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What is the current knowledge on the topic?

Traumatic spinal cord injury (SCI) is diagnosed by imaging and clinical scoring using the
American Spinal Injury Association Impairment Scale (AIS). These methods have limited
value for prognosis.

What question did this study address?
In this study, the prognostic value of plasma neurofilament-light (NfL), glial fibrillary acidic
protein (GFAP) and contactin-1 (CNTN-1) was analysed longitudinally up to 18 weeks post-

injury.

What does this study add to our knowledge?

Plasma NfL., GFAP and CNTN-1 levels were shown to correlate with and predict neurological
outcome over a long time period up to 18 weeks post-SCI, with the highest predictive ability
for clinical outcome when analyzed together. This highlights the usefulness of NfL, GFAP and
CNTN-1 as prognostic biomarkers for SCI and that their measurement does not have to be
performed in strict time-windows.

How might this potentially impact on the practice of neurology?

These plasma biomarkers are a promising tool supporting informed decision-making during
initial treatment and rehabilitation as well as patient stratification in clinical trials, reducing
sample size and maximizing therapeutic efficacy.




Abstract

Objective: Traumatic spinal cord injury (SCI) is diagnosed by imaging and clinical scoring
using the American Spinal Injury Association Impairment Scale (AIS). These methods have
limited value for prognosis. Here, the prognostic value of plasma neurofilament-light (NfL),

glial fibrillary acidic protein (GFAP) and contactin-1 (CNTN-1) was analysed.

Methods: Biomarker levels were determined in the plasma of traumatic SCI patients (n=37)
and healthy controls (n=22-eachk). SCI samples (n=70112) were collected at different time
points from 0-4 days to 18 weeks post-injury. NfL and GFAP were measured by Simoa
technology, CNTN-1 by Luminex. Baseline and outcome AIS and motor scores were collected

as a measure of injury severity.

Results: NfL, GFAP and CNTN-1 showed different kinetics in SCI patients over time. Baseline
biomarker levels could identify AIS-A SCI patients (NfL+GFAP) and discriminate between

patients with a motor score change <5 and those with a change >5 (NfL+GFAP+CNTN-1).

Longitudinally, NfLL could identify AIS-A patients up to 12 weeks post-SCI and discriminate

between patients with a motor score change <5 and those with a change >5 up to 18 weeks

post-SCI. Further, baseline biomarker levels positively (NfL+GFAP) or negatively (CNTN-1)

correlated with outcome injury severity and together could accurately predict AIS conversion

(AUC 0.863) and motor score change (AUC 0.857). This predictive ability was maintained in
subacute/chronic SCI stages N{l-and-GEAP levels-at basehine-and Nfl1evels-at 3-weekspost-

Interpretation: In conclusion, plasma NfL, GFAP and CNTN-1 are potential prognostic

biomarkers in SCI. This is important for patient stratification in clinical trials, prediction of

neurological outcome and informed decision-making in SCI treatment and rehabilitation.
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Introduction

Traumatic spinal cord injury (SCI) results from damage to the spinal cord, leading to temporary
or permanent motor and sensory loss.! Diagnosis involves the evaluation of neurological
symptoms and imaging of the spinal cord. MRI is used in the acute phase to evaluate spinal
cord compression, transection, oedema and haemorrhage.? The International Standards for
Neurological Classification of Spinal Cord Injury (ISNCSCI) including the American Spinal
Injury Association (ASIA) Impairment Scale (AIS) determine injury severity using myotomal-
based motor examination, dermatomal-based sensory examination and anorectal examination.’
The AIS includes complete injuries (A), sensory incomplete injuries (B), motor incomplete
injuries with less than half (C) or at least half (D) of key muscles below the neurological level
having a muscle grade greater than or equal to 3, and normal functioning (E).>* However, MRI
and AIS have limited value as prognostic tools and are not always accessible, feasible or
reliable during the acute phase, especially in unstable patients.” Additionally, AIS artificially
reduces the variability of the heterogeneous SCI patient population.>® Protein biomarkers have
been studied for their potential to determine neuronal injury but these have limited clinical

