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Abstract
Background and Objectives
Chronic inflammation may contribute to cognitive dysfunction and fatigue in patients with
multiple sclerosis (MS). Paramagnetic rim lesions (PRLs) and choroid plexus (CP) enlarge-
ment have been proposed as markers of chronic inflammation in MS being associated with a
more severe disease course. However, their relation with cognitive impairment and fatigue has
not been fully explored yet. Here, we investigated the contribution of PRL number and volume
and CP enlargement to cognitive impairment and fatigue in patients with MS.

Methods
Brain 3T MRI, neurologic evaluation, and neuropsychological assessment, including the Brief
Repeatable Battery of Neuropsychological Tests and Modified Fatigue Impact Scale, were
obtained from 129 patients with MS and 73 age-matched and sex-matched healthy controls
(HC). PRLs were identified on phase images of susceptibility-weighted imaging, whereas CP
volume was quantified using a fully automatic method on brain three-dimensional T1-weighted
and fluid-attenuated inversion recovery MRI sequences. Predictors of cognitive impairment
and fatigue were identified using random forest.

Results
Thirty-six (27.9%) patients with MS were cognitively impaired, and 31/113 (27.4%) patients
had fatigue. Fifty-nine (45.7%) patients with MS had ≥1 PRLs (median = 0, interquartile range
= 0;2). Compared with HC, patients with MS showed significantly higher T2-hyperintense
white matter lesion (WM) volume; lower normalized brain, thalamic, hippocampal, caudate,
cortical, and WM volumes; and higher normalized CP volume (p from <0.001 to 0.040). The
predictors of cognitive impairment (relative importance) (out-of-bag area under the curve
[OOB-AUC] = 0.707) were normalized brain volume (100%), normalized caudate volume
(89.1%), normalized CP volume (80.3%), normalized cortical volume (70.3%), number
(67.3%) and volume (66.7%) of PRLs, and T2-hyperintense WM lesion volume (64.0%).
Normalized CP volume was the only predictor of the presence of fatigue (OOB-AUC = 0.563).

Discussion
Chronic inflammation, with higher number and volume of PRLs and enlarged CP, may con-
tribute to cognitive impairment in MS in addition to gray matter atrophy. The contribution of
enlarged CP in explaining fatigue supports the relevance of immune-related processes in
determining this manifestation independently of disease severity. PRLs and CP enlargement
may contribute to the pathophysiology of cognitive impairment and fatigue in MS, and they
may represent clinically relevant therapeutic targets to limit the impact of these clinical man-
ifestations in MS.
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Introduction
Cognitive impairment and fatigue have been reported in up to
70% and 80% of patients with multiple sclerosis (MS), occur
from the earliest phases of the disease, and have a detrimental
impact on patients’ daily life activities and quality of life.1,2

Recent MRI studies have consistently shown that complex
mechanisms may explain cognitive dysfunction in MS.1,3,4

These include a “disconnection syndrome” caused by the
accumulation of focal lesions and microstructural tissue ab-
normalities in cognitively related white matter (WM) tracts,
the occurrence of focal and diffuse damage in strategic gray
matter (GM) regions, and the presence of functional brain
network abnormalities reflecting a progressive failure of the
adaptive capacity of the brain.3-5 On the other hand, fatigue
has been associated with abnormal functional activity in sev-
eral brain regions mainly involving frontoparietal cortices and
the basal ganglia,6,7 together with the presence of focal WM
lesions, microstructural WM abnormalities, and GM atrophy
of regions including prefrontal cortices, thalamus, and caudate
nucleus.6,7

Recent pathologic andMRI studies have supported the role of
chronic inflammation as one of the most relevant drivers of a
more severe disability progression in MS.8 In particular,
chronic active lesions and choroid plexus (CP) enlargement
have been suggested as 2 clinically relevant proxies of chronic
inflammation that can be explored in vivo using MRI.

Chronic active lesions are pathologically typified by a pe-
ripheral “rim” of iron-laden activated microglia/macrophages
associated with ongoing demyelination and axonal loss
around an inactive core without blood-brain barrier
damage.9,10 These lesions show a paramagnetic hypointense
rim (i.e., paramagnetic rim lesions [PRLs]) on susceptibility-
based MRI sequences that corresponds to the peripheral ac-
tivated iron-laden microglia.9,10 In MS, PRLs have been as-
sociated with more severe clinical disability, progressive
disease course, and brain atrophy.10,11

The CP plays a key role in the immunologic regulation within
the CNS since it acts as an interface between the peripheral
immune system and CNS.12 A significant enlargement of the
CP occurs from the earliest phases of MS and is associated
with higher relapse rate, higher brain T2-hyperintense WM

lesion volume and inflammatory activity, and more severe
disability progression.13-17

A higher PRL burden and CP enlargement, reflecting a chronic
proinflammatory environment, are likely to contribute to both
worse cognitive performance and fatigue, possibly through the
promotion of progressive demyelination, neuro-axonal dam-
age, and synaptic loss.18 However, at present, the relation of
chronic inflammation with cognitive impairment has been only
partially explored,10,19,20 whereas no study investigated its as-
sociation with fatigue. Patients with MS with at least 119,20 or 4
PRLs10 showed worse cognitive performance and reached
cognitive impairment at a younger age. A significantly higher
CP volume was also found to be associated with worse cog-
nitive performance.21 However, these studies did not include a
comprehensive neuropsychological battery, but only include
some neuropsychological tests, such as the Paced Auditory
Serial Addition Test (PASAT), the Symbol Digit Modalities
Test (SDMT), or the California Verbal Learning Test-II.10,19,20

Moreover, patients with MS were grouped according to the
presence or not of at least 1 or 4 PRLs, the volume of PRLs was
not evaluated, and it remained unclear whether the association
with cognitive impairment was specific for PRLs.

By evaluating a large and well-characterized cohort of patients
with MS including the main disease clinical phenotypes, here
we evaluated the prevalence and volume of PRLs as well as the
presence CP enlargement in patients with MS. Then, we in-
vestigated whether, in addition to volumetric measures of
brain WM lesions and of strategic GM regions involved in
cognitive functions and fatigue (i.e., thalamus caudate nu-
cleus, hippocampus, and brain cortex), PRL number and
volume and CP volume were also included among the sig-
nificant MRI predictors of cognitive impairment and fatigue.

