS score between the scene of accident and emergency department
was used to assess the severity of the TBI. In this cohort, there is a high percentage of CT-
positive patients with an mTBI because they were more easily recruited due to hospital
admission.'® Another limitation is that the severity of TBI was graded solely based on the worst
GCS. Thus, there are patients that were graded as mild even though some of them had
significant intracranial trauma findings and some also a PTA of >24 hrs. On the other hand,
this point underlines our main finding that the late diagnostic value of NF-L in milder TBIs is
not clinically applicable even when using ultrasensitive assay. The whole concept of classifying
TBIs from mild to severe has been increasingly questioned, due to the uncertainties behind this
classification and the often-misleading labels created.**3* Moreover, the appropriate time to
assess initial severity remains nebulous. Due to the dynamic nature of TBI, up to 40% of
patients develop neuroworsening in the intensive care during the first two days.**3¢ The
classification of this study has been used also in previous TBIlcare-project related papers.®"3 A
larger and more representative population especially in case of mTBI would be needed, and
there is a possibility that some of the results are driven by a minority of mTBI patients with
neuroworsening. A retrospective assessment of the PTA duration can also be considered as a
limitation, although the same experienced neurologist did all assessments using the Rivermead
technique. Moreover, information of the PTA duration was missing from a significant
percentage of patients in all severity groups because the assessment was not considered reliable
due to confounders, such as inebriation or sedatives given. In addition, this was a single centre
study, which is also a limitation. Last, in accordance with the constraints of clinical reality,
there was wide variation in the time of patients' follow-up visits. In some patients, this may
have led to better recovery and a decrease in their biomarker levels. However, as far as we can

see, this does not change the main result of our study.



Conclusions

Our study supports the concept that NF-L levels may remain elevated for months after the
injury and indicate a worse outcome. This was apparent in patients with more severe TBI, but
not seen in milder cases in this study. Whether an elevated NF-L > 6 months from the injury
simply reflects the severity of the initial injury or is a sign of ongoing damage, remains to be
confirmed in future studies. Our results do not support the use of NF-L in the late diagnostics
after an initially mild TBI. Further research is needed to study the relationships between acute

and late NF-L levels, clinical variables, and patient outcomes.

Transparency, Rigor, and Reproducibility Summary

This study was not formally registered because at the time the study was conducted,
observational studies were not routinely registered outside research institutions. The analysis
plan was not formally pre-registered, but JPP and OT with primary responsibility for the study
and analysis certify that the analysis plan was pre-specified. A sample size of 178 patients and
40 controls with available late phase biomarker levels was included based on the availability
of 203 patients and 40 controls from 620 potential participants were screened. Human
participants were blinded to results of the fluid biomarker measurements. Handling of biofluid
samples was performed by team members who were aware of relevant characteristics of the
participants. Fluid biomarker measurements were performed by investigators blinded to
relevant characteristics of the participants. Fluid biomarker quality control decisions and
analyses were performed by investigators blinded to relevant characteristics of the participants.
Fluid biomarkers were labeled using codes that were not linked to participant identifying
information. Samples were acquired on average nine months after the injury (range 5.3-18.5
months) Turku University Hospital, Turku, Finland. The samples were centrifuged for 10
minutes at 10 000 rpm at 4 C, and the plasma was immediately frozen at -80 C° for further

analysis. Freeze-thaw cycles were performed one time prior to analysis. All samples were



analyzed at the same time in a single batch. All equipment and analytical reagents used to

perform measurements on the fluid biomarkers are widely available from commercial sources.

Additional characteristics of the primary fluid biomarker analyses are presented in the Methods

section. The key inclusion criteria are established standards in the field. The statistical tests

used were based on the assumptions of variable distributions and outliers were defined as

described in the Methods section. Data is available for qualified investigators upon request

from the corresponding author.
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Table 1. Demographics and clinical characteristics of subjects.

