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Abstract

Background Cognitive impairment (CI) is a disabling symptom of multiple sclerosis (MS). Axonal damage disrupts neural
circuits and may play a role in determining CI, but its detection and monitoring are not routinely performed. Cerebrospinal
fluid (CSF) neurofilament light chain (NfL) is a promising marker of axonal damage in MS.

Objective To retrospectively examine the relationship between CSF NfL and CI in MS patients.

Methods CSF NfL concentration was measured in 28 consecutive newly diagnosed MS patients who underwent a neuropsy-
chological evaluation with the Brief Repeatable Battery of Neuropsychological tests (BRBN).

Results CSF NfL was higher in patients with overall CI (947.8 £400.7 vs 518.4+424.7 pg/mL, p <0.01), and with impair-
ment in information processing speed (IPS) (820.8 +413.6 vs 513.6 +461.4 pg/mL, p <0.05) and verbal fluency (1292 +511
vs 582.8 +395.4 pg/mL, p <0.05), and it positively correlated with the number of impaired BRBN tests (r=0.48, p=0.01)
and cognitive domains (r=0.47, p=0.01). Multivariate analyses taking into account potential confounders confirmed these
findings.

Conclusion CSF NfL is higher in MS patients with CI and impaired IPS and verbal fluency. Large myelinated axons injury,
causing neural disconnection, may be an important determinant of CI in MS and can be reliably measured through CSF NfL.

Keywords Multiple sclerosis - Neurofilament light chain - Cerebrospinal fluid - Cognitive impairment - Information
processing speed - Verbal fluency

Introduction

Multiple sclerosis (MS) is characterised by heterogeneous
clinical manifestations that involve motor, sensory, cerebel-
lar and cognitive functions [1]. Over the last decade, great
X 008 ; e i attention has been paid to cognitive impairment (CI) in MS,
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ing speed (IPS), executive function and verbal fluency [2].
Although the precise mechanisms underlying the onset
and progression of CI in MS are not completely known, both
white matter and grey matter lesion loads have been pro-
posed as possible determinants of CI in MS [3]. Specifically,
disconnection of neuronal circuits due to axonal damage is
thought to be a significant contributor to the impairment of
specific cognitive domains [4]. In this perspective, axonal
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damage is relevant to the development of cognitive disability
in MS, and it should be quantified and monitored over time
by the use of biomarkers that are complementary to standard
neuroimaging methods [5].

Over the last decade, neurofilament light chain (NfL), a
protein that is highly expressed in the cytoplasm of large-
calibre axons, has shown to be reliably measurable in cer-
ebrospinal fluid (CSF) and blood and to perform well as
a marker of axonal damage in a variety of neurological
disorders, including MS [6]. The study of the relationship
between CSF NfL and cognitive performance in MS would
help in defining the contribution of axonal damage to the
pathogenesis of specific cognitive subdomains in MS and,
hopefully, to provide clinicians with an objective measure
that reflects the probability of global CI at the individual
level. Given these premises, we decided to perform an obser-
vational retrospective study that aimed to assess the possible
correlation between CSF NfL concentration (as a quantita-
tive measure of axonal damage) and cognitive performance
in a cohort of newly diagnosed patients with MS, possible
MS and clinically isolated syndrome (CIS).

Patients and methods
Patient selection and clinical assessment

For this study, we retrospectively selected 28 consecutive
patients whose CSF samples were collected via lumbar
puncture, performed in the context of the usual diagnostic
work-up in the suspicion of MS, from May 2013 to June
2016 at the Section of Neurology, Department of Medicine,
University of Perugia (Italy). The following inclusion cri-
teria were used: (i) a diagnosis of MS, possible MS or CIS,
according to the 2010 revision of the McDonald criteria [7];
(ii) age greater than 18 years; (iii) no history of exposure to
immunosuppressant drugs in the 30 days before CSF sam-
pling; and (iv) no history of a learning disability or drug or
alcohol abuse. All patients were assessed by neurologists
with experience in the management of inflammatory demy-
elinating diseases of the central nervous system (CNS), and
they underwent brain and spinal cord MRIs, in accordance
with the usual diagnostic work-up [8]. Demographic, clini-
cal and neuroradiological characteristics were anonymously
collected in an electronic archive.