Methods
Standard Protocol Approvals, Registrations,
and Patient Consents
The institutional ethical standards committee on human ex-
perimentation at IRCCS Ospedale San Raffaele granted ap-
proval for experiments involving human subjects (Protocol
No. 2015-33). Before participating in the study, all subjects
provided written informed consent in accordance with the
Declaration of Helsinki.

Glossary
BRB-N = Brief Repeatable Battery of Neuropsychological Tests; CP = choroid plexus; EDSS = Expanded Disability Status
Scale; ETL = echo train length; FDR = false discovery rate; FLAIR = fluid-attenuated inversion recovery; FOV = field of view;
GM = gray matter; HC = healthy control; IQR = interquartile range; MFIS = Modified form of the Fatigue Impact Scale;
MS = multiple sclerosis; OOB-AUC = out-of-bag area under the curve; PASAT = Paced Auditory Serial Addition Test;
PRLs = paramagnetic rim lesions; SDMT = Symbol Digit Modalities Test; SWI = susceptibility-weighted imaging;TE = echo
time; TI = inversion time; TR = repetition time; WM = white matter lesion.
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Study Population
We retrospectively identified 129 consecutive patients with
MS and 73 healthy controls (HC) from the Neuroimaging
Research Unit database at IRCCS San Raffaele Scientific In-
stitute in Milan, Italy. These individuals had undergone the
same MRI protocol between January 2019 and August 2022.
Inclusion criteria for patients with MS were age 18 years or
older, a diagnosis of MS based on the 2017 revised McDonald
criteria, a three-month period free from relapses and steroids
before the MRI, absence of significant neurologic (other than
MS) or psychiatric conditions that could affect cognitive
functioning, and a stable MS treatment for at least 6 months.
HC had no neurologic or systemic disorders that could po-
tentially affect the CNS and showed a completely normal
neurologic examination.

Neurologic and
Neuropsychological Assessment
An experienced neurologist, unaware of MRI results, per-
formed a neurologic examination, rated the Expanded Dis-
ability Status Scale (EDSS) score, and defined the MS clinical
phenotype (relapsing-remitting or progressive) within 3 days
from MRI acquisition.

The Brief Repeatable Battery of Neuropsychological Tests
(BRB-N) was administered to all patients with MS on the day
of MRI acquisition. Specifically, verbal memory was evaluated
with the Selective Recall Test, visual memory with the 10/36
Spatial Recall Test, information processing speed with the
SDMT, attention with the PASAT 20 and 30 per digit version,
and verbal fluency with the Word List Generation. Z-scores
for all BRB-N tests were computed using regression models
adjusted for sex, age, and education, based on Italian nor-
mative data.22 Then z-scores for distinct cognitive domains
were determined by averaging the z-scores of tests within
those respective cognitive domains, as previously outlined.
Finally, z-scores of cognitive domains were averaged to
quantify z-score of global cognitive functions. Test failure was
defined as a score 1.5 standard deviations below normative
values.23 Patients with MS with at least one abnormal neu-
ropsychological test in 2 different cognitive domains were
classified as cognitively impaired.23

The Modified form of the Fatigue Impact Scale (MFIS) was
used to assess fatigue in 113 of 129 patients with MS (87.6%).
The MFIS is a multidimensional scale designed to examine
various dimensions of fatigue in daily life. It evaluates the
impact on physical, cognitive, and psychosocial domains,
characterizing fatigue as a subjective sensation of mismatch
between effort exerted and actual performance, in physical,
mental, or social contexts.24 Patients with MS who scored 38
or higher on MFIS were defined as fatigued.25

MRI Acquisition
The following brain MRI sequences were acquired using a 3.0
T Philips Ingenia CX scanner (Philips Medical Systems, re-
ceiving Coil = dS-Head-32): (a) sagittal three-dimensional

(3D) fluid-attenuated inversion recovery (FLAIR), field of
view (FOV) = 256 × 256 mm, voxel size = 1 × 1 × 1 mm, 192
slices, matrix = 256 × 256, repetition time (TR) = 4,800
milliseconds, echo time (TE) = 270 milliseconds, inversion
time (TI) = 1,650 milliseconds, echo train length (ETL) =
167, acquisition time = 6.15 minutes; (b) sagittal 3D T1-
weighted turbo field echo, FOV = 256 × 256, voxel size = 1 × 1
× 1 mm, 204 slices, matrix = 256 × 256, TR = 7 milliseconds,
TE = 3.2 milliseconds, TI = 1,000 milliseconds, flip angle = 8°,
acquisition time = 8.53 minutes; (c) 3D T2-weighted scan,
FOV = 256 × 256 mm, pixel size = 1 × 1 mm, 192 axial slices
with 1-mm slice thickness, TR = 2,500 milliseconds, TE = 330
milliseconds, ETL = 117, acquisition time = 3 minutes; and
(d) 3D susceptibility-weighted imaging (SWI), FOV = 230 ×
230, pixel size = 0.60 × 0.60 mm, 135 slices, 2-mm thick,
matrix = 384 × 382, TR = 39 milliseconds, TEs = 5.5:6:35.5
milliseconds, flip angle = 17°, acquisition time = 6 minutes;
magnitude and phase images for every echo were both saved.

For each MRI scan, the slices were oriented parallel to a line
connecting the most inferoanterior and inferoposterior mar-
gins of the corpus callosum.

Conventional MRI Analysis
A fully automated method, using the 3D FLAIR and 3D T1-
weighted as input images, was used to identify brain T2-
hyperintense WM lesions.26 The lesion mask, generated by
the automated segmentation, was carefully visually checked
for each patient, and the volume of T2-hyperintense WM
lesions was obtained.

Normalized volumes of the brain, thalamus, caudate, hippo-
campus, cortex, WM, and ventricles were quantified on 3D
T1-weighted images, after lesion refilling, using FSL-SIENAx
software and the FSL-FIRST tool, and applying the scaling
factor derived from FSL-SIENAx. To calculate the volume of
lateral ventricles, the ventricular masks obtained from FSL-
SIENAx were used, after manual removal of the third and
fourth ventricles.

