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clinical and radiologic worsening in multiple
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Abstract

Background: Neurofilament light chain (NfL) is an attractive biomarker of disease activity and progres-
sion in MS, but there is a lack in long-term prognostic data.

Objective: To test the long-term clinical and radiological prognostic value of cerebrospinal fluid (CSF)-
NfL among newly diagnosed patients with MS.

Methods: Newly diagnosed MS patients where followed prospectively with baseline CSF-NfL and
repeated MRI and clinical assessments for up to 10 years. Associations between baseline CSF-NfL and
longitudinal MRI and clinical assessments were found by Generalized Estimating Equations analysis.
Results: Forty-two participants were included. CSF-NfL at baseline was significantly associated with the
rate of atrophy in globus pallidus (»p=0.009) and hippocampus (p=0.001) as evaluated by MRIL
Baseline volumes of thalamus (p —0.33; 95% CI —0.57 to —0.10, p=0.006), T1 (p 0.28; 95% CI 0.11
to 0.44, p=0.001) and T2 (B 0.16; 95% CI 0.04 to 0.27, p=0.008) lesions and baseline levels of
CSF-NfL (B 0.9; 95% CI 0.3 to 1.5, p=0.002) significantly predicted EDSS worsening over 10 years.
Baseline CSF-NfL gave a comparable prediction to the best MRI volumetric predictors.

Conclusion: CSF-NfL predicted the clinical and radiological course of newly diagnosed patients with MS
over a 10-year period, underlining its prognostic role.
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Introduction

Multiple sclerosis (MS) is the leading inflammatory
disorder of the central nervous system (CNS) among
young adults worldwide, with an escalating prevalence.'
Age of onset is about 30 years, and consequently large
parts of patients’ lives are affected by the disease. The
lack of reliable biomarkers for long-term disease prog-
nosis, combined with a highly heterogeneous disease
course, often makes it a life of uncertainty.

At present, magnetic resonance imaging (MRI) is the
biomarker of choice for diagnosis and follow-up in
MS, and the current McDonald diagnostic criteria
are heavily based on MRL>* However, there are a
number of potential limitations such as time delays
from disease onset to image examination, as well as

logistics and examination costs. In addition, the
limited correlation between traditional MRI measure-
ments and clinical disability impedes the value of
MRI as a surrogate marker for MS disease activity.>
Gadolinium accumulation within the CNS and poten-
tial toxicity, which has led to FDA warnings, should
also be taken into account.””® These limitations illus-
trate an unmet need in the handling of MS which
has led to the implementation of composite surveil-
lance strategies, including both MRI and clinical scor-
ings for evaluating disease activity.’

Some of these challenges could be solved by imple-
menting new and robust biomarkers. In particular,
neurofilaments have emerged as an attractive bio-
marker of MS disease activity. This group of
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biomarkers consist of polypeptides found in the cyto-
plasm of neurons, which are released into the cerebro-
spinal fluid (CSF) and blood in numerous CNS
diseases, including MS.'"® We and others have pre-
viously shown that neurofilament light chain mea-
surements in CSF (CSF-NfL) correlate well with
clinical worsening of disability.''™"* In addition,
both cross-sectional and longitudinal studies report
associations of CSF-NfL with MRI activity in MS,
but the number of studies are limited, with relatively
short follow-up.'*~!”

In this prospective study, we aimed to evaluate the
prognostic value of CSF-NfL among newly diag-
nosed MS-patients in terms of both clinical and radi-
ological disease worsening over a 10-year follow-up.

Materials and methods

Patient sample and clinical assessment

This study is part of a prospective population-based
longitudinal cohort study of patients with newly
diagnosed MS at two specialized centers in South-
Western Norway (Stavanger University Hospital in
Stavanger and Haukeland University Hospital in
Bergen). In total, 108 patients received the diagnosis
of MS according to the Poser criteria during 1998 to
2000. Of these, 42 patients with relapsing remitting
MS (RRMS) or secondary progressive MS (SPMS)
were willing to undergo extended MRI examinations
and a lumbar puncture, and were thus included in this
study. Upon recruitment, the patients provided written
informed consent in study participation, and then
underwent standardized clinical evaluations including
a full neurological examination and Expanded
Disability Status Scale (EDSS) scoring. At the subse-
quent follow-up with MRI examination and clinical
scorings after five and 10 years, in total 37 and 25
patients, respectively, were included.

