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Abstract

Background and Objectives

To determine the relative importance of global or regional MRI and blood markers of neu-
rodegeneration and neuroaxonal injury in predicting cognitive performance for recently di-
agnosed patients with multiple sclerosis (MS).

Methods

Thirty-five newly diagnosed patients with relapsing-remitting MS (RRMS) and 23 healthy
controls (HCs) simultaneously completed a full clinical and neuropsychological assessment,
structural brain MRI, and serum neurofilament light chain (sNfL) level test. Linear regression
analyses were performed to determine which global or regional measures of gray matter (GM)
atrophy and cortical thickness (CT), in combination with sNfL levels and clinical scores, are
most strongly related to neuropsychological impairment.

Results

Compared with HCs, patients with MS showed bilateral thalamic GM atrophy (left, p = 0.033;
right, p = 0.047) and diminished CT, particularly in the right superior and transverse temporal
gyri (p = 0.045; p = 0.037). Regional atrophy failed to add predictive variance, whereas anxiety
symptoms, sNfL, and global CT were the best predictors (R* = 0.404; p < 0.001) of cognitive
outcomes, with temporal thickness accounting for greater variance in cognitive deficits than
global CT.

Discussion

Thalamic GM atrophy and thinning in temporal regions represent a distinctive MRI trait in the
early stages of MS. Although sNIfL levels alone do not clearly differentiate HCs and patients
with RRMS, in combination with global and regional CT, sNfL levels can better explain the
presence of underlying cognitive deficits. Hence, cortical thinning and sNfL increases can be
considered 2 parallel neurodegenerative markers in the pathogenesis of progression in newly
diagnosed patients with MS.
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Glossary

BDI = Beck Depression Inventory; BPF = brain parenchymal fraction; BRB-N = Brief Repeatable Battery of Neuropsychological
Tests; CAT = Computation Anatomy Toolbox; CI = cognitively impaired; CP = cognitively preserved; CT = cortical thickness;
EDSS = Expanded Disability Status Scale; FDR = false discovery rate; FIRST = FMRIB’s Integrated Registration and
Segmentation Tool; FLAIR = fluid-attenuated inversion recovery; FSS = fatigue severity scale; GM = gray matter; GMF = gray
matter fraction; HC = healthy control; IFOG = inferior frontal orbital frontal gyrus; MS = multiple sclerosis; NI =
neuropsychological impairment; ROI = regions of interest; RRMS = relapsing-remitting multiple sclerosis; SDMT = Symbol Digit
Modalities Test; secondary progressive MS; sNfL = serum neurofilament light chain; SP = secondary progressive; SRT = Selective
Reminding Test; STAI = State-Trait Anxiety Inventory; TTG = transverse temporal gyrus; WM = white matter; ZG = global

cognitive Z score.

Neuroimaging studies using MRI have reported associations
between the severity of cognitive dysfunction in multiple sclerosis
(MS) and structural measures of neuronal damage, highlighting
gray matter (GM) atrophy as one of the best radiologic predictors
of cognitive impairment severity and development." In  this
regard, several studies have revealed that subcortical GM atrophy
is already detectable at initial disease stages and is strongly cor-
related with MS patients’ clinical and cognitive status.

Cortical atrophy has also been suggested to represent a com-
mon phenomenon in the course of MS, and recent evidence
supports its association with cognitive dysfunction, especially
when surface-based measures such as cortical thickness (CT)
are used rather than traditional volume-based measures.*®
Although both measures are correlated between them, they
may provide complementary information regarding cortical
structure, reflecting differential GM morphologic alterations.”
Nevertheless, studies addressing the regional effects of CT on
cognitive function are limited, especially in mildly disabled
patients with relapsing-remitting MS (RRMS).

More recently, the concentration of serum neurofilament
light chain (sNfL), a component of the axonal cytoskeleton
essential to maintain the structural integrity of neuronal
cells, has sparked considerable interest as a blood-based
biomarker to easily detect neurodegeneration and monitor
disease progression in different neurologic diseases® "'
cluding MS.">"® Within this framework, an increasing
number of studies have demonstrated that compared with
healthy populations, patients with MS exhibit higher sNfL
concentrations, which are also associated with clinical dis-

, in-

ability and radiologic measures of disease activity, such as
brain atrophy and lesion load."*"**

Unfortunately, to date, studies assessing the direct re-
lationship between sNfL levels and cognitive function in MS
are scarce or have only included patients with long-standing
and progressive MS'®; therefore, the role of sNfL levels as an
alternate biomarker for cognitive status remains controver-
sial.'” However, recent longitudinal studies have demon-
strated that higher sNfL levels are associated with the
development of brain atrophy in different neurologic
diseases,"”'® a finding that points to a close relationship
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between increased brain atrophy resulting from ongoing
axonal loss and higher sNfL levels and highlights the im-
portance of the changes in this relationship over time.