SWI Processing
Local B0 field change maps were generated from the multi-
echo SWIs using the software accessible at github. The initial
step involved unwrapping phase images to eliminate discon-
tinuities arising from the restricted range of phase values,
employing the best path method.27

Then, a magnitude-weighted least square regression was ap-
plied to fit the unwrapped phase images to the echo time. To
visualize the paramagnetic rim, we eliminated global spatial
changes of the main magnetic field by using regularization
enabled sophisticated harmonic artifact reduction for phase
data.28

The 3D FLAIR image and the T2-hyperintense WM lesion
mask were then both registered onto the SWI space. This
registration was achieved using the magnitude of the first echo
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of the SWI sequence as the reference image since it contains
anatomical information. Rigid transformations were applied
to minimize the normalized mutual information as cost
function, using FLIRT (FMRIB’s Linear Image Registration
Tool) which is embedded in the FSL.

Quantification of PRL Number and Volume
For each patient, the number and volume of total T2-
hyperintense WM lesions and T2-hyperintense WM lesions
with or without the hypointense paramagnetic rim (i.e., PRLs
and non-PRLs) were automatically estimated using an in-
house implemented method with MATLAB v2012.

First, from the global lesion mask, different intensity values
were manually given according to the different type of lesions
(1 = non-PRL, 2 = PRL) creating a new label mask.

PRLs were defined as discrete FLAIR hyperintense lesions ei-
ther completely or partially surrounded by a paramagnetic rim
of hypointense signal in unwrapped phase images (Figure 1) by
2 independent raters (P.P. and Y.Y.). In case of disagreement, a
third rater (M.A.R.) evaluated the lesions and reached a final
decision with the agreement of the other 2 raters.

Then, an automatic pipeline estimated the number and the
dimension of the 3D connected objects (lesions) found within
label masks, separately for each type of lesion (intensity value).
The total number of T2-hyperintense WM lesions was
obtained from the sum of PRLs and non-PRLs. Volumes were
finally obtained bymultiplying the dimension for the voxel size.

CP Segmentation and Volume Quantification
CP segmentation was performed using a fully automatic
method that was implemented in-house and that started from
the brain tissue segmentation derived from the FSL-SIENAX
toolbox (Figure 1).29

In particular, the lateral ventricle mask in the standard MNI-
152 atlas space underwent an affine registration into the
subject space. Then, it was eroded with a filter dimension of
1 mm trying to be conservative as much as possible.30 The
coregistered lateral ventricle mask was then used as a template
to distinguish peripheral from ventricular CSF on the global
CSF segmentation for each subject. WM, GM, and T2-
hyperintense lesion tissue masks were subtracted to lateral
ventricle mask for each subject to eventually remove also
residual boundaries that may share image intensities that are

Figure 1 Examples of Paramagnetic Rim Lesions Identification and Choroid Plexus Segmentation

(A) On 3D axial fluid-attenuated inversion recovery (FLAIR)
sequence, multiple T2-hyperintense white matter lesions are
visible in a in a 51-year-old man with relapsing-remitting MS
(disease duration = 14 years, Expanded Disability Status Scale
[EDSS] score = 4.0). (B) On unwrapped phase image, several
paramagnetic rim lesions (light blue arrowheads, also mag-
nified) were found. Example of automatic choroid plexus
segmentation (red-coded) on (C) axial and (D) coronal planes
of a 3D FLAIR sequence obtained from a 39-year-old woman,
with relapsing-remitting MS (disease duration = 9 years, EDSS
score = 2.0). See text for further details.

4 Neurology: Neuroimmunology & Neuroinflammation | Volume 11, Number 2 | March 2024 Neurology.org/NN

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.n
eu

ro
lo

gy
.o

rg
 b

y 
Sa

n 
R

af
fa

el
e 

- 
M

I 
on

 1
9 

Fe
br

ua
ry

 2
02

4

http://neurology.org/nn


similar to those of the CP on the FLAIR contrast. The resulting
“cleaned” ventricle mask was registered into the FLAIR space,
and the corresponding image intensities were then extracted.
Given that CP are hyperintense on FLAIR, whereas the signal
of the CSF is suppressed, we fitted a Gaussian Mixture Model
(GMM) with 2 Gaussian distributions to data using the itera-
tive Expectation-Maximization algorithm.31 The voxels asso-
ciated with the Gaussian distribution featuring lower image
intensities (i.e., similar to the CSF) were removed. A mean
image filtering was applied to the binary mask, which were
previously obtained. This aimed to enhance the distinctions
between voxels belonging to the CP and spurious boundary
voxels. A second GMM, again with 2 Gaussian distributions,
was then applied to the previously filtered binary mask. Sub-
sequently, residual clusters of voxels with a dimension less than
3 mm were removed. The obtained mask was the final CP
segmentation. The algorithm has been implemented in
MATLAB (R2017a, Mathworks). All the generated segmen-
tations of the CP underwent a careful visual inspection, and
manual corrections were performed in case of inaccuracies.

Statistical Analysis
Differences of demographic and clinical variables between pa-
tients with MS and HC, as well as in patients with MS
according to the presence of cognitive impairment or fatigue,
were assessed using appropriate statistical tests, including the
chi-square, two-sample t and Mann-WhitneyU tests. Between-
group comparisons of brain volumetric measures were assessed
using age-adjusted and sex-adjusted linear models. Normalized
lateral ventricle volume and normalized brain volume were
included as additional covariates in the analyses of CP volume,
as previously done.16 T2-hyperintense WM lesion volume was
log-transformed. The number and volume of all T2-
hyperintense WM lesions, PRLs, and non-PRLs were com-
pared between patients with MS with and without cognitive
impairment or fatigue using age-adjusted and sex-adjusted
negative binomial and linear regression models, respectively.
Differences in the prevalence of at least one PRL as well as in
the proportion of PRL number and volume were tested using
age-adjusted and sex-adjusted logistic and quasibinomial re-
gression models. To account for the overall number of pairwise
comparisons, false discovery rate (FDR) (Benjamini-Hochberg
procedure) correction was performed.