MRI

MRI scans were performed at baseline and after 5, and
10 years of follow-up using the same standardized
study protocol at both centers. Scans were performed
using the same 1.5 T unit (Siemens, Symphony/
Philips Medical Systems, Intera). The MRI protocol
consisted of dual spin echo (SE) PD/T2-WI, a three-
dimensional (3D) T1-W1 and a SE T1-WI. The
voxel size for (SE) PD/T2-WI was 0.9 x 0.9 X
5.0 mm’, for 3D T1-WI 0.9 X 0.9 x 1.4 mm’, and
for SE T1 0.9 x 0.9 x5.0mm® on the Siemens
scanner. On the Philips scanner the voxel size for
(SE) PD/T2-WI was 0.89 x 0.89 x 5.0 mm’, for 3D
T1-WI 0.89 x 0.89 x 1.2 mm?, and for SE T1 0.89

x 0.89 x 5.0 mm>. Further details on the MRI proto-
col have been described previously.'®

All baseline and follow-up images for each subject
were co-registered to its baseline SE T1 image using
a 6° of freedom rigid-body model using FMRIB’s
Linear Image Registration Tool (FMRIB’s FLIRT).
All subsequent lesion analyses were done using the
co-registered images. Tl and T2 lesion volumes
were calculated using a reliable semi-automated
edge detection contouring/thresholding technique.'®
Normalised measures for whole brain volume, grey
matter volume, white matter volume, cortical
volume and lateral ventricular volume were measured
using SIENAX (v2.6) with lesion inpainted 3D-T1
images.*’

Absolute volumes of the subcortical grey matter struc-
tures were also derived from using MRIB’s Integrated
Registration and Segmentation Tool (FIRST v1.2), a
model-based segmentation and registration tool.?!
Normalized subcortical deep grey matter volumes
were estimated by multiplying the estimated
volumes from FIRST by the volumetric scaling
factor from SIENAX.'®

CSF sampling and NfL analysis

CSF was obtained at baseline by lumbar puncture
using standardized procedures, aliquoted and kept
frozen at —70°C. CSF samples had gone through
one freeze-thaw cycle before NfL concentrations
were quantified using the commercially available sen-
sitive sandwich enzyme-linked immunosorbent assay
(ELISA) kit from UmanDiagnostics AB, according to
the manufacturer’s kit instructions, described else-
where.?? Intra-assay coefficients of variation were
below 15%, and inter-assay coefficients of variation
were below 10%.

Statistical analysis

Means and standard deviations (SD) are presented for
continuous variables that were normally distributed
and medians and interquartile ranges (IQR) for vari-
ables that were not. Counts and percentages are pre-
sented for categorical variables.

We used linear regression to study the association
between baseline CSF-NfL-levels and baseline MRI
brain volumes. CSF-NfL was log transformed using
the natural logarithm (after adding a constant 1), to
reduce the potential impact of outlying values. T1
and T2 lesion volumes were right-skewed and were
thus square root transformed to improve the symme-
try of the residual distributions. Results are presented
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as point estimates of effect (B) with 95% confidence
intervals (CI) and with p-values from Wald tests,
with and without adjustment for age at baseline, sex
and disease duration. For increased interpretability,
we calculated the expected difference in brain
volumes between CSF-NfL values at the third vs.
the first quartile for the statistically significant
results. For transformed outcomes, CI for this differ-
ence were percentile intervals based on non-
parametric bootstrap with 1000 resamples and with
predictions based on medium values or most frequent
category for the covariates.