applicability due to their restriction to the CSF.”-1

Neurofilament-light chain (NfL) and glial fibrillary acidic protein (GFAP) are structural
proteins in neurons and astrocytes, respectively, that are released into the blood following
neuronal damage.!!"!* They have already been described as biomarkers of disease activity in
several neurological disorders.''"!2 In SCI, GFAP and/or NfL serum levels have been examined
in the acute phase (1-4 days post-injury) up to 7 days post-injury.'#!® Baseline levels correlated
with AIS grade and could predict neurological outcome. However, to accurately assess the
prognostic value of NfL and GFAP, determining their long-term temporal profile is crucial.
Understanding the time frame in which these markers provide prognostic information is highly

I7.18 or difficulties in collecting or storing blood samples

necessary in case of delays in diagnosis
during the acute SCI stage. Contactin-1 (CNTN-1) is an axonal protein involved in CNS myelin
formation.!” Reduced CSF and serum CNTN-1 levels correlated with disease and disability

2021 and were also described in patients with chronic

progression in multiple sclerosis patients
inflammatory demyelinating polyneuropathy.?> To comprehensively capture processes of
neuronal, astrocytic and myelin damage following traumatic SCI, we determined longitudinal
plasma levels of NfL,, GFAP and CNTN-1 up to 18 weeks (w) post-injury and evaluated the

potential of these biomarkers to predict neurological outcome.



Materials and methods

Sample collection

Traumatic SCI patients were recruited in Belgium at Ziekenhuis Oost-Limburg (Genk),
University Hospitals Leuven (Leuven), Algemeen Ziekenhuis (AZ) Turnhout (Turnhout), Jessa
Hospital (Hasselt), Antwerp University Hospital (Antwerp) and in The Netherlands at Adelante
Centre of Expertise in Rehabilitation (Hoensbroek) and Maastricht UMC+ (Maastricht).
Healthy controls (HC) were recruited at Hasselt University (Hasselt, Belgium). The study was
approved by the institutional Medical Ethics Committees. Written informed consent was

obtained from all participants according to the Declaration of Helsinki.

In total, 11270 plasma samples were collected from traumatic SCI patients (n=3722, Table 1,
Supplementary Table 1) at different time points post-injury: Ow (0-4 days, n=3722), 3w
(n=231+6), 6w (n=1912), 12w (n=18H+) and 18w (n=159). Missing time points were due to
organizational issues or patient withdrawal. Injury severity was determined by the AIS at
baseline (Ow, available for 37/3722/22 patients) and outcome (latest available measurement
before September 20232, available for 34/3748/22 patients). Individual motor scores were also
collected at baseline (Ow, available for 27/374+4/22 patients) and outcome (available for
29/3745/22 patients). Cross-sectional HC samples (n=22) were matched to SCI patients as
closely as possible regarding age and sex (Table 1). Peripheral blood was collected in lithium
heparin tubes and centrifuged at 400g for 10 minutes. Plasma was collected, centrifuged at

1500¢g for 10 minutes, aliquoted, and stored at -80°C in the University Biobank Limburg.

NfL, GFAP and CNTN-1 measurements

NfL and GFAP were measured using single molecule array (Simoa, Quanterix, MA, USA)
with the commercial NF-Light advantage Kit and GFAP Discovery Kit on an HD-X platform
according to the manufacturer’s instructions. CNTN-1 analysis was done using the Human
contactin-1 Magnetic Luminex Assay (R&D Systems, Minneapolis, USA) on a Bio-Plex 200
system (Bio-Rad Laboratories, Veenendaal, The Netherlands), following the manufacturer’s

instructions. Use of plasma samples was in-house validated according to Andreasson et al.?®

Bridging samples (n=20) were included to control for batch effects. Mean intra-assay and inter-
assay coefficients of variation were 3.7% and 8.5% for NfL, 4.4% and 8.4% for GFAP and
2.5% and 2.0% for CNTN-1, respectively. All measurements were performed at the



Neurochemistry laboratory of the Amsterdam UMC location VUmc using standard operating
procedures.?* Samples were randomized and analyzed in duplicate, blinded to disease status or

clinical information.