Random forest probability models were grown to rank de-
mographic factors (age, sex, and education), clinical variables
(EDSS score, disease duration, and clinical phenotype), and
MRI measures (lesional and volumetric measures) based on
their contribution to the presence of cognitive impairment or
fatigue in patients with MS. Specifically, we used the Boruta
algorithm, implementing 10,000 trees and 2,000 iterations, to
identify a subset of pertinent features.32 The algorithm selects
features that outperform randomness by iteratively comparing
variables importance metric with those of shadow attributes,
which are created by shuffling the original ones. Features with
significantly lower importance than shadow attributes, based
on binomial tests adjusted for multiple comparisons, are

progressively discarded. The discriminative capability of the
new model, trained solely with the selected predictors, was
assessed by the out-of-bag area under the curve (OOB-AUC),
computed on the left-out observations.

Computations were conducted using SAS release 9.4 (SAS
Institute, Cary, NC) and R software (version 4.2.2). Statistical
significance was set at p values <0.05.

Data Availability
The corresponding author, who had complete access to all the
data of the study, assumes responsibility for the integrity of
the data and accuracy in the analysis. The anonymized data set
used and analyzed for this study can be obtained from the
corresponding author on reasonable request.

Results
Demographic, Clinical, and Conventional MRI
Variables in Patients With MS Compared
With HC
Table 1 summarizes the main demographic, clinical, and MRI
features of HC and MS patients.

Compared with HC, patients with MS had significantly higher
T2-hyperintense WM lesion number and volume (p < 0.001
for both), as well as significantly lower years of education (p <
0.001), normalized brain (p < 0.001), thalamic (p < 0.001),
caudate (p = 0.026), hippocampal (p = 0.026), cortical (p =
0.040), WM volumes (p < 0.001), and enlarged lateral ven-
tricle volume (p < 0.001) (Table 1).

PRLs and CP Volume in MS Patients
Table 1 and Figure 2 present the prevalence, number, and
volume of PRLs in patients with MS. Fifty-nine (45.7%) pa-
tients with MS had at least one PRL. The median number of
PRLs was 0 (interquartile range [IQR] = 0–2), and the me-
dian PRL volume was 0.00 mL (0.00–0.65). Among T2-
hyperintense WM lesions, the median proportions (IQR) of
PRLs and PRL volume were 0.00% (0.00–0.04) and 0.00%
(0.00–0.20), respectively.

Compared with HC, patients with MS had significantly higher
CP volume (HC: estimated mean [standard error, SE] =
2.18 mL [0.06]; MS patients: estimated mean [SE] = 2.59
[0.05], p = 0.001) (Table 1 and Figure 2).

Prevalence of Cognitive Impairment and
Relation With PRLs Burden and CP Volume
Thirty-six (27.9%) patients with MS were classified as cog-
nitively impaired. The most frequently affected cognitive
domains included verbal memory (81% of cognitively im-
paired MS patients), attention (61% of cognitively impaired
MS patients), and verbal fluency (53% of cognitively impaired
MS patients) (Table 2). Performance and prevalence of pa-
tients with MS showing impairment at each test of the BRB-N
are summarized in Table 2.
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Compared with cognitively preserved, patients with cogni-
tively impaired MS were significantly older (pFDR = 0.003),
had lower years of education (pFDR = 0.004), higher EDSS
score (pFDR = 0.002), were more frequently progressive
MS (pFDR = 0.011), and were more frequently untreated

(pFDR = 0.004). Patients with cognitively impaired MS had
also higher T2-hyperintense WM lesion number (pFDR =
0.001) and volume (pFDR = 0.003), as well as lower nor-
malized brain (pFDR < 0.001), thalamic (pFDR = 0.005),
caudate (pFDR < 0.001), hippocampal (pFDR = 0.005),

Table 1 Main Demographic, Clinical, and MRI Features of HC and MS Patients

Variables HC (n = 73) MS (n = 129) MS vs HC p value

Sex (%): Women/Men 43 (59)/30 (41) 73 (57)/56 (43) 0.749a

Mean age (SD) [y] 41.0 (12.4) 43.3 (11.1) 0.187b

Median disease duration (IQR) [y] — 9.14 (1.73–19.30) —

Median EDSS score (IQR) — 2.0 (1.0–4.0) —

Clinical phenotype (%): RRMS/PMS — 94 (73)/35 (27) —

Ongoing DMT (%)h: none/first line/second line — 12 (9)/73 (57)/44 (34) —

Median education (IQR) [y] 17 (13–18) 13 (13–17) <0.001c

Number (%) of cognitively impaired subjects — 36 (27.9) —

Number (%) of subjects with fatigue — 31/113 (27.4) —

Median number of T2-hyperintense WM lesions (IQR) 0 (0–1) 43 (24–79) <0.001d

Median T2-hyperintense WM LV (IQR) [mL]g 0.00 (0.00–0.21) 2.58 (0.88–6.93) <0.001e

Number (%) of subjects with ≥1 PRL 0 (0.0%) 59 (45.7) —

Median PRL number (IQR) — 0 (0–2) —

Median proportion of PRLs (IQR) [%] — 0.00 (0.00–0.04) —

Median PRL volume (IQR) [mL]g — 0.00 (0.00–0.65) —

Median proportion of PRL volume (IQR) [%] — 0.00 (0.00–0.20) —

Median non-PRL number (IQR) 0 (0–1) 41 (24–72) <0.001d

Median non-PRL volume (IQR) [mL]g 0.00 (0.00–0.21) 2.15 (0.88–5.23) <0.001e

Estimated mean (SE)

NBV [mL] 1,554 (5) 1,520 (5) <0.001e

Normalized thalamic volume [mL] 22.1 (0.1) 20.5 (0.2) <0.001e

Normalized caudate volume [mL] 9.8 (0.1) 9.5 (0.1) 0.026e

Normalized hippocampal volume [mL] 10.8 (0.1) 10.3 (0.1) 0.002e

Normalized cortical volume [mL] 652 (3) 643 (3) 0.040e

Normalized WM volume [mL] 687 (3) 666 (3) <0.001e

Normalized CP volume [mL] 2.18 (0.06) 2.59 (0.05) 0.001f

Normalized lateral ventricle volume [mL] 20.4 (1.1) 29.3 (1.3) <0.001e

Abbreviations: CP = choroid plexus; DMT = disease-modifying therapy; EDSS = expanded disability status scale; HC = healthy controls; IQR = interquartile
range; LV = lesion volume; mL = milliliter; NBV = normalized brain volume; PRL = paramagnetic rim lesions; RR = relapsing remitting; P = progressive; SE =
standard error; WM = white matter.
a Chi-square test.
b Two-sample t test.
c Mann-Whitney U Test.
d Age-adjusted and sex-adjusted negative binomial regression model.
e Age-adjusted and sex-adjusted linear regression model.
f Age-adjusted, sex-adjusted, normalized brain, and lateral ventricle volume-adjusted linear regression model.
g Comparison performed on log scale.
h First line = glatiramer acetate, interferon beta 1a, teriflunomide or dimethyl fumarate; Second line = fingolimod, natalizumab, cladribine, ocrelizumab,
rituximab, other immunosuppressants.
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cortical volumes (pFDR = 0.001), and higher lateral ventricle
volume (pFDR = 0.002).