Although the direct involvement of GM volume and CT in
cognitive dysfunction in MS has been suggested, it remains
elusive how sNfL concentration as a measure of neuroaxonal
injury could ultimately contribute to this cognitive decline. In
the present study, the specific contributions of clinical and
psychiatric assessment data, of well-established MRI-based
global and regional measures reflecting macrostructural dam-
age, and of a biological marker of neuroaxonal damage
(i.e., sNfL levels) in explaining cognitive abnormalities in newly
diagnosed and slightly disabled patients with MS were in-
vestigated. First, we explore whether global MRI measures of
atrophy and cortical thinning, together with sNfL and clinical
and psychiatric variables, explained cognitive dysfunction in
patients with MS. Second, we asked whether, replacing these
global MRI measures, regional-specific MRI measures of at-
rophy and cortical thinning accounted for additional predictive
variance of cognitive abnormalities. Establishing a joint model
between subcortical GM atrophy, CT, and sNfL levels would
provide updated brain structural biomarkers underlying cog-
nitive dysfunction at the initial stages of MS.

Methods

Study Participants

Thirty-five patients diagnosed with clinically definite RRMS
according to the McDonald criteria'® were recruited from the
Hospital Universitario Puerta del Mar of Cadiz. Patients with
RRMS were enrolled in this cross-sectional study based on the
following criteria: (1) aged between 18 and S8 years; (2)
having been diagnosed with MS within 4 years; (3) having a
mild physical disability (Expanded Disability Status Scale
[EDDS] score equal to or less than 3.5); and (4) relapse and
steroid free for at least 2 months before the study. In addition,
23 participants with no history of neurologic or psychiatric
dysfunction were included as healthy controls (HCs).
Handedness was assessed by the Edinburgh Handedness In-
ventory.”® Clinical and neuropsychological measures, serum
sampling, and MRI were all performed in 2 separate sessions
(months between tests: 3.4 £ 3.1).
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Table 1 Demographic and Clinical Characteristics of Participants

Variables RRMS HC HC vs RRMS (p values)
N 35 23 —
Age 38.40 (10.24) [18-57] 35.43 (7.15), [25-48] 0.232
Sex
Male/female 15/20 10/13 0.963
% Female 57.14% 56.52% —
Educationy 13.06 (3.20) [6-20] 17.87 (2.49) [15-22] 0.000?
EDSS median 1.0 (1.27) [0-3.5]
9HPT (s)

Dominant hand

24.84 (4.69) [15.06-36.05]

Nondominant hand

27.26 (8.37) [17.80-55.10]

T25FW (s)

8.92 (1.93) [6.05-16.02]

Disease duration (y)

3.13(1.62) [0-5]

DMT
None (%) 5.71% — —
First line (%) 51.43% — —
Second line (%) 42.86% — —

Abbreviations: DMT = disease-modifying therapy; EDSS = Expanded Disability Status Scale; HC = healthy control; RRMS = relapsing-remitting multiple
sclerosis; T25FW = timed 25-foot walk; 9HPT = 9 Hole Peg Test; (1) first-line modifying treatment: glatiramer acetate/interferons/dimethyl fumarate; (2)
second-line modifying treatment: natalizumab/fingolimod.

Values are expressed as the mean and SD and [range]. Student ¢ tests for continuous variables and x? for categorical variables were performed to assess

significant differences between groups (p values are included).
2 Significantly different at p < 0.01.

Standard Protocol Approvals, Registrations,
and Patient Consents

The protocol for the present study was approved by the Andalu-
sian Biomedical Research Ethics Committee (Ref: LFD-VIT-
2018-01). All participants provided informed written consent be-
fore participation in accordance with the Declaration of Helsinki.

Neurologic Examination

Patients selected for the present study underwent a neuro-
logic assessment that included the EDSS,*' timed 25-foot
walk test, and 9-hole peg test. Clinical and demographic in-
formation on patient characteristics and prescribed disease-
modifying therapy was noted for all patients.

Neuropsychological Assessment

All participants were assessed using (1) the Brief Repeatable
Battery of Neuropsychological Tests (BRB-N), validated for the
Spanish population®*; (2) the Matrix Reasoning Subtest of the
Wechsler Adult Intelligence Scale (III) to determine the IQ™;
(3) the Fatigue Severity Scale (FSS)**; (4) the Beck Depression
Inventory (BDI)*; and (5) the State-Trait Anxiety Inventory
(STAID).*

For each subtest of the BRB-N, Z scores were calculated for
each patient using the mean and SD obtained for the HC group
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Z score = Raw score — HC mean/HC SD). Subsequently, a
q Y,

global cognitive Z (ZG) score was obtained for each partici-

pant, averaging 9 Z scores from each subtest of the BRB-N.

sNfL Level Analysis

Blood samples were collected in clot-activating serum separator
tubes, centrifuged for 10 minutes at 1,500g to separate serum and
properly stored at —80°C. The resulting serum was aliquoted and
properly stored at —80°C until analysis. SNfL concentrations were
measured using a new high-sensitivity sandwich ELISA method for
human samples (Aviva Systems Biology, San Diego) according to
the manufacturer’s instructions. All patient samples were appro-
priately diluted to fall in the range of the standard curve, whereas
control samples were not diluted. The abovementioned method
has been previously validated and is described in detail elsewhere.®

MRI Data Acquisition

For all subjects, brain MRIs were collected using a 1.5 T
scanner (Philips Medical System, Ingenia CX, Best, Nether-
lands). The following sequences were acquired: (1) sagittal T1-
weighted 3D magnetization prepared rapid acquisition gradient
echo (MPRAGE) sequence (repetition time [TR ]= 2.200 ms;
echo time [TE] = 3 ms; flip angle = 15°, matrix = 256 X 256 x
160, and voxel size = 1 x 1 x 1 mm) and (2) sagittal fluid-
attenuated inversion recovery (FLAIR) 3D sequence (TR =
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Table 2 Neuropsychological and Global MRI Characteristics of Participants