Statistical analysis

Data analysis was done using Prism software version 9.4 (GraphPad Software, San Diego, CA,
USA) and JMP Pro 17.0.0 software (SAS Institute, Cary, NC, USA). Baseline differences in
biomarker levels between HC and the total SCI cohort or between subgroups of SCI patients
were tested with Mann-Whitney U test or ANOVA followed by Tukey’s post-hoc multiple
comparisons test, respectively. Associations between NfL, GFAP or CNTN-1 levels and AIS

scores, motor scores or age were explored by means of Spearman correlation tests.

For the total SCI cohort, changes in biomarker levels were examined utilizing a linear mixed
model. This model considers the correlation between measurements within the same patient
and yields valid inferences even in the presence of missing data, assuming they are missing at
random (MAR). Age at baseline and time point were incorporated as fixed effects, and patient
as a random effect. Based on this model, all pairwise differences between time points were

estimated.

Differences in biomarker levels among subgroups of SCI patients (subgroup based on injury

severities: separate AIS classes or motor-complete versus motor-incompleteAIS-A/B—versus

AIS-C/D/E, subgroup based on disease outcome: AIS conversion yes versus no, subgroup
based on motor score change: < 5 versus > 5) were analyzed using linear mixed models. Time
point, an indicator for the subgroup, and their interaction were included as fixed effects, and
the patient as a random effect. Based on this model, a comparison between subgroups was

conducted at each time point.

To render a normal distribution of residuals in the described mixed effects models, biomarker
levels were log-transformed. Given the exploratory nature of the study and to minimize the
type II error, the reported P-values for the pairwise comparisons have not undergone correction

for multiple testing.

Logistic regression was used to assess the predictive value, represented as odds ratio (OR) and
95% confidence interval (CI), of individual and combined biomarker levels for AIS conversion
and motor score change using likelihood ratio tests. Receiver operating characteristics (ROC)

curves were created, and estimates of the area under these curves (AUC) were obtained. Cross-



validation was not performed due to the limited number of observations. A P<0.05 was

considered significant.

Data Sharing Statement

Study data are available from the corresponding author, upon reasonable request, subject to

institutional agreements and ethical approvals.

Results

Plasma NfL, GFAP and CNTN-1 show different Kinetics in SCI
patients over time

NfL, GFAP and CNTN-1 were measured in the plasma of traumatic SCI patients (n=3722) at
five time points (0w, 3w, 6w, 12w, 18w post-SCI) and HC (n=22). At baseline (Ow), SCI
patients had higher NfL (++-215x) and GFAP (95-5118x) levels compared to HC (P<0.0001),
while CNTN-1 levels were decreased in SCI patients (1.67x, P<0.0001) (Fig. 1A). Over time,

NA1L levels in SCI patients peaked at 3w and gradually declined thereafter (Ow-3w/6w, 3w-
12w/18w, 6w-18w: P<0.0001;
12w: P=0.0002, 12w-18w: P=0.0053) (Fig. 1A). In contrast, GFAP levels peaked at baseline,

Ow-

decreased at 3w (P<0.0001) and then gradually returned to HC levels (P<0.0001, all time points
vs baseline). CNTN-1 levels gradually increased after baseline to HC levels (Ow-6w/12w/18w,
3w-12w: P<0.0001; 3w-+2wow: P=0.0008131; 30w-18w: P=0.0031293). Similar findings

were observed in terms of days post-injury (Supplementary Fig. 1). B4

significantly correlated with age in HC but not in SCI patients, while CNTN-1 levels did not

correlate with age (Fig. 1B).