The proportion of patients showing at least one PRL was sig-
nificantly higher in cognitively impaired (24/36, 66.7%) com-
pared with patients with cognitively preserved MS (35/93,
37.6%) (pFDR = 0.006). Compared with cognitively preserved,

patients with cognitively impaired MS had significantly higher
number (pFDR < 0.001) and proportion (pFDR = 0.001) of
PRLs as well as higher PRL volume (pFDR < 0.001) and
proportion of PRL volume (pFDR = 0.003) (Table 3 and
Figure 2). Compared with cognitively preserved, patients with
cognitively impaired MS had also significantly higher number
(pFDR = 0.003) and volume (pFDR = 0.014) of non-PRLs
(Table 3).

Compared with cognitively preserved, patients with cogni-
tively impaired MS had significantly higher CP volume
(cognitively preserved MS patients: estimated mean [SE] =
2.51 mL [0.06]; cognitively impaired MS patients: estimated
mean [SE] = 2.82 [0.09], pFDR = 0.009) (Table 3 and
Figure 2).

Prevalence of Fatigue and Relation With PRLs
Burden and CP Volume
In total, 31/113 (27.4%) patients with MS were classified as
fatigued (Table 3). Compared with nonfatigued, patients with
MS with fatigue had significantly higher EDSS score (p =
0.034, not surviving FDR correction pFDR = 0.060). No
significant between-group differences for the other de-
mographic, clinical, and conventional MRI variables were
found (pFDR ≥ 0.133) (Table 3).

The proportion of patients showing at least one PRL, the
number and proportion of PRLs, as well as PRL volume and
proportion of PRL volume were not significantly different
between patients with MS with or without fatigue (pFDR ≥
0.144) (Table 3 and Figure 2). Similarly, no significant
between-group difference was found for non-PRL number
and volume (pFDR ≥ 0.563).

Compared with nonfatigued MS patients, those with fa-
tigue had significantly higher CP volume (nonfatigued MS
patients: estimated mean [SE] = 2.53 mL [0.06]; fatigued
MS: estimated mean [SE] = 2.77 [0.10], p = 0.040), not
surviving FDR correction pFDR = 0.069) (Table 3 and
Figure 2).

Predictors of Cognitive Impairment and
Fatigue in Patients With MS
Table 4 and Figure 3 present the variables selected by Boruta
algorithm as relevant predictors of the presence of cognitive
impairment and fatigue in patients with MS.

Informative predictors of the presence of cognitive impair-
ment (relative importance) (OOB-AUC = 0.707) were lower
NBV (100%), lower normalized caudate volume (89.1%),
higher normalized CP volume (80.3%), lower normalized
cortical volume (70.3%), higher number (67.3%) and volume
of PRLs (66.7%), and higher T2-hyperintense WM vol-
ume (64.0%).

Higher normalized CP volume was the only predictor of the
presence of fatigue (OOB-AUC = 0.563).

Figure 2 Number and Volume of PRLs and CP Volume in
Patients With Multiple Sclerosis According to the
Presence of Cognitive Impairment and Fatigue

Violin plots show PRL number (A) and volume (B) as well as normalized CP
plexus volume distribution in patients with MS according to the presence of
cognitive impairment (Co-P and Co-I) or fatigue (nF and F). In (C), normalized
CP plexus volume distribution in patients with MS compared with HC is also
shown. p values of between-group comparisons are also reported (signifi-
cant comparisons are shown in bold). See text for further details. Co-I=
cognitively impaired; Co-P = cognitively preserved; CP = choroid plexus; F =
fatigued; mL = milliliter; nF = nonfatigued; pFDR = False Discovery Rate p
value; PRLs value; PRLs = paramagnetic rim lesions.
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Discussion
In this study, we found that a substantial proportion of pa-
tients with MS showed one or more PRLs, and they were also
characterized by a significant CP enlargement compared with
HC. Higher number and volume of PRLs and higher CP
volume were informative predictors of cognitive impairment
in addition to atrophy of the whole brain and of strategic and
clinically relevant brain GM areas, including the caudate nu-
cleus and the cortex. A higher CP volume was the only vari-
able able to explain the presence of fatigue in our sample.

Fifty-nine of 129 (45.7%) patients with MS showed at least
one PRL, which is in line with previous studies where PRL
prevalence varied between 6% and 53% in patients with
clinically isolated syndrome/relapsing-remitting sclerosis
patients and between 7% and 62% in patients with pro-
gressive MS.9,11,33 The heterogeneous prevalence of PRLs
across studies can be due to several factors. Visual evalua-
tion of PRLs may be challenging, and different criteria have
been applied for their identification. Furthermore, a recent
meta-analysis suggested that demographic and clinical
characteristics of patients with MS, including age and dis-
ease duration, along with differences in MRI field strengths
and sequences used to identify PRLs may contribute
to explain heterogeneities regarding the prevalence and
number of PRLs among studies.33

Patients with MS were also characterized by a significant CP
enlargement compared with HC, thus supporting the prevail-
ing hypothesis that CP enlargement may be an early phe-
nomenon in MS reflecting CNS chronic inflammation.13-17

In our cohort, mainly including patients with relapsing-
remitting MS and relatively mild disability, the prevalence of
cognitive impairment (27.9%) was consistent with previous
studies showing a prevalence ranging between 20-30%, although
a higher prevalence (up to 46%) has been reported in other
studies.34 Considering the pattern of cognitive deficits, we
confirmed that verbal memory, attention, and information
processing speed were themost frequently affected domains.1,35

In line with the literature,1,4,36 we found that the presence
of cognitive impairment was associated with a higher T2-
hyperintense WM lesion number and volume, supporting
the hypothesis of a ‘disconnection syndrome’ as one of the
most relevant processes contributing to cognitive dysfunc-
tion in MS.