Variables RRMS HC HC vs RRMS (p values)
Manipulative 1Q

Matrix design (WAIS-III) 103.57 (14.07) 110.22 (12.66) 0.073
Fatigue severity

FSS 42.60 (14.73) 26.22 (11.35) 0.000?
Depression

BDI-II 17.17 (10.24) 7.04 (5.90) 0.0007
Anxiety

STAl-state 24.60 (12.58) 18.09 (9.93) 0.041°

STAIl-trait 28.74 (14.23) 19.30 (11.58) 0.010°
BRB-N

SDMT 55.37 (14.24) 63.00 (13.97) 0.110

PASAT 3 s 40.86 (11.73) 48.09 (8.73) 0.017°

SRT long-term storage 48.63 (10.81) 56.04 (9.67) 0.001°

SRT consistent long-term retrieval 41.09 (13.31) 49.78 (12.29) 0.010°

SRT delayed recall 8.91 (2.34) 10.22 (1.68) 0.009?

10/36 SPART long-term storage 19.83 (6.22) 22.30(3.89) 0.147

10/36 SPART delayed recall 6.89 (2.85) 8.09 (1.90) 0.105

Phonetic Fluency (F) 11.23 (4.63) 13.00 (3.28) 0.146

Semantic Fluency (animals) 20.66 (5.57) 23.70 (4.55) 0.053
MRI global measures

FLAIR WM lesion volume (mL) 4.02 (5.88) — —

BPF 0.79 (0.04) 0.81 (0.03) 0.167

GMF 0.44 (0.31) 0.45 (0.25) 0.315

Global cortical thickness (mm) 2.65(0.11) 2.73(0.10) 0.010°
Serum neurofilament light levels

sNfL (pg/mL) 44.48 (27.70) 33.28 (16.47) 0.087

sNfL (median, interquartile range) 38 (31-51) 36 (20-42) —

Abbreviations: BDI = Beck Depression Inventory; BPF = brain parenchymal fraction; BRB-N = Brief Repeatable Battery of Neuropsychological Tests; FSS =
Fatigue Severity Scale; GMF = gray matter fraction; HC = healthy control; PASAT = Paced Auditory Serial Addition Test; RRMS = relapsing-remitting multiple
sclerosis; SDMT = Symbol Digit Modalities Test; SNfL = serum neurofilament light; SPART = Spatial Recall Test; SRT = Selective Reminding Test; STAI = State-Trait
Anxiety Inventory; WAIS = Wechsler Adult Intelligence Scale; WM = white matter.

Values are expressed as the mean and SD. Student t tests for continuous variables were performed to assess significant differences between groups (p values
are included). Analysis of covariance design was used to assess BRB-N score comparisons including educational level was included as a nuisance covariate.

a Significantly different at p < 0.01.
b Significantly different at p < 0.05.

6,000 ms; TE = 354 ms; flip angle = 180°, matrix = 196 x 256 x
160, and voxel size = 1.05 x 1.05 x 1 mm).

MRI Data Processing

Quantification of WM Lesion Volumes

In RRMS patient MRI scans, FLAIR hyperintense white matter
(WM) lesions were automatically segmented and quantified in
milliliters using the Lesion Segmentation Tool with the lesion
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growth algorithm (applied-statistics.de/Isthtml). To improve
the tissue segmentation step in subsequent image preprocess-
ing for GM volume assessments,”” T'1 hypointense lesions were
also identified and filled using neighboring WM values in
RRMS images using the same toolbox.

Quantification of Global and Regional GM Volumes

FMRIB’s Integrated Registration and Segmentation Tool
(fmrib.ox.ac.uk/fsl/first/), which is part of the FMRIB
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Table 3 Subcortical GM Volumes in Cubic Millimeters Obtained Using FIRST in Each Experimental Group and Significant
Differences Between Groups Corrected for Total Brain Volume

Variables RRMS HC HC vs RRMS (p values)
Left thalamus 5511.72 (620.88) 6063.18 (568.41) 0.0337
Right thalamus 5346.37 (625.33) 5859.15 (507.12) 0.047°2
Left accumbens 300.48 (86.34) 294.17 (109.43) 0.132
Right accumbens 224.55 (71.75) 220.29 (90.17) 0.120
Left caudate 2351.51 (426.41) 2602.04 (271.12) 0.233
Right caudate 2472.38 (388.14) 2616.60 (391.62) 0.703
Left pallidum 941.83 (126.96) 918.34 (194.67) 0.387
Right pallidum 914.81 (111.33) 911.68 (198.55) 0.917
Left putamen 2793.01 (495.57) 2884.03 (369.29) 0.238
Right putamen 2765.79 (498.14) 2851.86 (330.08) 0.278
Left hippocampus 2711.39 (395.86) 2824.25 (473.94) 0.769
Right hippocampus 2613.36 (358.7) 2692.41 (382.51) 0.812
Left amygdala 900.72 (159.74) 1017.21 (186.52) 0.075
Right amygdala 808.81 (222.3) 911.12(225.17) 0.287

Abbreviations: FIRST = FMRIB's Integrated Registration and Segmentation Tool; GM = gray matter; HC = healthy control; RRMS = relapsing-remitting multiple

sclerosis.