Plasma NfL, GFAP and CNTN-1 levels correlate with neurological
outcome

Next, NfL.. GFAP and CNTN-1 plasma levels were correlated with disease outcome (AIS) at

the end of the clinical follow-up. Compared with HC, baseline plasma NfL and GFAP levels




were increased in AIS-A (44x and 296x, respectively, both P<0.0001), AIS-B (6x, P<0.01 and
128x, P<0.0001, respectively), AIS-C (8x and 17x, respectively, both P<0.01), AIS-D (4x,
P<0.05 and 21x, P<0.001, respectively) and AIS-E (GFAP only, 30x, P<0.01) SCI patients
(Fig. 2A). Within the SCI patient group, baseline Nfl. and GFAP levels were higher in AIS-A
SCI patients compared with AIS-B (NfL only, 7x, P<0.01), AIS-C (5x and 17x, respectively,
both P<0.01), AIS-D (12x, P<0.01 and 14x, P<0.001, respectively) and AIS-E (19x, P<0.0001

and 10x, P<0.001, respectively) SCI patients at outcome. For GFAP alone, baseline levels were

also increased in AIS-B patients versus AIS-E patients (4x, P<0.05). Baseline CNTN-1 levels
were decreased in AIS-A (2x, P<0.0001), AIS-B (2x, P<0.001), AIS-C (1.5x, P<0.5) and AIS-
E (1.4x, P<0.05) SCI patients compared with HC, with only a difference between AIS-A and
AIS-D SCI patients (1.7x, P<0.01).

When analyzing the different time points, higher NfL levels were demonstrated in AIS-A SCI

patients only at baseline compared with AIS-B and AIS-C SCI patients but from baseline up to
12w post-SCI compared with AIS-D and AIS-E SCI patients (Fig. 2B. Supplementary Tables
2-4). Differences in GFAP levels between the AIS classes (A vs C/D/E and B vs E) were found

only at baseline, while CNTN-1 levels were lower in AIS-A patients compared with AIS-D/E

patients at 3w (D/E) and 6w (D) post-SCI. Importantly, biomarker levels at baseline (NfL,
GFAP. CNTN-1), but also at 3w and 6w post-SCI (NfL, CNTN-1) could discriminate between

motor-complete and motor-incomplete SCI patients at clinical endpoint (Supplementary Fig.

2). Eurthermoreln addition, NfLL and GFAP levels positively correlated with injury severity

(AIS) when including all time points and AIS scores at sampling (P<0.0001, and-P=0.0061,

respeetively—Fig. 2C), but also when including only baseline samples and outcome AIS score
(P=0-0014-and P=0.0039<0.0001respeetively, Fig. 2D). Similarly, CNTN-1 levels negatively

correlated with clinical outcome (P<0.0001 for AIS at sampling and P=0.0024 for outcome
AIS i Fig. 2C-D). i intsInterestingly, NfL correlated positivel

with AIS outcome at all follow-up time points while GFAP remained

positively correlated with clinical outcome up to 12w post-SCI (Supplementary Fig. 3). CNTN-

1 maintained a negative correlation with elinieal—AIS outcome until 63w post-injury
SupplementaryFis2). Correlations between baseline NfL, GFAP and CNTN-1 plasma levels

at—baseline—and individual motor scores at clinical outcome were also considered

Supplementary Fig. 43). Here, baseline NfLL and GFAP levels showed a significant negative

correlation with outcome motor score (P=0.0296002 and P=0.006603, respectively), indicatin

that higher NfLL and GFAP levels at baseline are correlated with lower outcome motor scores.

For CNTN-1, atrend-towards-a positive correlation between baseline levels and outcome motor



score was indicated (P=0.0027529). SCl-patients-were-categorized-based-on-disease-ontcome

N end N A A /B moto omnlete N A D/E (t1moto neamnleteo

Biomarker levels were similar in SCI patients with cervical or thoracic lesions within the same
AIS class (data not shown). In conclusion, plasma Nfl., GFAP and CNTN-1 levels were

especially capable of identifying SCI patients with AIS-A or motor-complete outcomes when

collected at baseline, while significant correlations with injury severity were maintained during




Plasma NfL, GFAP and CNTN-1 levels predict AIS conversion and
motor score change in SCI patients