Next, Generalized Estimating Equations (GEE) ana-
lysis was used to study the association between base-
line CSF-NfL levels and longitudinal MRI brain
volumes. All models contain time as a continuous
explanatory variable as well as the interaction
between time and CSF-NfL to assess effect on slope
of brain atrophy. Presented results include for each
outcome B, 95% CI and Wald p-values for the interac-
tion term and the main effect (interpretable as the pre-
dicted association between CSF-NfL and brain
volume at baseline). We also calculated the expected
additional change in MRI brain volumes per five
years for CSF-NfL values at the third vs. the first
quartile. The exchangeable working correlation struc-
ture was used throughout, and robust (sandwich) esti-
mation of standard errors.

Finally, models for longitudinal measures of EDSS
score were fitted using GEE, with individual baseline
MRI brain volumes or CSF-NfL as predictors. The
models and presentation are similar to the previous
analyses. Additionally, for these models we present
the Corrected Quasi-likelihood under Independence
Model Criterion (QICC), which was used for com-
parison of models with different predictors.

Due to the large number of comparisons, we used
p <0.01 as cut off for statistical significance. All ana-
lyses were performed in SPSS version 23 (IBM Corp.,
Armonk, NY, USA), except the bootstrapping which
was performed in R version 4.0.2 (R Core Team,
2020).

Results

Demographic and clinical profile

Forty-two patients were included with a mean age at
baseline of 41.9 years (interquartile range (IQR)
33.2, 50.0), and 29 (69%) of the participants were
female. The median disease duration at baseline was
60 months (IQR 39, 171). Thirty-five (83%) patients

were categorized as RRMS at baseline and seven
(17%) as SPMS. At the five-year follow-up 37
patients were still included and 25 remained at the
10-year follow-up. The proportion with progressive
disease increased throughout the study. Only 17%
were started on disease-modifying treatment (DMT)
at baseline, which had increased to 68% at 10-year
follow-up (Table 1).

Association between CSF-NfL and brain volumes at
baseline

When adjusted for age at baseline, sex and disease
duration, higher CSF-NfL concentrations were signif-
icantly associated with lower MRI volumes of thala-
mus (p —1.9; 95% CI -3.0 to —0.7, p=0.002),
nucleus accumbens (B —0.17; 95% CI —-0.30 to
—0.04, p=0.009), and higher square-rooted T1- (
1.7; 95% CI 0.9 to 2.5, p<0.001) and T2-lesion
volumes (f 2.3; 95% CI 1.2 to 3.4, p<0.001).
(Table 2) Lower volumes of whole brain, white
matter, deep grey matter and putamen were also asso-
ciated with higher CSF-NfL, but did not reach statis-
tical significance (p-values between 0.01 and 0.05).
When comparing the third and the first quartile
value of CSF-NfL concentrations (i.e. CSF-NfL 1.2
vs. 0.1) we found an expected difference in thalamic
volume of —1.42 cm® (95% CI —=2.0 to 0.5 cm’); in
nucleus accumbens volume —0.12 cm® (=021 to
—0.03cm®); in TI lesion volume of +3.8cm’
(1.8 to 6.0 cm®); and in T2 lesion volume +8.5 cm®
(3.9 to 12.5 cm?®).

Association between baseline CSF-NfL and long-term
MRI brain atrophy

When adjusting for age at baseline, sex, and disease
duration we found significant CSF-NfL-dependent
slopes for volumes of globus pallidus (f —0.20;
95% CI —0.35 to —0.05, p =0.009) and hippocampus
(P —0.32; 95% CI —-0.50 to —0.14, p=0.001), for
both of which higher CSF-NfL predicted a higher
rate of atrophy (Table 3). When comparing the third
vs. the first quartile of CSF-NfL, higher CSF-NfL
was associated with an additional volume loss of
globus pallidus of 0.14cm’® (95% CI 0.03 to
0.24 cm®) per five years, which amounted to 280%
of the median change in globus pallidus volume
from baseline to five years (Table S1). The additional
loss of volume in hippocampus for the third compared
to the first quartile was 0.22 cm® (95% CI 0.10 to
0.35 cm®), amounting to 275% of the median
changes in the volume from baseline to five years.
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Table 1. Demographics and clinical characteristics at baseline and follow-up visits. Descriptives are presented
as median (interquartile range; IQR) unless otherwise specified. Abbreviations: SD Standard deviation;
CSF-NfL Cerebrospinal fluid Neurofilament Light; RRMS Relapsing-remitting multiple sclerosis; SPMS
Secondary progressive multiple sclerosis; DMT Disease modifying treatment.