The possibility to identify PRLs using SWI allowed us to
better characterize the heterogeneous pathologic and mi-
crostructural features of T2-hyperintense WM lesions that
cannot be directly explored with conventional MRI. Pre-
vious studies suggested that the presence of PRLs may be
associated with worse cognitive performance in some

Table 2 Mean z-Scores and Prevalence of Impairment at Neuropsychological Tests and at Each Cognitive Domain
Explored by the BRB-N in MS Patients According to Cognitive Status

BRB-N
tests

Co-P MS patients (n = 93) Co-I MS patients (n = 36)

Cognitive
domains

Co-P MS patients (n = 93) Co-I MS patients (n = 36)

Z-scorea
N of
impairedb (%) Z-scorea

N of
impairedb (%) Z-score

N of
impairedc (%) Z-score

N of
impairedc (%)

SRT lts −0.39 (0.87) 10 (11) −1.60 (0.84) 19 (53) Verbal
memory

−0.31 (0.87) 15 (16) −1.64 (0.72) 29 (81)

SRT cltr −0.33 (0.87) 10 (11) −1.51 (0.68) 19 (53)

SRT recall −0.21 (1.04) 11 (12) −1.82 (1.06) 22 (61)

SPART −0.16 (0.89) 1 (1) −0.99 (0.86) 10 (28) Visual
memory

0.14 (0.80) 4 (4) −0.94 (0.82) 16 (44)

SPART
recall

−0.12 (0.86) 4 (4) −0.89 (0.99) 10 (28)

SDMT 0.17 (1.19) 5 (5) −1.50 (1.25) 17 (47) Information
processing
speed

0.17 (1.19) 5 (5) −1.50 (1.25) 17 (47)

PASAT 30 −0.21 (0.95) 9 (10) −1.58 (1.30) 19 (53) Attention −0.23 (0.78) 9 (10) −1.56 (1.09) 22 (61)

PASAT 20 −0.33 (0.83) 2 (2) −1.56 (0.98) 17 (47)

WLG −0.19 (0.91) 0 (0) −1.28 (1.11) 19 (53) Verbal fluency −0.01 (0.91) 0 (0) −1.28 (1.11) 19 (53)

Global
cognition

−0.03 (0.55) 0 (0) −1.31 (0.60) 36 (100)

Abbreviations: BRB-N = brief repeatable battery of neuropsychological tests; Co-I = cognitively impaired; Co-P = cognitively preserved; cltr = consistent long-
term retrieval; lts = long-term storage; MS =MS; PASAT = paced auditory serial attention test; SDMT = symbol digit modalities test; SPART = spatial recall test;
SRT = selective reminding test; WLG = word list generation.
a Mean (SD) of z-scores according to the normative data of an Italian representative sample.22.
b Number of patients (frequency) with an abnormal performance, defined as a score 1.5 SD below normative values according to the normative data of an
Italian representative sample.22.
c Number of patients (frequency) with ≥1 abnormal neuropsychological tests of BRB-N for each cognitive domain.35.
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Table 3 Main Demographic, Clinical, and MRI Features of MS Patients According to Cognitive Status and the Presence of
Fatigue

Variables

Co-P MS
patients
(n = 93)

Co-I MS
patients
(n = 36)

Co-I vs Co-P
MS patients
p value (pFDR)

nF MS
patients
(n = 82)

F MS
patients
(n = 31)

F vs nF
MS patients
p value
(pFDR)

Sex (%): Women/Men 52 (56)/41 (44) 21 (58)/15 (42) 0.804a (0.865) 43 (52)/39 (48) 21 (68)/10 (32) 0.143a (0.211)

Mean age (SD) [y] 41.4 (11.0) 48.0 (9.9) 0.001b (0.003) 42.3 (11.0) 45.1 (12.0) 0.257b (0.348)

Median disease duration (IQR) [y] 8.21 (1.18–17.58) 10.90 (4.15–24.50) 0.049c (0.084) 9.07 (1.60–17.95) 5.00 (1.10–17.58) 0.743c (0.821)

Median EDSS score (IQR) 1.5 (1.0–3.0) 3.0 (2.0–6.0) 0.001c (0.002) 1.5 (1.0–3.0) 2.0 (1.5–6.0) 0.034c (0.060)

Clinical phenotype (%): RRMS/PMS 74 (80)/19 (20) 20 (56)/16 (44) 0.006a (0.011) 66 (80)/16 (20) 21 (68)/10 (32) 0.151a (0.219)

Ongoing DMT (%) #: none/first
line/second line

4 (4)/60 (65)/29 (31) 8 (22)/13 (36)/15 (42) 0.001d (0.004) 5 (6)/50 (61)/27 (33) 5 (16)/16 (52)/10 (32) 0.235d (0.340)

Median education (IQR) [y] 13 (13–18) 13 (8–15) 0.002c (0.004) 13 (13–17) 13 (8–16) 0.068c (0.113)

Median number of T2-hyperintense
WM lesions (IQR)

38 (23–65) 67 (38–102) <0.001e (0.001) 38 (23–69) 56 (31–82) 0.620e (0.713)

Median T2-hyperintense WM LV
(IQR) [mL]j

2.01 (0.82–4.29) 6.12 (2.07–13.43) 0.001f (0.003) 2.17 (0.85–6.81) 2.69 (0.83–5.43) 0.892f (0.929)

Number (%) of subjects with ≥1 PRL 35 (37.6) 24 (66.7) 0.003g (0.006) 35 (42.7%) 15 (18.4%) 0.493g (0.592)

Median PRL number (IQR) 0 (0–1) 2 (0–7) <0.001e (<0.001) 0 (0–2) 0 (0–2) 0.089e (0.144)

Median proportion of PRLs (IQR) [%] 0.00 (0.00–0.03) 0.03 (0.00–0.06) <0.001h (0.001) 0.00 (0.00–0.05) 0.00 (0.00–0.04) 0.328h (0.417)

Median PRL volume (IQR) [mL]j 0.00 (0.00–0.27) 0.37 (0.00–1.90) <0.001f (<0.001) 0.00 (0.00–0.65) 0.00 (0.00–0.31) 0.638f (0.715)

Median proportion of PRL volume
(IQR) [%]