The predictive ability of the biomarkers for AIS conversion (i.e. change of AIS to a less severe
injury grade) was studied in two groups of SCI patients: AIS converters (n=136) and non-
converters (n=208) (Fig. 3). As the AIS scoring system cannot fully address the heterogeneity
among SCI patients, SCI patients with a change in the AIS motor score of < 5 points (n=145)
versus a change of > 5 points (n=159) at outcome were additionally studied (Fig. 4). As
expected from the correlations with clinical outcome (Fig. 2C-D), baseline NfLL and GFAP
levels were signtfieanthy-higher in AIS non-converters than AIS converters (P—=-0.0857 and P
=-0.0043904, respectively) and HC (P=06-8603-andboth P-<-0.0001), but also in AIS converters
compared to HC (P=0.0035 and P<0.0001, respectively) (Fig. 3A). Baseline CNTN-1 levels
only significantly differed between HC and beth-AIS non-converters (P-<=0.0005) and ALS
non-converters(P—<-0-0001)-but-were similar in the SCI groups (P-=-0.22194521). More

significant differences were found between the groups when analyzing clinical improvement

using the more sensitive measure of motor score change. Here, baseline levels of all three

markers, NfL., GFAP and CNTN-1, significantly differed between patients with a motor score
change < and > 5 (P=0.0001, P<0.0001, P=0.010, respectively) (Fig. 4A). Additionally, both
SCI patients with a motor score change <5 and > 5 presented with higher Nfl. and GFAP and
lower CNTN-1 levels compared to HC (NfL: P<0.0001 and P=0.0028, respectively; GFAP:
both P<0.0001; CNTN-1: P<0.0001 and P=0.0113. respectively). Stmtlarresults-were-obtained

differences were observed in NfL, GFAP or CNTN-1 between AIS converters and non-

converters at follow-up time points (Fig. 3B, Supplementary Tables 5-7). When considering
motor scores, SCI patients with a motor score change < 5 had significantly higher NfL levels

at-6-and—12w-pest-infuryduring the entire follow-up compared to SCI patients with a motor
score change > 5 (Fig. 4B, Supplementary Tables 8-10). Furthermore, CNTN-1 levels were

significantly lower in SCI patients with a motor score change < 5 at 3 and 6w post-injury than

in those patients with a change > 5.



ROC curve analysis (Fig. 3C, Supplementary Fig. 5) revealed that baseline NfLL_and; GFAP
and-CNTN-1-—could predict AIS conversion with an AUC of 0.696788 (NfL) and 0.806767
(GFAP-and-ENTN-1). Hereby, higher NfL (OR for 100 unit increase: 2-761.47; 95% CI: 1.4102-
2.9629-58; P=0.031244) and GFAP (OR for 10,000 unit increase: 3.2236; 95% CI: 1.32-
178.52; P=0.00206) : — -
P=0-071)1evels were associated with the absence of AIS conversion. Adthough-the samplesize
was-smalerMore importantly, baseline NfL, GFAP and CNTN-1 levels could alse-predict
motor score change with an AUC of 0.83844 (NfL), 0.83767 (GFAP) and 0.762822 (CNTN-
1) (Fig. 4C, Supplementary Fig. 6). Combining all three biomarkers slightlyfurther improved
the predictive value for both AIS conversion (AUC 0.863813, P=0.0059, Fig. 3C) altheugh
this—was—net—the—ease—forand motor score change (AUC 0.85769, P=0.0017, Fig. 4C).

Interestingly, combining only baseline NfL and GFAP resulted in a similar and even slightly

higher predictive ability for motor score change (AUC 0.872. data not shown) but not for AIS

conversion (AUC 0.775, data not shown). At later time points, the absence of AIS conversion

could not be predicted using any of the biomarkersne-significant-diserimination-was-observed
betweenAlS-converters-and-non-eonverters (Supplementary Fig. 54). However, motor score

improvement at clinical endpoint could be predicted using GFAP up to 3w post-SCI, using

CNTN-1 up to 6w post-SCI and using NfL even up to 12w post-SCI (Supplementary Fig. 6).