Table 2. Associations between CSF-NfL and MRI brain volumes at baseline for 42 MS patients. Results from
linear regression analyses with log-transformed CSF-NfL as independent variable. All volumes are measured in
cubic cm. T1 and T2 lesion volumes were square root transformed. Adjusted models include covariates age at
baseline, sex and disease duration. P-values from Wald tests. Statistically significant results (p<0.01) are
printed in boldface. CI, confidence interval; LV, lesion volume; CSF-NfL, Cerebrospinal fluid Neurofilament
Light Chain; MRI, Magnetic Resonance Imaging.

4 www.sagepub.com/msjetc
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Association of longitudinal EDSS score with baseline
CSF-NfL and baseline MRI brain volumes

Adjusted for age at baseline, sex and disease duration,
baseline MRI volumes of thalamus (f —0.33; 95% CI
—0.57 to —0.10, p =0.006), T1-lesions (B 0.28; 95%
CI 0.11 to 0.44, p=0.001), T2-lesions (B 0.16; 95%
CI 0.04 to 0.27, p=0.008), and baseline levels of
CSF-NfL (B 0.9; 95% CI 0.3 to 1.5, p=0.002) each
significantly predicted the rate of EDSS worsening
over the 10-year follow-up period (Table 4). Based
on the QICC, the baseline MRI volume measure
that correlated best to the longitudinal EDSS through-
out the 10-year follow-up (i.e. lowest QICC) after
adjustment was volume of thalamus (QICC =302).
In comparison, the model comprising levels of
CSF-NfL had a similar QICC of 284. Without adjust-
ing for age, sex or disease duration, many of the MRI
volumes performed better than CSF-NfL as judged by
the QICC.

Discussion

In this study we demonstrate significant associations
between baseline CSF-NfL and MRI parameters
both at baseline and over a long-term follow-up of
10 years. At baseline, CSF-NfL was significantly
negatively associated with baseline thalamic and
nucleus accumbens volumes. Previous studies have
reported heterogenous results on the association
between CSF-NfL levels in patients with clinically
isolated syndrome and grey matter atrophy.>**
Small sample sizes may have attributed to the discrep-
ant results. Nevertheless, thalamic atrophy has been
reported from the earliest disease stages of MS, and
with strong clinical correlations.>>*® We found
increasing CSF-NfL to be associated with increasing
baseline T1- and T2-lesion volumes, which is consist-
ent with previous studies.'>?’

We also found significant associations between base-
line CSF-NfL and future loss of grey matter volume
structures of globus pallidus and hippocampus, as
well as trend (p between 0.01 and 0.05) between base-
line CSF-NfL and future loss of total deep grey matter
and putamen. Patients with baseline CSF-NfL in the
third quartile compared to the first quartile had a
volume loss of globus pallidus and hippocampus of
2.8 times higher than the median change of the
whole study population seen in the first five years.
To our knowledge, this study is the first to show an
association between CSF-NfL and grey matter
volumes in a long-term setting. This observation has
direct clinical implications, as deep grey matter loss
has been associated with disability accumulation,
and involvement of the hippocampus has been

found to relate to several cognitive functions, includ-
ing poor verbal memory performance.?®*° CSF-NfL
was not associated with future thalamic atrophy
over the 10 years of follow-up in our study.
Previous studies have found thalamus atrophy to com-
mence early in the disease course.”” This might play a
role in the lack in association in our patients, as our
patients already had a considerably long interval
from disease onset to diagnosis.