Values are expressed as the means and SD. ANCOVA design following a general linear model was used to compare subcortical GM volumes between groups
and including total brain volume was included as a nuisance covariate in all comparisons (p values are included).

2 Significantly different at p < 0.05.

Software Library, was used to obtain regional GM volumes of
subcortical structures (including the caudate, putamen,
globus pallidus, thalamus, hippocampus, amygdala, and nu-
cleus accumbens) and subsequently corrected for brain
volume.*®

Voxel-based morphometry analysis was performed using the
Computation Anatomy Toolbox (CAT-12, version 12.6, r1450)
with the current version of Statistical Parametric Mapping (12;
filion.uclac.uk/spm/ ). To this end, T1-3D images were first
visually inspected for artifacts and then preprocessed following
standard steps suggested in the CAT-12 manual, including (1)
bias-field correction; (2) segmentation into GM, WM, and CSF;
(3) registration to a standard template using the DARTEL al-
gorithm; (4) normalization of GM images to the Montreal
Neurological Institute template; and (S) modulation of the
normalized data. GM regional volumes of cortical areas of in-
terest were extracted using the Neuromorphometrics atlas
(neuromorphometrics.com/ ) and corrected for total intracranial
volume.

The brain parenchymal fraction (BPF) was determined through
tissue-specific maps obtained in the segmentation step. The BPF
was calculated by dividing the sum of GM and WM segmentation
maps by the intracranial volume (sum of WM, GM, and CSF
volumes) as an index of global atrophy. The GM fraction (GMF)

Neurology.org/NN

was also obtained following the same procedure, dividing GM by
intracranial volume, as an index of global specific GM atrophy.

Quantification of Global and Regional CT Values

CT was also assessed using the CAT-12 toolbox a fully auto-
mated method that uses tissue segmentation to estimate dis-
tances between WM and GM voxels based on the projection-
based thickness method,” including topology correction and
spherical mapping. In addition to global CT measures, regional
CT values were extracted using the Desikan-Killiany atlas.>®

Statistical Analysis

SPSS 24.0 (IBM, Armonk, NY) was used to analyze clinical,
neuropsychological, and global radiologic measures. After veri-
fying the normal distribution of all continuous variables
(Shapiro-Wilk test), analysis of variance, parametric Student ¢
test, and nonparametric Mann-Whitney U test were performed
as appropriate for continuous variables, and x2 was used for
categorical variables. Two analysis of covariance designs fol-
lowing a general linear model were used to compare neuro-
psychological scores and subcortical GM volumes between
groups, including educational level and total brain volume as
nuisance covariates, respectively. Regarding analyses of cortical
regions of interest (ROI), significant differences between groups
in volume and CT in areas defined by the atlases were assessed
using the Analyze ROI function included in the CAT-12
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Figure 1 Regional Analyses of GM Volume and CT Differences Between Groups

B. Cortical gray matter volume
Neuromorphometrics atlas

A. Deep gray matter volume
First segmentation

TR

RRMS < HC

FDR/Holm-Bonferroni corrected (p < 0.05) FDR corrected (p < 0.05)

0.05 0.05
- -
p value p value

C. cortical thickness
DK-40 atlas

FDR corrected (p < 0.05)

0.05
o

p value

Holm-Bonferroni corrected (p < 0.05)

(A) Example of FIRST deep GM structure segmentation in subject space. Compared with HCs, patients with RRMS showed a significant reduction in the leftand
right thalami. (B) Neuromorphometrics atlas used for cortical GM volume analysis in which, compared with HCs, patients with RRMS showed a significant
reduction in the left inferior frontal orbitofrontal gyrus GM volume after application of FDR multiple comparison correction. After Holm-Bonferroni multiple
comparison corrections, no significant effects were observed. (C) Desikan-Killiany atlas used for regional CT analysis in which patients with RRMS showed a
significant reduction in CT in bilateral temporal, parietal, and frontal areas compared with HCs after FDR multiple comparison correction. After Holm-
Bonferroni multiple comparison correction, patients with RRMS showed a significant reduction in CT only in the right TTG and right STG compared with HCs.
CT = cortical thickness; FDR = false discovery rate; FIRST = FMRIB's Integrated Registration and Segmentation Tool; GM = gray matter; HC = healthy control;
RRMS = relapsing-remitting multiple sclerosis; TTG = transverse temporal gyrus.

toolbox. Data were corrected for multiple comparisons using the
false discovery rate (FDR) and Holm-Bonferroni methods.

further evaluate the subsequent relationship between sNfL, and
cognitive status, patients with MS were split into 2 MS subgroups
based on the presence of neuropsychological impairment (NI).