CSF collection and storage

CSF samples were collected at the same institution and with
standardised procedures. Specifically, samples were obtained
by means of lumbar puncture, performed between 8:00 a.m.
and 11:00 a.m. CSF samples were collected in sterile poly-
propylene tubes, centrifuged for 10 min at 2000xg, divided
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into 0.5 mL aliquots and immediately frozen at — 80 °C,
pending analysis. Collection and storage of CSF samples
were carried out by following specific international guide-
lines [9].

CSF analysis

NfL was measured at the Institute of Neuroscience and
Physiology, Department of Psychiatry and Neurochemistry,
the Sahlgrenska Academy at the University of Gothenburg
(Sweden), through a newly developed in-house enzyme-
linked immunosorbent assay (ELISA), as already described
[10]. All samples were analysed by board-certified labora-
tory technicians, all blinded to clinical data, using one batch
of reagents at a time.

Neuropsychological evaluation

Before testing administration, an interview about concomi-
tant medications, mood disorders, or other causes that could
significantly interfere with cognitive functioning was carried
out by a neurologist, to rule out potential confounding fac-
tors for the analysis of cognitive and behavioral data. Subse-
quently, a neuropsychological evaluation was performed by
two trained neuropsychologists no more than 60 days after
CSF sampling. They used Rao’s Brief Repeatable Battery of
Neuropsychological Tests (BRBN) [11]. Briefly, the BRBN
includes tests that explore: (i) verbal learning and delayed
recall [Selective Reminding Test (SRT) Long-Term Storage
(SRT-LTS), SRT Consistent Long-Term Retrieval (SRT-
CLTR) and SRT Delayed Recall (SRT-DR)]; (ii) visuospa-
tial learning and delayed recall [10/36 Spatial Recall Test
(SPART) and SPART Delayed Recall (SPART-DR)]; (iii)
IPS [Paced Auditory Serial Addition Test (PASAT-3 and
PASAT-2) and Symbol Digit Modalities Test (SDMT)]; and
(iv) verbal fluency on semantic input [Word List Generation
(WLG)]. Normative values, adjusted according to gender
and education for the Italian population, were used, and a
test score was considered altered when lower than the 5th
percentile [11]. The presence of specific cognitive domain
impairments was defined by the failure of at least one test
that explored that domain. Finally, overall CI was defined by
the presence of impairment in at least two cognitive domains
[12].

Statistical analysis

Categorical variables were reported as numbers and per-
centages. Data were not normally distributed, so continu-
ous variables were reported as median, range and interquar-
tile range (IQR). The Mann—Whitney U test was used for
the comparison of groups, and Spearman’s rank correla-
tion coefficient test was used for the correlation between
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continuous variables. Multivariable logistic regressions were
used for accounting for potential confounders when we ana-
lysed the association between CSF NfL concentrations and
the presence of impairment in specific cognitive domains
and overall CI. Additionally, multivariate linear regressions
were used for accounting for potential confounders when
considering the number of impaired tests and domains as
dependent variables. We considered as potential confound-
ers, age, EDSS, the number of T2 lesions and the presence of
gadolinium-enhanced (Gd + ) lesions. Model selection was
carried out according to a backward step-wise procedure. In
linear regression models, we checked with quantile—quantile
plot for serious deviation from the assumption of normally
distributed errors. Collinearity was not an issue because we
did not find any strong associations between independent
variables in the model. All tests were two-sided and signifi-
cance threshold was set to p <0.05. R software version 3.5
was used for statistical analysis.