When we adjusted for the confounders age at base-
line, sex and disease duration, we found that baseline
CSF-NfL-levels predicted further EDSS worsening
throughout the study period better than what baseline
MRI volumes did, assessed by GEE models using the
QICC. These results highlight the prognostic abilities
of CSF-NfL in predicting disease worsening in MS.
Interestingly, when models were not corrected for
adjustment variables, the model for CSF-NfL did
not predict the future EDSS to the same degree as
what the better models of MRI volumes did. This
change in relative performance when adjusting for
confounders suggests that CSF-NfL contains valuable
information in regards to the clinical worsening in MS
not being detected by MRI. In our model, when
adjusted for age, sex and disease duration, adding
baseline CSF-NfL gave a better prediction of future
EDSS than adding for instance baseline thalamus
volume to the model. The ability of CSF-NfL in MS
to identify a subgroup of MS patients with disease
activity that was not detected on MRI was also
shown in a study reporting that more than 12% of
the patients had elevated CSF-NfL and clinical wor-
sening without MRI activity.*

Our study has some limitations, foremost the limited
sample size. In addition, our population of patients
were diagnosed with MS according to the more strin-
gent Poser criteria. That probably gave longer disease
duration before diagnosis than what is common today,
combined with an observation period before the def-
inite diagnosis, likely influenced by the limited treat-
ment options at that time. Our population was also
more treatment naive during the follow-up for this
reason, and only 17% received DMT at baseline, a
time where high-efficacy treatments were not avail-
able. However, we believe these factors also represent
a strength of this study, as our treatment naive patients
expose the natural relationship of neurofilaments and
disease course. Furthermore, spinal MRI was not per-
formed in this study. This might explain some of the
lack of correlation between baseline MRI results and
CSF-NfL, and between MRI and clinical worsening.
Spinal cord lesions are linked to increased disability
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in MS, and have been shown to increase sNfL.3!132
Although this study was performed at two different
centers, we did not find any differences in volume
measurements that could be attributed to different
MRI machines.

We used ELISA technology to assess levels of
CSF-NfL in this study. However today even more
sensitive methods for detection of low concentration
of NfL like the Simoa technology has made it possible
to also analyze blood for NfL (sNfL). In a small study
from 2016, there was a correlation between sNfL and
white matter volume loss, but not grey matter loss
over a median follow-up of 3.6 years.>® In contrast,
more recently Jakimovski and colleagues showed
that baseline sNfL levels were associated with
future GM atrophy, including total deep GM
volume and specific structures such as thalamus,
putamen and globus pallidus for a follow-up time of
five years.>® In addition, another study reported sig-
nificant associations between baseline sNfLL and sub-
sequent brain atrophy at year 10, although sNfLL was
not deemed to be a good predictor of long-term dis-
ability worsening.>> However, only sNfL was ana-
lyzed in this study, and CSF-NfL has been reported
to be a significantly better predictor of “no evidence
of disease activity — third revision” (NEDA-3) than
sNfL.'> Consequently we find it meaningful to
analyze for CSF-NfL at time of diagnoses despite
the more readily available analysis for sNfL.

As this study only examined patients at three different
time points it is of importance that these visits were
carried out during a clinically stable time period,
and not examined during a relapse. In total eight
patients were included in the study that had an
attack within the last two months prior to the baseline
visit, as well as one patient with an attack around three
months prior to the five-year follow-up. However, we
did not observe any significant differences between
the groups.

We have previously shown correlation between base-
line CSF-NfL and worsening of disability defined by
EDSS after five years of follow-up'' This study
further strengthens the use of CSF-NfL as a prognos-
tic biomarker for clinical and radiological disecase
worsening in newly diagnosed MS. Although the
results from the statistical models used in this paper
must be interpreted on a group level, there is now
increasing evidence that assessing patients at time of
diagnosis for CSF-NfL will provide an indication of
future disease burden up to 10 years in advance.
This further allows for a better stratification of

disease severity, and thus a more personalized
approach in choosing treatment for MS.
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