0.00 (0.00–0.12) 0.16 (0.00–0.35) 0.001h (0.003) 0.00 (0.00–0.26) 0.00 (0.00–0.16) 0.182h (0.255)

Median non-PRL number (IQR) 36 (22–62) 65 (37–91) 0.001e (0.003) 36 (23–66) 53 (29–80) 0.456e (0.563)

Median non-PRL volume (IQR) [mL]j 1.67 (0.67–3.52) 4.20 (1.81–6.85) 0.008f (0.014) 1.80 (0.85–4.15) 2.40 (0.83–4.32) 0.598f (0.698)

Estimated mean (SE)

NBV [mL] 1,532 (5) 1,490 (8) <0.001f (<0.001) 1,525 (5) 1,524 (9) 0.907f (0.929)

Normalized thalamic volume [mL] 20.8 (0.2) 19.7 (0.3) 0.003f (0.005) 20.6 (0.2) 20.9 (0.3) 0.391f (0.490)

Normalized caudate volume [mL] 9.7 (0.1) 8.8 (0.2) <0.001f (<0.001) 9.6 (0.1) 9.4 (0.2) 0.309f (0.399)

Normalized hippocampal
volume [mL]

10.5 (0.1) 9.8 (0.2) 0.003f (0.005) 10.4 (0.1) 10.4 (0.2) 0.947f (0.959)

Normalized cortical volume [mL] 650 (3) 625 (5) <0.001f (0.001) 646 (3) 646 (3) 0.972f (0.972)

Normalized WM volume [mL] 668 (3) 660 (5) 0.160f (0.227) 667 (3) 666 (6) 0.907f (0.929)

Normalized CP volume [mL] 2.51 (0.06) 2.82 (0.09) 0.004i (0.009) 2.53 (0.06) 2.77 (0.10) 0.040f (0.069)

Normalized lateral ventricle
volume [mL]

26.6 (1.4) 36.4 (2.4) 0.001f (0.002) 28.0 (1.5) 28.3 (2.4) 0.899f (0.929)

Abbreviations: Co-I = cognitively impaired; Co-P = cognitively preserved; CP = choroid plexus; DMT = disease-modifying therapy; EDSS = expanded disability
status scale; F = fatigued; HC = healthy controls; IQR = interquartile range; LV = lesion volume; mL = milliliter; NBV = normalized brain volume; nF =
nonfatigued; pFDR = false discovery rate p value; PRL = paramagnetic rim lesions; RR = relapsing remitting; Pr = progressive; SE = standard error; WM =white
matter.
a Chi-square test.
b Two-sample t test.
c Mann-Whitney U Test.
d Fisher exact test.
e Age-adjusted and sex-adjusted negative binomial regression model.
f Age-adjusted and sex-adjusted linear regression model.
g Age-adjusted and sex-adjusted logistic regression model.
h Age-adjusted and sex-adjusted quasibinomial regression model.
i Age-adjusted, sex-adjusted, normalized brain, and lateral ventricle volume-adjusted linear regression model.
j Comparison performed on log scale.
k First line = glatiramer acetate, interferon beta 1a, teriflunomide or dimethyl fumarate; 2nd line = fingolimod, natalizumab, cladribine, ocrelizumab,
rituximab, other immunosuppressants.
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neuropsychological tests that mainly explore attention and
information processing speed.10,19,20 The availability of a
validated and comprehensive neuropsychological assess-
ment and the quantification of PRL number and volume in a
large cohort of patients allowed us to better explore the
association between PRL burden and cognitive impairment.
We found that the proportion of patients showing at least
one PRL, as well as the total number and volume of PRLs,
were significantly higher in patients with MS with cognitive
impairment compared with those without.

Our results suggest that a higher burden of PRLs may typify
MS patients with worse cognitive performance, thus further
supporting the key role of chronic inflammation within the
CNS as a driver of a more severe disease course. Although we
did not directly evaluate microstructural tissue properties of
PRLs, previous studies have shown that PRLs are character-
ized by more severe microstructural tissue abnormalities, in
lower T1-hypointensity, lower myelin water fraction, lower
neurite density index, and higher mean diffusivity.9,37,38 Such
a more severe PRL microstructural damage may contribute to
explain, at least partially, the results from previous studies
showing that the severity of intrinsic WM lesion damage
contributes to cognitive impairment by disrupting WM tracts
connecting cognitively relevant GM regions.4,5

We also found that both MS patients with and without cog-
nitive impairment showed a significant CP enlargement com-
pared with HC. Interestingly, in the direct comparison,
compared with cognitively preserved, patients with cognitively
impaired MS showed a significantly higher CP volume. Our
results are in line with a recent study showing that CP volume
was significantly higher in cognitively impaired compared with
patients with cognitively preserved MS according to Montreal
Cognitive Assessment scores and that higher CP volume was
associated with worse SDMT performance.21

The CP is a relevant interface between the peripheral immune
system and the CNS, it represents a gateway for lymphocyte
entry from peripheral blood into the CNS, and it is involved in
CSF monitoring and antigen presentation.39,40 In MS, im-
mune cell aggregates in the CP stroma and vessels, with higher
amount of T lymphocytes, macrophages, dendritic cells, and
granulocytes and increased expression of vascular adhesion
molecules, have been described.39,40 Changes in the structure
and function of capillaries and ependymal cells including in-
creased permeability of capillaries, thickening of the basement
membrane, and loss of cilia in ependymal cells have been also
reported.39,41 Finally, CP environment may also become
hypoxic in patients with MS, determining a dysregulation of
Hypoxia-Inducible Factor-1 pathway and then altering se-
cretory and neuroprotective properties of the CP.42 Taking all
these findings into account, it is likely that, in MS, CP en-
largement may reflect structural and functional abnormalities
of this structure associated with a chronic proinflammatory
state, with an increased immune cell entry and the release of
proinflammatory cytokines. These pathologic processes may
not only promote demyelination and neuro-axonal loss but
also impaired synaptic functioning that play a substantial role
not only in disease progression but also in cognitive
impairment.