Pearson and Spearman correlation analyses were performed to
assess significant relationships between variables of interest
(ie, clinical, sNfl, and radiologic measures). In addition, to
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The cutoft for failure in each neuropsychological test was defined
here as a score below 1.5 SD from the mean score of the HC
group, with NI then defined considering the number of failed
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Table 4 Significant Differences Between Regional GM Cortical Volumes and CT Measures in the Contrast of Healthy

Controls > Patients With RRMS

HC > RRMS (FDR corrected) HC > RRMS (Holm-Bonferroni corrected)
Variables p values p values
GM cortical regional volumes (normalized for brain volume)
Left inferior frontal orbital gyrus 0.031 n.s.
CT regional values
Left transverse temporal gyrus 0.026 n.s.
Right transverse temporal gyrus 0.023 0.037
Left superior temporal gyrus 0.026 n.s.
Right superior temporal gyrus 0.023 0.045
Right middle temporal gyrus 0.026 n.s.
Right banks of superior temporal sulcus 0.030 n.s.
Left supramarginal gyrus 0.026 n.s.
Right supramarginal gyrus 0.026 n.s.
Left insula 0.045 n.s.
Right insula 0.045 n.s.
Left inferior frontal gyrus (pars opercularis) 0.026 n.s.
Left inferior frontal gyrus (pars orbitalis) 0.046 n.s.
Right caudal middle frontal gyrus 0.026 n.s.
Right superior frontal gyrus 0.035 n.s.
Right inferior parietal gyrus 0.031 n.s.
Right superior parietal gyrus 0.045 n.s.

Abbreviations: CT = cortical thickness; GM = gray matter; HC = healthy control; n.s = nonsignificant; RRMS = relapsing-remitting multiple sclerosis.
Student t test p values are provided for significant differences. The false discovery rate (FDR) and Holm-Bonferroni corrections for multiple comparisons were

applied.

tests by each patient. Thus, patients were classified as cognitively
preserved (CP-RRMS; n = 17) if they had not failed or failed
between 0 and 1 tests and as cognitively impaired (CI-RRMS, n =
18) if they failed 2 or more tests.

Linear regression modeling analyses were performed to identify
the contribution of sNfL levels and demographic, clinical,
psychiatric, and radiologic variables (including global and re-
gional measures of GM volume and CT) as predictors of global
neuropsychological status (ZG) scores. Only those de-
mographic and clinical variables that showed a significant
correlation (p < 0.05) with ZG scores were entered in a step-
wise fashion into 2 linear regression models to determine the
strongest variable predictors of ZG in our RRMS sample. In
addition to those variables that fulfilled this criterion, only MRI
variables measures that were statistically different between
groups were entered in the regression analysis. Specifically, the
first regression model only included global MRI measures,
whereas the second model only involved regional MRI mea-
sures (volumes and CT). A p value < 0.0S was considered
statistically significant.

Neurology.org/NN

Data Availability

The anonymized raw data analyzed in the present study are
available on reasonable request to the corresponding author
for purposes of replicating procedures and results.

Results

Demographic and Clinical Evaluation

Individuals in both groups were age and sex matched; never-
theless, the HC group had more years of schooling than the
RRMS group (p < 0.05). Accordingly, all further analyses in-
volving variables of interest were corrected for education level.
The RRMS patient sample exhibited low accumulation of dis-
ability (EDDS median 1.0) and a few years of disease duration
(mean 3.13 years). Table 1 summarizes the main demographic
and clinical characteristics of HCs and patients with RRMS.

Neuropsychological Assessment

Table 2 summarizes neuropsychological results. Notably,
there were no significant differences between groups in ma-
nipulative IQ. However, patients with RRMS exhibited higher
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Table 5 Correlations Between ZG Scores and Demographic, Clinical, and Radiologic Variables in all Participants and in the

RRMS Group
ZG (all participants) ZG (RRMS group)

Variables r,p p Values r.p p Values
Age -0.335 0.010 -0.345 0.043
Educational level 0.419 0.001 0.372 0.028
EDSS — — -0.375 0.027
FSS -0.311 0.017 n.s. n.s.
BDI -0.383 0.003 -0.365 0.031
STAI-S -0.350 0.007 -0.407 0.015
sNfL -0.346 0.008 -0.336 0.047
Left thalamus GM volume 0.303 0.021 n.s. n.s.
Right thalamus GM volume 0.280 0.034 n.s. n.s.
Mean CT 0.455 0.000 0.337 0.048
Right TTG CT 0.305 0.020 n.s. n.s.
Right STG CT 0.315 0.016 n.s. n.s.

Abbreviations: BDI = Beck Depression Inventory; CT = cortical thickness = STG = superior temporal gyrus; EDSS = Expanded Disability Status Scale; FSS =
Fatigue Severity Scale; GM = gray matter = TTG = transverse temporal gyrus; GM = gray matter; HC = healthy control; n.s. = nonsignificant; RRMS = relapsing-
remitting multiple sclerosis; sNfL = serum neurofilament light; STAI-S = State-Trait Anxiety Inventory, State score; ZG = global cognitive Z-score.

Values are expressed as Pearson (r) or Spearman (p) coefficients and p values.

scores for fatigue (FSS), depression (BDI), and anxiety
(STAI) than HCs. Regarding cognitive measures, patients
with RRMS had poorer performance on tests involving both
information processing speed/working memory (Paced Au-
ditory Serial Addition Test 3) and verbal episodic memory
(including Selective Reminding Test storage, retrieval, and
delayed recall scores), corrected for educational level. At the
individual level, 25.7% of patients with RRMS did not fail any
BRB-N test, 22.9% failed 1 test, and 51.4% failed 2 or more
subtests.