Results
Patient characteristics

Patients were aged between 25 and 66 years (median age:
38 years, IQR: 17.7 years). Out of the 28 patients, 20 (71.4%)
were female and 8 (28.6%) were male (F/M ratio: 2.5/1).
Demographical and clinical characteristics are reported in
Table 1. None of the patients were under steroid treatment or
disease-modifying drugs at the time of CSF sampling, since
lumbar puncture was performed during the diagnostic work-
up. In the whole cohort, median CSF NfL concentration was
675.5 pg/mL, range: 136-5748 pg/mL, IQR: 728 pg/mL.

Cognitive performance

Mean values of BRBN tests are reported in Table 2. The
overall prevalence of CI was 32.1%, with 9/28 patients hav-
ing two or more impaired cognitive domains. When con-
sidering specific cognitive domains, the single most fre-
quently impaired domain was IPS, with 13 (46.4%) impaired
patients, followed by verbal learning, with 7 (25%) impaired
patients, visuospatial learning, with 6 (21.4%) impaired
patients, and verbal fluency, with 3 (10.7%) impaired
patients. There was no significant prevalence of CI across
different diagnostic categories (i.e., CIS, possible MS,
relapsing remitting MS, progressive MS). Additionally, we
did not find significant differences between patients with and
without overall CI and with and without impairment in spe-
cific domains in any of the following demographical, clinical
and MRI characteristics: age, gender, clinical manifestation
at onset (i.e., optic neuritis, brainstem/cerebellar syndrome,
myelitis, progressive course), Expanded Disability Status

Scale (EDSS) score at onset, presence of CSF oligoclonal
bands, number of T2 lesions and presence of Gd + lesions
on brain MRI. When considering each BRBN test, SRT-LTS
was impaired in 6 (21.4%) patients, SRT-CLTR in 4 (14.2%)
patients, SRT-DR in 3 (10.7%) patients, SPART in 6 (21.4%)
patients, SPART-DR in 6 (21.4%) patients, SDMT in 11
(39.2%) patients, PASAT-3 in 2 (7.1%) patients, PASAT-2 in
2 (7.1%) patients and WLG in 3 (10.7%) patients (Table 2).

Cognitive performance and CSF NfL

When comparing CSF NfL values in patients with and
without overall CI, CSF NfL was significantly higher
in patients with CI than it was in cognitively preserved
patients (median: 870 pg/mL, range: 487-1860 pg/
mL, IQR: 412.5 pg/mL; vs. median: 350 pg/mL, range:
136-5748 pg/mL, IQR: 556 pg/mL, p<0.01). A similar
difference has been found when comparing patients with
and without IPS impairment (median: 763 pg/mL, range:
259-1860 pg/mL, IQR: 446.5 pg/mL; vs. median: 350 pg/
mL, range: 136-5748 pg/mL, IQR: 575 pg/mL, p <0.05)
and verbal fluency impairment (median: 1145 pg/mL, range
870-1860 pg/mL, IQR: 990 pg/mL; vs. median: 487 pg/mL,
range: 136-5748 pg/mL, IQR: 593 pg/mL, p <0.05) (Fig. 1).
These findings also held true after multivariable regression
models that accounted for potential confounders such as age,
EDSS score, the number of T2 lesions and the number of
Gd + lesions, with each 100 pg/mL increase of CSF NfL
being associated with a 6% higher probability of overall
CI (Table 3). In addition, CSF NfL was positively corre-
lated with the number of impaired BRBN tests (r=0.48,
p=0.01) and the number of impaired cognitive domains
(r=0.47, p=0.01) (Fig. 2). These results were confirmed
in the multivariate linear regressions that accounted for age,
EDSS score, the number of T2 lesions and the number of
Gd + lesions (Table 4).

Discussion

In our cohort of newly diagnosed CIS and MS patients, we
found an overall prevalence of CI equal to 32.1%, which is in
line with data from the literature, showing a high, although
variable, prevalence of CI in MS [5, 13]. Cl is, therefore,
a very frequent clinical manifestation in MS and requires,
from clinicians, at least the same attention that is directed
towards the involvement of other functional systems.