Discussion

In this study, plasma NfL, GFAP and CNTN-1 were assessed longitudinally in SCI patients
with different clinical outcomes. This allowed us to determine their long-term kinetic profiles
and to evaluate their prognostic ability in a longitudinal fashion. Different kinetics were
observed with GFAP reaching peak levels at baseline, NfL at 3w, and CNTN-1 being decreased
at baseline. NfL and GFAP at baseline could identify SCI patients with AIS-A class at outcome

and could discriminate between SCI patients with a motor-complete and motor-incomplete

outcome. P and-GEAP at-basehne-discriminated-between-motor-complete (AIS-A/B)-and
meter-neomplete {(AIS-C/DAE)Y-SClpatients—at—outeome—Notably, NfL levels remained
elevated in outcome AIS-A and motor-complete patients even at-3wup to 12w post-SCI, and
in SCI patients with a motor score change < 5 even up to +2w-18w post-SCI, highlighting its
value not only in acute but also in subacute and more chronic phases. Baseline levels of all
three markers correlated with clinical outcome (AIS grade and motor score). Moreover,
combined analysis of plasma NfL, GFAP and CNTN-1 demonstrated good predictive ability
for AIS conversion (AUC_0.863=6-8) and motor score change (AUC 6-822-0-8670.857). In

combination with their different temporal profiles, this emphasizes the usefulness of measuring

each marker following traumatic SCI.

This study is the first to longitudinally compare these biomarkers in SCI patients over a longer
period with longer clinical follow-up. Previous research focused on measuring serum GFAP
and/or NfL levels in acute SCI patients within a limited timeframe, ranging from 12h up to 7d
post-SCI in one study'# and from 1-4d post-SCI in two other studies.'>!® Different technologies

have been used for biomarker analysis, including electrochemiluminescence!*!

and single
molecule array.!® Still, baseline plasma levels of NfL and GFAP measured in our study aligned
with these previous analyses in serum. Clinical correlations with AIS motor scores, total AIS
grade or AIS conversion at 6 months post-injury have already been reported.!*'® We now
provide the necessary longer follow-up of NfLL and GFAP levels up to 4.5 months, examining

their association with clinical outcome including a more sensitive measure (motor score

improvement) over an extended period of more than one year. This is crucial for understanding

the time frame in which these markers provide prognostic information.

GFAP and NfL levels peaked at Ow and 3w post-SCI, respectively. The distinct kinetics of NfL
and GFAP over longer periods may be attributed to differences in their cellular expression

(GFAP in astrocytes, NfL in neuronal cells), CNS specificity (GFAP) versus enrichment (NfL)



or increase with aging or other physiological or pathological processes. Additionally, NfL has
been reported to exhibit a longer half-life (weeks) than GFAP (days).?>?® GFAP had an
estimated half-life of 5-176.4d in our study, although additional time points should be
considered for more precise estimation. Determining the exact half-life of NfL. was not possible

in this study.

At bascline, GFAP had the highest predictive ability for beth-AIS conversion (AUC 0.7678,
narrowest 95% CI). When analyzing-and the lack of motor score change, NfLL and GFAP had
superior predictive ability (AUC 0.8467, narrowest 95% CI) over CNTN-1. This was also

reflected in the slightly higher predictive value of combined NfL. and GFAP analysis, without
CNTN-1, for motor score change (AUC 0.872). HeweverMoreover, the inerease—in
NiLdifferences in Nfl., GFAP and CNTN-1 levels up—te—2wat follow-up time points

betweenin subgroups of SCI patients with different clinical outcome suggested #stheir

potential suitability also in subacute and chronic SCI stages, and that their measurement does

not have to be performed in strict time-windows. Indeed, NfL levels at3wup to 12w post-SCI

could still discriminate between motor-complete and motor-incomplete SCI patients, while
NA1L levels up to 182w post-injury could discriminate between SCI patients with a motor score

change < 5 and those with a motor score change > 5. The usefulness of these markers in

subacute and chronic SCI stages was further demonstrated by their predictive ability for the

lack of motor score change at follow-up time points, even up to 12w post-SCI for NfL. Thus,

all three markers NfE—offers an extended prognostic window for predicting neurological

outcome. This is particularly valuable when blood samples cannot be collected or stored during
the acute SCI stage. Moreover, despite advancements in imaging techniques, delayed SCI

diagnosis still occurs, especially in busy trauma centers.!”!® Our study emphasizes the utility

of NfL, GFAP and CNTN-1 measurements for prognosis, even if SCI diagnosis is not made
during the acute stage. The association of NfL and GFAP levels with age in HC could indicate

27-29

elevated neuronal injury with aging. This aligns with previous reports~"~~” where increased NfL

levels during aging were linked with brain volume changes?’.