Radiologic Results

Patients with RRMS showed a FLAIR hyperintensity mean
lesion volume of 3.77 + 5.86 mL. Although no significant
differences between groups were observed in global atrophy
volume-based measures (BPF and GMF, Table 2), regional
analysis of subcortical GM volumes showed a significant re-
duction in left (p = 0.033) and right thalami (p = 0.047) in
patients with RRMS compared with HCs (Table 3 and
Figure 1A). Inverse contrast (patients with RRMS > HCs) did
not yield any significant results. Comparing regional cortical
volume-based analysis using the Neuromorphometrics atlas
between the RRMS and HC groups, there was only 1 signif-
icant difference reflected in a reduced GM volume in left
inferior frontal orbital frontal gyrus (IFOG) (FDR-adjusted
p = 0.031; Table 4 and Figure 1B).

Regarding surface-based measures, patients with RRMS dis-
played a significant reduction in global CT compared with HCs
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(Table 2). More specifically, regional analysis (following FDR
correction) indicated that patients with RRMS exhibited
widespread cortical thinning that affected bilateral temporal,
parietal, and frontal areas compared with HCs (Table 4 and
Figure 1C for further details). Subsequent conservative analysis
(following Holm-Bonferroni correction) retained a significant
CT reduction only in the RRMS group in the right transverse
temporal gyrus (TTG, p = 0.037) and right superior temporal
gyrus (STG, p = 0.045). Inverse contrast (patients with RRMS
> HCs) did not yield any significant results.

sNfL Results

The median (interquartile range) sNfL level was higher in
patients with RRMS (38 [31-51]) than in HCs (36 [20-42]).
Although patients with RRMS also exhibited increased mean
concentrations of sNfL levels, only a statistical trend toward
significance was observed (p = 0.087) (Table 2).

Regarding the presence or absence of NI, a group effect was
observed (F, 55 = 3.533; p = 0.036). Post hoc tests revealed
significantly increased sNfL levels in the CI-RRMS subgroup
compared with HCs (Bonferroni-corrected p = 0.036) but
not to the CP-RRMS subgroup or between both RRMS
subgroups.

sNfL-MRI-Neuropsychological Relationships
in Patients With RRMS

sNfL levels correlated with both the total number of failed tests
(p = 0437, p = 0.009) and with global neuropsychological
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Figure 2 Associations Between Regression Standardized
Predicted Values and Global Cognitive Status (ZG
Scores) in the RRMS Group

A
3
2 4
1 ¢ —
o [ ] PY /
o i .//
S oA .. [ ] //'/
n ° [ ] o <
9 KL o..
~ °
-1 ® o ® 00
e © °
| S
= < //. [
// [ ]
-3 - L
T T T T T T T
-3 -2 -1 0 1 2 3
Regression standardized predicted values
B
3 4
2 4
1 °
%] [ il
o o >
S 0+ ® ‘/-/.
» ° L =8
N * o A
-1 4 ° /.... (X J
_e° o
5 o [ ]
-2 4 _—~
e *
T °
-3 @
T T T T T T T
-3 -2 -1 0 1 2 3

Regression standardized predicted values

(A) Stepwise regression model retaining STAI state anxiety scores (B =
-0.412, t = -2.969), sNfL levels (8 = -0.367, t = -2.632), and global CT values
CT (B=0.354; t=2.546) as significant predictors of global cognitive status (ZG
scores) in the RRMS group (adjusted R® = 0.404; p < 0.001). (B) Stepwise
regression model including regional radiologic variables, retaining STAI
state anxiety scores (8 = —0.529, t = -3.751), sNfL levels (8 = -0.419, t =
-3.018) and right TTG thickness (B = 0.409; t = 2.853) as significant predictors
of global cognitive status (ZG scores) in the RRMS group (adjusted R? = 0.429;
p < 0.001). CT = cortical thickness; RRMS = relapsing-remitting multiple
sclerosis; sNfL = serum neurofilament light chain; TTG = transverse tem-
poral gyrus; ZG = global cognitive Z score.

performance (r = —0.336, p = 0.047). Importantly, sNfL levels
did not directly correlate with any clinical or radiologic ( global/
regional) measure. The results showing significant correlations

between ZG scores and other relevant variables are summa-
rized in Table 5.

A first stepwise multiple regression analysis was performed to
determine whether candidate variables (age, educational level,
EDSS, FSS, BDI, STAIL-S, mean CT, and sNfL) predicted ZG
scores. This model revealed that STAI-S, sNfL levels, and
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global CT were the variables retained in the final model
predicting neuropsychological performance (R = 0.404; p <
0.001; Figure 2A). To investigate the reliability of regional
measures as predictors in cognitive status, a separate stepwise
multiple regression analysis was also performed as described
above for the same data set of predictive variables and in
which the candidate global MRI measures were replaced with
regional measures significantly decreased (Holm-Bonferroni
corrected) in the RRMS group compared with the HC group
(i.e., left/right thalamic GM volumes and CT of the right
TTG and STG). This model retained the STAI-S score, SNfL
level, and right TTG thickness as variables that best explained
neuropsychological performance in patients with RRMS (R*
= 0.429; p < 0.001; Figure 2B).