In our study, IPS turned out to be the most frequently
involved domain, since it was impaired in almost half of
the patients (46.4%). This finding is consistent with several
reports showing that IPS is the most prevalent cognitive
domain affected in MS [14]. IPS failure in MS has been asso-
ciated with the dysfunction of cortico-subcortical networks,
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Table 1 Main demographical, clinical, MRI and CSF characteristics of the patients

Demographic characteristics
Number of patients
Age (yrs); mean =+ SD (median; range; IQR)
Female/male ratio
Diagnostic categories* (n; %)
CIS
Possible MS
RRMS
Progressive MS
Clinical characteristics at onset (1; %)
Optic neuritis
Brainstem/cerebellar syndrome
Myelitis
Progressive course
Other clinical characteristics
EDSS; mean + SD (median; range; IQR)
Disease duration (months); mean + SD (median; range; IQR)
Steroid treatment between LP and BRBN (n; %)
Brain MRI characteristics (n; %)
1-3 T2 lesions
4-9 T2 lesions
>9 T2 lesions
Gd + lesions
CSF characteristics
Total protein > 60 mg/dL (n; %)
Leukocyte count 0/uL (n; %)
1-3/uL (n; %)
4-10/uL (n; %)
Albumin quotient >0.7 (n; %)
IgG index >0.7
1gG OCB + (n; %)
NfL (pg/mL); mean + SD (median; range; IQR)

28
39.1+11.2 (median 38; range 25-66; IQR 18.7)
2.5

3(10.7%)
9(32.1%)
10 (35.7%)
6 (21.4%)

3(10.7%)
13 (46.4%)
6 (21.4%)
6 (21.4%)

2+ 1.2 (median 2, range 1-6, IQR 1.9)
30.9 +46 (median 4.5, range 0.1-180, IQR 47.4)
18 (64.3%)

2 (7.1%)

16 (57.1%)
10 (35.7%)
15 (53.6%)

0

10 (35.7%)

14 (50%)

4 (14.3%)

6 (21.4%)

17 (60.7%)

23 (82.1%)

843.2+1061 (median 675.5, range 136-5748, IQR 728)

“Defined according to the 2010 revision of the McDonald criteria

BRBN Brief Repeatable Battery of Neuropsychological tests, CIS clinically isolated syndrome, CSF cerebrospinal fluid, EDSS Expanded Dis-
ability Status Scale, Gd+ gadolinium-enhanced lesions, /QR interquartile range, LP lumbar puncture, MRI magnetic resonance imaging, MS
multiple sclerosis, NfL neurofilament light chain, OCB + >2 cerebrospinal fluid oligoclonal bands compared to serum samples, RRMS relapsing

remitting multiple sclerosis, SD standard deviations, Yrs years

such as the fronto-striatal pathway underlying working
memory [3]. In our cohort, individuals with IPS failure had
higher CSF NfL values compared to those with normal IPS.
Previously, it has been found that in early MS patients, CSF
NfL is associated with functional MRI correlates of atten-
tion [15], which often functionally overlaps with IPS [16].
Moreover, BRBN tests that explore IPS (such as PASAT),
also assess attention and working memory, thus relying on
the integrity of multiple neuronal networks [17]. Our finding
strengthens the idea that injury to large myelinated axons, as
measured by means of CSF NfL, may be a determinant of
IPS impairment in MS, probably because axonal dysfunction
underlies cortico-subcortical disconnection.

@ Springer

Furthermore, we found that patients with overall CI
have higher CSF NfL levels than do cognitively preserved
patients. It is not surprising to find that both patients with
IPS failure and with overall CI have high CSF NfL. In fact,
it has been hypothesised that IPS might represent a major
driver of CI in MS [18].