The decrease in CNTN-1 immediately post-SCI corresponded to reduced CSF and serum
CNTN-1 levels seen in patients with multiple sclerosis and chronic inflammatory
demyelinating neuropathy.??? In these studies, it was hypothesized that decreased CNTN-1
release in body fluids could function as a compensatory mechanism to restore axonal function
or that it could reflect reduced axonal density.?® The latter seems more likely in our SCI cohort

as CNTN-1 levels were decreased already at baseline. CNTN-1 coulddidset discriminate



between motor-complete and motor-incomplete SCI patients at clinical endpoint, but

negatively correlated with outcome AIS and predicted AlS-cenversion-and-motor score change

with-high-diseriminatingabiity (AU C0-8-and 0-822respeetively), both at baseline and follow-
up time points. ' Hi FSEFHTH

Thus, CNTN-1 also presents with prognostic biomarker potential in the acute and subacute

stage, reflecting damage at the level of axonal function, possibly at the interface of axons with

myelin, between axons or at the initial segment of the axons.

A limitation of this study was the limited number of included SCI patients. As-a-consequence;

AB)-and-—meotor-incomplete (AIS-C/D/E)—outcome—group—Large-cohortFutare studies are
needed in order to studysheuld—analyse the prognostic potential of these neurological

biomarkers in—relation—towithin the separate AIS grades. Still, the AIS system cannot fully

capture the heterogeneity within the SCI patient population. Therefore, the predictive potential

of baseline NfL, GFAP and CNTN-1 was also investigated in function of a motor score change

presence of concurrent TBI was not sufficiently documented in the available clinical data. The

potential presence of TBI in some of the included SCI patients can therefore not be excluded.

Moreover, the longitudinal relationship between plasma biomarker levels and MRI analysis of
neuronal and axonal injury and lesion extent should be assessed for a more detailed analysis of
injury severity and outcome. Additionally, more information on the efflux mechanism from the

spinal cord and clearance from the plasma/serum of these biomarkers is needed.

In conclusion, this study highlights the usefulness of GFAP, CNTN-1 and especially NfL as &
prognostic biomarkers over a longer time period up to 182w post-SCI, while GEAP-and CNTN-
+displayed-prognestic potential-when-eoleeted-at baselinewith the highest predictive ability

for clinical outcome when analyzed together. These plasma biomarkers are thus a promising

tool supporting informed decision-making during initial treatment and rehabilitation as well as
patient stratification in clinical trials, reducing sample size and maximizing therapeutic

efficacy.
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Figure legends

Figure 1. Plasma levels of NfL, GFAP and CNTN-1 over time and in correlation with age
in SCI patients and HC. (A) NfL, GFAP and CNTN-1 plasma levels are shown in HC (n =
22) and over time in SCI patients (n = 3722) at five time points post-injury (0 (0-4 days), 3, 6,
12 and 18w). Individual measurements are shown for each included subject. Bars indicate the
mean concentration for each group or time point, which is also indicated below the graph. §
indicates the statistical significance of SCI patients at baseline (Ow) compared to HC (Mann-
Whitney U test), and * indicates the statistical difference in biomarker levels over time in the
SCI cohort (linear mixed model). The linear mixed model included age and time point as fixed
effects, and subject as a random effect. Multiple comparisons were done using Tukey HSD all
pairwise comparisons test. (B) Correlation of the plasma NfL, GFAP or CNTN-1 levels and
age in HC (n = 22) and SCI patients (n = 3722). Spearman’s correlation coefficients (r) and P-
values are indicated. * P < 0.05, ** P <0.01, *** P <0.001, **** or §§§§ P <0.0001