Discussion

In newly diagnosed patients with RRMS, CT and sNfL mea-
surements appear to be promising biomarker combinations for
detecting the presence of early cognitive disturbances. In the
present study, we demonstrated that the sNfL level alone, as a
measure of global neuroaxonal injury,*' does not appear to
properly differentiate between newly diagnosed patients with
RRMS and a healthy population or between patients with RRMS
cognitively preserved and displacing signs of NI. However, in
combination with global and regional CT measurements, which
are considered good direct indices of cortical morphology for
detecting neuronal loss or degradation, both biomarkers could
reveal 2 parallel pathophysiologic processes underlying the
neurodegenerative triggering of MS and predict early cognitive
deficits in the most common course of this disease.

A striking result of our study was that sNfL levels, although not
observed to significantly differentiate between newly diagnosed
patients with RRMS and HCs, were retained in regression
models predicting NI in the RRMS group in combination with
psychiatric scores and CT measurements. This finding suggests
the potential use of sNfL levels as a complementary biomarker of
MS cognitive impairment at early stages of the disease and as a
relevant measure in clinical settings. Because the neurofilament
protein is a major structural component of myelinated axons and
is essential to maintain axonal caliber and to facilitate effective
nerve conduction, the sNfL level has recently emerged as a useful
peripheral blood marker reflecting neuroaxonal damage and in
studying neurodegeneration characteristics in MS and other
brain-related diseases. Thus, higher plasma and sNfL levels have
been associated with faster rates of brain atrophy and cortical
neurodegeneration, allowing us to predict disease progression at
the early stages of different neurologic conditions.*""

In MS, baseline sNfL concentrations have also been shown to
be associated with different measures of structural brain
damage, predicting the progression of neurodegeneration and
disability in these patients.'>'* Importantly, a close associa-
tion between the temporal dynamics of sNfL levels and brain
volume loss over time in normal aging has been recently
documented,*’ suggesting that sNfL levels could further
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reflect posterior-cortical deterjoration rather than frontal
damage, at least in Parkinson disease.!* Likewise, although
evidence relating global or regional CT and sNfL is indeed
scarce, recent studies of patients with presymptomatic Alz-
heimer disease have demonstrated that sNfL changes are
closely associated with both the rate of cortical thinning and
cognitive changes,10 emphasizing the potential role of the
sNIL concentration as a primary marker of neurodegeneration
in patients with neurologic diseases and in patients with MS.

Although preliminary evidence for an association between
sNfL concentrations and cognitive performance in MS has
been recently suggested, this relationship has been exclu-
sively observed in progressive forms of disease thus far.'®
Therefore, sNfL levels have been suggested to be in-
consistently related to neuropsychological performance in
MS, raising doubts about their use as a surrogate biomarker
of cognitive status in MS.'” However, remarkably, our re-
sults revealed that reduced sNfL concentrations were as-
sociated with better neuropsychological functioning and
that their increase was also related to MS patients dis-
playing NI. Furthermore, our data indicate that sNfL levels,
in conjunction with CT measurements (rather than volume
or atrophy), may contribute to a better explanation of
cognitive performance in patients with RRMS. Hence, the
combination of multiple neurodegeneration biomarkers,
rather than the use of single ones, appears to be a reason-
able approach to their improve prognostic value.

Notably, anxiety-state scores, in combination with other bio-
markers, also contributed to a prediction of neuropsychological
performance in our patient cohort, highlighting the significant
effect of anxiety symptoms on cognition in patients with MS.>*
These findings are not surprising given that high prevalence
rates of psychiatric comorbidity®® have been well documented
in patients with MS and underscore the importance of estab-
lishing a psychiatric assessment in patients with MS from initial
stages of the disease.

Concerning radiologic measures, we observed no significant
differences between patients with RRMS and HCs in global
volume-based measures of brain atrophy or GM atrophy
(ie, BPF or GMF, respectively). Importantly, a decreased
global CT was found in patients with RRMS compared with
HCs, suggesting that at least during the earliest stages of MS,
global conventional volume-based global measures may not be
sensitive enough to detect subtle structural changes primarily
driven by cortical thinning. In this respect, previous studies
have documented that FLAIR lesion volumes were associated
with global CT reduction in patients with RRMS, indicating
that focal inflammatory processes in WM may be related, at
least partially, to the progression of cortical atrophy.34’35

At the regional level, we demonstrated that GM volume
reduction in RRMS was confined to the bilateral thalami.
These findings are consistent with previous evidence, which
emphasizes thalamic atrophy as an early and sensitive
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surrogate of neurodegeneration processes in MS.> Although
the cause of thalamic atrophy in MS is not fully understood,
different studies have demonstrated that thalamic atrophy
may be related to a high prevalence of periventricular WM
lesions, demyelination or transection of thalamic projection
fibers, and subsequent axonal degeneration.36 In the RRMS
group, the observed decreases in GM volume in the IFOG, a
crucial node in the frontoparietal network responsible for
cognitive control and emotional processing, were also in line
with the findings of previous studies®” and has been linked to
the presence of mood disturbances in patients with MS.>®
Furthermore, although this volume-based approach did not
reveal any other significant cortical GM volume reduction in
our MS group, regional analysis of CT revealed a significant
thinning of right temporal areas, specifically affecting the
TTG and STG in the right hemisphere. These findings are
also in agreement with those of a previous report on a similar
cohort of recently diagnosed and mildly disabled patients
with RRMS.* Notably, these differences were overlooked
using traditional volume-based methodology, suggesting
that this approach may not be sensitive enough to detect
regional cortical changes occurring during the first stages of
MS. Of note, 2 different atlases were used to obtain regional
cortical GM volumes and CT values. Using a single atlas to
quantify these 2 MRI measures is not straightforward be-
cause there are substantial technical impediments to com-
bine vertices/voxels-based atlases. Hence,
completely confirm that the discrepancies found between
regional GM volume and CT were due to the different
cortical parcellation methods implemented.