Additionally, patients with verbal fluency deficits had
higher CSF NfL values than those with a normal perfor-
mance in this domain. The association between NfL and
verbal fluency fits well with results from a recent study,
in which WLG scores were inversely correlated with CSF
NfL [19]. In addition, WLG based on semantic input can be
considered a sort of ‘whole brain test’, since it involves the
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Table2 BRBN tests’ scores in the explored population

Cognitive domains BRBN tests Mean+SD Median Range IQR Cut-off Score < cut-off (n; %)
Verbal learning SRT-LTS 41.6+15.8 43.2 14.1-62.4 26 23.3 6 (21.4%)
SRT-CLTR 343+16.8 33.1 9.4-63.1 27 15.5 4 (14.2%)
SRT-DR 8.1+2.7 7.9 1.9-11.9 2.5 4.9 3 (10.7%)
Visuospatial learning SPART 18.7+6 19.7 8.8-27.8 9.5 12.7 6 (21.4%)
SPART-DR 6.8+2.8 7.9 1.9-10.6 4.5 3.6 6 (21.4%)
Information processing speed SDMT 42.6+12 389 27.4-717.2 21.2 379 11 (39.2%)
PASAT-3 43+14.1 39 19-79.1 20 284 2 (7.1%)
PASAT-2 28.4+9.8 29.3 9.9-46.8 13.5 17.1 2 (7.1%)
Verbal fluency WLG 23+4.8 22.9 12.8-32.1 74 17 3 (10.7%)

IQR interquartile range, PASAT-2 Paced Auditory Serial Addition Test 2", PASAT-3 Paced Auditory Serial Addition Test 3", SD standard devia-
tion, SPART 10/36 Spatial Recall Test, SPART-DR 10/36 Spatial Recall Test Delayed Recall, SRT-CLTR selective reminding test consistent long-
term retrieval, SRT-DR selective reminding test delayed recall, SRT-LTS selective reminding test long-term storage, SDMT symbol digit modali-

ties test, WLG word list generation
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Fig. 1 Scatter plots showing median values and interquartile ranges
of CSF NfL in patients with preserved and impaired overall cogni-
tive function (a), information processing speed (b) and verbal fluency

Table 3 Results of the multivariable logistic regression showing the
odds ratio of impairment in cognitive domains and of overall cogni-
tive impairment for every 100 pg/mL increase of CSF NfL

Odds ratio 95% C1 p value

(NfL - 100 pg/

mL)
Verbal learning 1.03 0.98-1.08 0.26
Visuospatial learning 1.03 0.98-1.08 0.22
Information processing speed 1.06 1.00-1.11 0.04
Verbal fluency 1.04 1.01-1.07 0.03
Overall cognitive impairment 1.06 1.02-1.11 0.02

The model accounts for age, EDSS score, MRI T2 lesions number,
and MRI Gd + lesions number as potential confounders
CI confidence interval, CSF cerebrospinal fluid, EDSS Expanded Dis-
ability Status Scale, Gd+ gadolinium-enhanced lesions, MRI mag-
netic resonance imaging, NfL neurofilament light chain

Information processing speed

Verbal fluency

(c). One data point (5748 pg/mL) is outside the axis limit in the scat-
ter plots showing preserved patients in a, b, and c¢. CSF cerebrospinal
fluid, NfL neurofilament light chain

functionality of retrosplenial (parieto-temporal-occipital)
and sensorimotor cortices [20, 21], thus depending on the
integrity of multiple connection networks.