Figure 2. Plasma levels of NfL, GFAP and CNTN-1 in function of AIS eategeriesscores.
(A) NfL, GFAP and CNTN-1 plasma levels at baseline (Ow, 0-4 days) in meter-complete-SCI
patients (n = 34) with outcomef AIS-A (n = 10).ex AIS-B_(n =4), AIS-C (n=7), AIS-D (n =
8) or AIS-E (n = 5)-endpeint score;#+—6)moter-incomplete- SClHpatients (AIS-CAIS-D-or

ALS-E-endpoimnt-seore;#—14) and HC (n = 22). Mean (bars) = SD is depicted. Differences in
baseline biomarker levels between HC, AIS-A/B/C/D/E and-AIS-C/DE-SCI patients were

determined by ANOVA. § indicates statistical significance compared to HC, * indicates

statistical significance compared to AIS-A and # indicates statistical significance compared to
AIS-B. (B) NfL, GFAP and CNTN-1 plasma levels are shown over time in AFS-A/B-versus
AIS-EDAE-SCI patients with AIS-A (n = 10), AIS-B (n =4), AIS-C (n=7), AIS-D (n=28) or

AIS-E (n =5) at outcome. Mean %+ SD is shown. Linear mixed models were used to determine

differences between NfL, GFAP and CNTN-1 levels over time between AIS-A/B-and-AlS-

EADAE-SCI patients_of the different AIS scores, including patient as a random effect, and time

point, AIS eategery-score and their interaction as fixed effects. (C) Correlation of NfL, GFAP
or CNTN-1 levels in all included SCI samples and AIS score at sampling timepoint. (D)
Correlation of baseline NfL, GFAP or CNTN-1 levels and AIS score at clinical endpoint.
Spearman’s correlation coefficients (r) and P-values are indicated. */§/# P < 0.05, **/§§ P <
0.01, ***/§§§ P <0.001, ****/§§§§ P <0.0001



Figure 3. Plasma levels of NfL, GFAP and CNTN-1 in function of AIS conversion. (A)
NfL, GFAP and CNTN-1 plasma levels at baseline (Ow, 0-4 days) in SCI patients with (n =
136) or without (n = 208) AIS grade conversion and in HC (n = 22). Mean (bars) + SD is
depicted. Differences in baseline biomarker levels between HC, AIS converters and AIS non-
converters were determined by ANOVA. (B) NfL, GFAP and CNTN-1 plasma levels are
shown over time in SCI patients with and without AIS conversion. Mean + SD is depicted.
Linear mixed models were used to determine differences in NfL, GFAP or CNTN-1 plasma
levels over time between AIS converters and non-converters, including patient as a random
effect, and time point, AIS conversion and their interaction as fixed effects. (C) Receiving
operating characteristic (ROC) curve analysis of NfL, GFAP, CNTN-1 or combined NfL +
GFAP + CNTN-1 for the prediction of AIS conversion at baseline (Ow, 0-4 days post-SCI).
Area under the curve (AUC) + standard error and 95% confidence intervals (95% CI) are

shown. * P <0.05, ** P <0.01, *** P<0.001, **** P <0.0001

Figure 4. Plasma levels of NfL, GFAP and CNTN-1 in function of motor score change.
(A) NfL, GFAP and CNTN-1 plasma levels at baseline (Ow, 0-4 days) in SCI patients with a
motor score change <5 (n = 145) or > 5 (n = 159) and in HC (n = 22). Mean (bars) £ SD is
depicted. Differences in baseline biomarker levels were determined by ANOVA. (B) NfL,
GFAP and CNTN-1 plasma levels are shown over time in SCI patients with a change in motor
score < 5 or > 5. Mean + SD is depicted. Linear mixed models were used to determine
differences in NfL, GFAP or CNTN-1 plasma levels over time between the two SCI groups,
including patient as a random effect, and time point, motor score change category and their
interaction as fixed effects. (C) Receiving operating characteristic (ROC) curve analysis of
NfL, GFAP, CNTN-1 or combined NfL + GFAP + CNTN-1 for the prediction of motor score
improvement at baseline (Ow, 0-4 days post-SCI). Area under the curve (AUC) + standard error
and 95% confidence intervals (95% CI) are shown. * P < 0.05, ** P < 0.01, *** P <0.001,
*akx P <0.0001