we cannot

Although the cortical thinning in the temporal lobe was more
significant over the right hemisphere in our RRMS patient
sample, thinning of the left temporal cortex, as well as CT
reductions of parietal and frontal regions (Figure 1C), was also
evident after a less conservative multiple comparisons correc-
tion, demonstrating the relevance of this common finding. Of
interest, an association between temporal lobe thinning and
lower cognitive performance has been previously demonstrated
in patients with RRMS.>*** In this association, STG thinning
has been directly linked to poorer performance in tasks
assessing visuospatial memory, attention, and information
processing speed.5‘40 Remarkably, in our present study, al-
though global CT was also a significant predictor of cognitive
status in the RRMS group, replacing this measure with regional
right TTG thinning slightly increased the predictive value of
the model and therefore accounted for greater variance in
explaining cognitive deficits than global CT.

Accumulating evidence suggests that temporal lobe structural
changes represent an important feature over the entire disease
course of MS. In this regard, the temporal GM volume loss
rate has been suggested to be a surrogate marker for the
transition from the relapsing-remitting to the secondary
progressive (SP) phase of the disease.>*® Likewise, cortical
thinning in temporal regions has been previously described in
newly diagnosed and mildly disabled patients with RRMS,
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affecting the left hemisphere more severely.*® Furthermore,
the TTG, as a primary area on the superior surface of the
temporal lobe, appears to play a role in processing in-
formation related to auditory and language input and speech
understanding. However, the TTG has also been implicated
in higher-order cognitive functions and in receiving top-down
influences of attention, such as in the processing of speech-
related cues that facilitate learning and perceiving new speech
sounds*' and in memory mechanisms underlying stimulus
comparisons.*> Hence, our results underscore that specific
key brain regions involved in a wide variety of distributed
cognitive processes appear to display a well-defined cortical
thinning pattern. In this pattern, temporal lobe thinning,
probably due to being adjacent to neocortical association
areas, could be a potential fingerprint of underlying MS pa-
thology from early stages of the disease. Both the distribution
pattern and the predominant site of occurrence of the dam-
aging WM lesions observed in MS, which evolves around the
horns of the ventricles within fiber connections and are par-
ticularly noted in the frontal and temporal cortical areas,*
may lead to remote retrograde changes that would result in
the subsequent diminished thickness of the TTG and other
temporal brain areas. Consequently, this damage may con-
tribute to impairments of phonologic encoding, working
memory, and verbal processing that are often prominent in
these patients.

The present study had some limitations. First, we recruited a
clinical sample composed exclusively of recently diagnosed
and mildly disabled patients with RRMS. A homogenous
sample is often desirable in several studies; however, our
conclusions are not applicable in progressive subtypes of MS,
such as those with SP or the primary progressive subtype.
Second, it can be considered another limitation that the
overall age range of our MS cohort was large, which was due to
the late onset of some patients (11%) diagnosed after age SO
years. Accumulating evidence indicates that late-onset MS
prevalence/diagnoses have increased in recent decades.
However, although our patients with MS were similar in many
characteristics (e.g,, low EDSS scores), a more homogenous
age range would have been desirable to minimize the possible
impact of age. Third, a full characterization of cortical GM
damage in MS should include cortical lesions, which would
have improved the potential scope of our MRI assessment and
conclusions. Finally, the potential value of the sNfL concen-
tration as a marker of neuroaxonal injury in MS should con-
sider the possible treatment effect'® because its reduction over
time or between patients and HCs could represent regression
to the mean as a consequence of disease-modifying treat-
ments at the time of the assessment. In this respect, although
all measures were collected in a reasonable short time period,
a less variable intermeasurement interval would have also
been preferable to limit the impact that this could have in early
MS. However, none of the patients with RRMS included in
our study had a relapse or other significant clinical event
between neuropsychological/blood sample testing and MRI
examination.
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In summary, the results of the present study indicated that
sNIL levels reflect cortical neurodegeneration in recently di-
agnosed in patients with RRMS. In particular, the association
of sNfL levels with cognitively impaired patients with MS
suggests the mirroring of pathologic mechanisms likely in-
volved in the development of MS progression that, in addition
to the thinning of key cortical regions (rather that to regional
brain volume measures), would be associated with the pres-
ence cognitive dysfunction in early stages of the disease, even
in patients with minimal physical disability. Based on these
findings, and in accordance with recent new evidence, we
postulate that the combination of biomarkers of both cortical
macro- (cortical thinning of temporal regions) and micro-
structural (increased sNfL level) brain damage may most
closely reflect subtle neurodegeneration changes and a strong
association with the presence of first cognitive deficits in
newly diagnosed patients with RRMS.
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