Although we did not find any statistically significant
difference in clinical characteristics between cognitively
impaired MS patients and cognitively preserved MS patients,
we performed a multivariate analysis by taking into account
clinical variables that are known to influence both BRBN
scores and CSF NfL concentration, such as age, EDSS score,
MRI T2 lesion number and the number of MRI Gd + lesions
[3, 5, 22]. It is interesting to note that the associations of
higher CSF NfL values with overall CI and with impaired
IPS and verbal fluency were confirmed in this multivariate
model, thus suggesting that NfL is an independent correlate
of CIin MS. Further studies are needed to include other MRI
measures in a multivariate model, such as T2 lesion volume
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] r=0.48,p=0.01

CSF NfL (pg/mL)

0 2 4 6 8
N of impaired BRBN tests

Fig.2 Correlation between CSF NfL values, the number of impaired
BRBN tests (a), and the number of impaired cognitive domains (b).
One data point (5748 pg/mL) is outside the axis limit in a and b.

Table 4 Results of the multivariate linear regression model showing
the estimate of the number of impaired BRBN tests and cognitive
domains for every 100 pg/mL increase of CSF NfL

Estimate (NfL - 95% CI p value
100 pg/mL)
N of impaired 0.26 0.03-0.48 0.04
BRBN tests
N of impaired 0.15 0.02-0.28 0.03
cognitive
domains

The model accounts for age, EDSS score, MRI T2 lesions number,
and MRI Gd + lesions number as potential confounders

BRBN brief repeatable battery of neuropsychological tests, CI confi-
dence interval, CSF cerebrospinal fluid, EDSS Expanded Disability
Status Scale, Gd + gadolinium-enhanced lesions, MRI magnetic reso-
nance imaging, NfL neurofilament light chain

and normalized brain volume, which were not considered
in our work. Despite this limitation, however, our findings
suggest that NfL. concentration in the CSF correlates with
cognitive function not just because it is a measure of age-
ing, of the number of T2 lesions or of active focal lesions
as detectable with conventional MRI sequences, but prob-
ably also because it is able to quantify the ongoing axonal
damage that occurs in the normal-appearing white matter.
In this sense, the measurement of NfL at baseline could be
a complementary, and not redundant, measure to conven-
tional investigations that is able to provide an overview of
the degree of the overall axonal damage and of its possible
clinical consequences, such as CI.

Verbal and visuospatial learning impairments were fre-
quently observed in our cohort of patients, but were not
associated with significantly higher CSF NfL values. Both
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N of impaired cognitive domains

BRBN Brief Repeatable Battery of Neuropsychological tests, CSF
cerebrospinal fluid, NfL neurofilament light chain

these domains are mainly sustained by hippocampal func-
tion, which can be altered in MS, also due to synaptic dys-
function and independent from focal lesions [23]. There-
fore, it is possible that clinically relevant hippocampal
network abnormalities do not necessarily associate with
large myelinated axons loss during MS and, therefore, do
not correlate with CSF NfL changes.

In conclusion, our findings suggest that CSF NfL, as a
measure of global ongoing axonal damage within the CNS,
is particularly sensitive in tracking IPS and verbal fluency
impairment, independently from potential confounders.
This supports the hypothesis that MS-related CI might
be, at least in part, a consequence of a ‘disconnection
syndrome’ [4]. One of the most important limitations of
our study is the small number of enrolled patients. There-
fore, further case—control studies on broader populations
are needed to verify the possible independent correlation
between NfL and cognition in MS. In addition, we focused
on the correlations between cognitive performance in MS
and NfL in the CSF, while it would be interesting to verify
our findings on NfL in blood, a matrix where NfL seems to
follow the same dynamics as in the CSF [24, 25].

Although CSF NfL might reflect CI in MS patients,
even in the earliest phases of the disease, it should not be
considered as a biomarker specific for CI, since its lev-
els in the CSF increase as an expression of axonal dam-
age, which in turn may be the basis of the involvement of
functional systems other than the cognitive one. Future
prospective studies based on baseline CSF NfL meas-
urement coupled with longitudinal neuropsychological
assessments and repeated serum NfL measurements are
necessary to verify if baseline CSF NfL and/or longi-
tudinal serum NfL changes could also be considered as
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prognostic biomarkers that are able to predict cognitive
trajectories in MS patients.
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