Mild TBI  Moderate and severe TBI  Orthopaedical p-value*

(n=111) (n=67) controls (n=40)

Age (years), Mean (+/-SD) 44.84 (19.37) 52.12 (19.20) 52.15 (18.83) 0.016*
(min.-max.) (18-84) (19-91) (22-90)
Sex, n (%) 0.033°

Male 71 (64.0) 53 (79.1) 18 (45.0)

Female 40 (36.0) 14 (20.9) 22 (55.0)
Marshall grade, n (%) <0.001°

Diffuse injury I, no visual 74 (66.7) 10 (14.9)

pathology

Diffuse injury Il 26 (23.4) 20 (29.9)

Diffuse injury with swelling 1(0.9) 8 (11.9)

Diffuse injury with shift 2(1.8)

Evacuated mass lesion 5 (4.5) 22 (32.8)

Non-evacuated mass lesion 3(2.7) 7 (10.4)
Pupil reactivity, n (%) 0.005°

Unreactive 2(1.8) 9 (13.4)

Sluggish 3(2.7) 2 (3.0)

Reactive 101 (91.0) 49 (73.1)

Missing data 5(4.5) 7 (10.4)
GCS, n (%)

3 15 (22.4)

4 2(3.0)

5 2(3.0)

6 3(4.5)

7 3(4.5)

8 1(1.5)

9 2(3.0)

10 5(7.5)

11 7 (10.4)

12 5(7.5)

13 6 (5.4) 3(4.5)

14 25 (22.5) 7 (10.4)

15 80 (72.1) 12 (17.9)
PTA (hrs), median; IQR 8.00 (45.5) 672.00 (336)
PTA duration, n (%)

< 24h 43 (38.7) 3(4.5)

1-7 days 15 (13.5) 3(4.5)

> 7 days 7(6.3) 42 (62.7)

Missing data 46 (41.4) 19 (28.4)
Cause of injury, n (%)

Road traffic collision 31 (27.9) 22 (32.8)

Incidental fall 58 (52.3) 38 (56.7)

Other non-intentional fall 5(4.5)

Violence/assault 15 (13.5) 2 (3.0)

Suicide attempt 1(0.9)

Other 1(0.9) 5 (7.5)




Mild TBI  Moderate and severe TBI  Orthopaedical p-value*

(n=111) (n=67) controls (n=40)
GOSE, n (%)
3 3(2.7) 12 (17.9)
4 3(2.7) 11 (16.4)
5 3(2.7) 11 (16.4)
6 14 (12.6) 14 (20.9)
7 33(29.7) 13 (19.4)
8 41 (36.9) 8 (1.5)
Missing data 14 (12.6) 5(7.5)

TBI, Traumatic Brain Injury; GCS, Glasgow Coma Scale; PTA, Post-traumatic amnesia; GOSE, Glasgow
Outcome Scale Extended; ? Student’s T-test, ® Chi-squared test, * Comparison between TBI patient groups



Table 2. Correlation between the levels of neurofilament light (NF-L) and clinical variables.

mTBI mo/s TBI
Spearman’s Rho p-value Spearman’s Rho p-value
CT-positivity GOSE -0.139 0.182 -0.125 0.374
CT-positivity NF-L 0.242 0.033 0.149 0.339
Worst initial GCS GOSE -0.037 0.718 0.143 0.275
Worst initial GCS NF-L -0.164 0.146 -0.181 0.215
PTA GOSE -0.540 < 0.0001 -0.506 0.001
PTA NF-L 0.110 0.452 0.491 0.003

Significant p-values in bold. mTBI, Mild Traumatic Brain Injury; mo/sTBI, Moderate to Severe Traumatic
Brain Injury; GOSE, Glasgow Outcome Scale Extended; NF-L, Neurofilament light; GCS, Glasgow Coma

Scale; PTA, Post-traumatic amnesia.
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Table 1. Demographics and clinical characteristics of the subjects.

Table 2. Correlation between the levels of neurofilament light (NF-L) and clinical variables.

Figure 1. Neurofilament light (NF-L) levels in patient with moderate or severe traumatic brain injury (Mo/sTBI),
patients with mild traumatic brain injury (mTBI) and orthopaedic controls.

Figure 2. Neurofilament light (NF-L) levels by patient outcome assessed with Glasgow Outcome Scale
Extended (GOSE) (on left) and CT-positivity assessed with Marshall score (on right) in patients with mild
traumatic brain injury (mTBI). For patient outcome, GOSE 8 was used for full and GOSE <8 for incomplete
recovery. For CT-positivity, Marshall score 1 was used for CT-negative and Marshall score 2-6 for CT-positive.

Figure 3. Neurofilament light (NF-L) level by patient outcome assessed with Glasgow Outcome Scale Extended
(GOSE) in patients with moderate or severe brain injury (mo/sTBI) and patients with mild traumatic brain injury
(mTBI).
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