Beside focal WM lesion burden, number, and volume of PRLs
and CP enlargement, our study confirmed the relevance of
atrophy of the whole brain and of critical GM regions for
cognitive impairment, including the thalamus, caudate nu-
cleus, and the cortex.43-45

The relevance of combining PRL and CP assessment together
with global focal WM lesions and brain volumetric MRI
measures is supported by the high accuracy obtained to ex-
plain the presence of cognitive impairment by the random
forest analysis (OOB-AUC = 0.707). Interestingly, although

Table 4 Random Forest Informative Predictors of Cognitive Impairment and Fatigue in Patients With MS

Outcome Predictor Median importance (IQR) RI OOB-AUC

Cognitive impairment NBV 29.8 (27.6–32.1) 100.0 0.707

Normalized caudate volume 26.5 (24.2–28.8) 89.1

Normalized CP volume 23.9 (21.9–26.0) 80.3

Normalized cortical volume 20.9 (18.9–23.1) 70.3

PRL number 20.0 (18.5–21.6) 67.3

PRL volume 19.9 (18.0–22.0) 66.7

T2-hyperintense WM LV 19.1 (17.5–20.6) 64.0

Fatigue Normalized CP volume 19 (14.7–24.1) 100 0.563

Abbreviations: CP = choroid plexus; IQR = interquartile range; LV = lesion volume; NBV = normalized brain volume; OOB-AUC = out-of-bag area under the
curve; PRL = paramagnetic rim lesions; RI = relative importance; WM = white matter.
Variables selected by Boruta algorithm as relevant predictors of the presence of cognitive impairment and fatigue in patients with MS are listed. Median
importance of each predictor, achieved across iterations, the RI, and the performance of a final random forestmodel including only selected variables are also
reported.
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the number and volume of both PRLs and non-PRLs were
found to be significantly associated with cognitive impair-
ment, the results of the random forest analysis suggested that
such association is more specific for PRLs in a multivariate
setting. Although further studies are necessary to confirm our
findings, it is tempting to speculate that chronic inflammation
may contribute to cognitive impairment even before and in-
dependently from structural brain damage accumulation.

In our cohort, 31/113 (27.4%) patients with MS were
classified as fatigued, a prevalence that is lower compared
with previous studies.2 The predominance of patients with
relapsing-remitting MS and relatively low disability scores
may contribute to explain this finding. A progressive clinical
phenotype and a more severe disability may influence fatigue

levels and may promote limitations in several functional
systems, contributing to worsening of perceived fatigue.25

Moreover, previous studies reported very heterogeneous
and variable results, with up to 81% of patients with MS
having fatigue, possibly due to variations in disease severity,
clinical phenotypes, and the methods used for identifying
fatigue.2

Interestingly, CP volume was the only significant MRI mea-
sure being significantly different in patients with MS accord-
ing to the presence of fatigue, with a significantly higher CP
volume in fatigued compared with nonfatigued MS patients.
Although this result did not survive correction for multiple
comparison, the relevance of CP enlargement in explaining
the presence of fatigue has been further supported by the

Figure 3 Random Forest Informative Predictors of Cognitive Impairment and Fatigue in Patients With Multiple Sclerosis

Distribution of variable importance, achieved
across iterations of Boruta algorithm, of de-
mographic, clinical, and MRI features to explain (A)
cognitive impairment and (B) fatigue. Boruta com-
pares the importance of the original variables with
the highest feature importance of the shadow fea-
tures, obtained using feature-permuted copies.
Poorly performing variables are progressively dis-
carded. Selected features are shown in green, dis-
carded features in red. Maximum, mean, and
minimum importance achieved by shadows at-
tributes are shown in blue. LV = lesion volume;
NBV = normalized brain volume; OOB-AUC = out-
of-bag area under the curve; PRL = paramagnetic
rim lesion; WM = white matter.
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random forest analysis, where higher CP volume represented
the only informative predictor of the presence of fatigue
(OOB-AUC = 0.563).

Different pathophysiologic mechanisms have been proposed
to explain fatigue in MS, including immunologic processes
occurring within or outside the CNS,46,47 together with
structural and functional brain MRI abnormalities of specific
CNS regions.2,6,7

In line with the potential role of the immune system,46,47 CP
enlargement may underlie structural and functional abnor-
malities of this structure that reflect a chronic inflammatory
state, with abnormal immune cell migration, localization, and
activation within the CNS. These processes may create a
chronic inflammatory state in the CNS, with higher levels of
proinflammatory cytokines and chemokines and lower levels of
anti-inflammatory cytokines, such as interleukin 10. This con-
dition may trigger both central and peripheral pathologic
processes, including a reduced synthesis of monoaminergic
neurotransmitters such as dopamine, norepinephrine, and se-
rotonin that are involved in motivation, arousal and mood, and
impaired synaptic functions and brain network efficiency.48-51

All of these mechanisms may lead to abnormal network func-
tion, with loss of activity but also with abnormal recruitment of
brain regions, either in additional CNS areas or of unusually
high levels of activation.6,7 Both CP enlargement and fatigue
can be found early in the disease course, also independently
from clinical disability and disease duration. Accordingly, it is
tempting to speculate that CP enlargement may underline
chronic inflammatory processes that are likely to contribute to
fatigue from the earliest phases of the disease.

Our study has some limitations. Our analyses included a cohort
of patients with MS with the main clinical phenotypes. How-
ever, the contribution of the different pathologic substrates may
be different through MS disease course. Furthermore, the
cross-sectional design of the study did not allow to explore the
longitudinal interplay between PRLs, CP enlargement, and
clinical manifestations. Finally, T1-hypointense lesion volume
may be another MRI marker associated with worse cognitive
performance. However, we did not acquire a T1-weighted spin-
echo sequence that is typically used to detect black holes, but a
3D T1-weighted turbo field echo. Owing to its slight T2*
weight in addition to the main T1-weighted contrast, the
T1-hypointense lesion volume on this sequence is very similar
to that visible on T2-weighted sequences. PRLs are charac-
terized by more severe microstructural damage, also in longer
T1 relaxation times compared with non-PRLs.52,53 Accord-
ingly, since PRLs are informative predictors of cognitive im-
pairment more than non-PRLs, the presence of lesions that are
chronically active but also with more severe microstructural
damage may contribute to explain cognitive impairment in
patients with MS.

In conclusion, our study showed that PRLs and CP enlargement
may represent 2 putative markers of chronic inflammation

contributing to explain cognitive impairment and fatigue in
patients with MS. These MRI markers may represent novel
and clinically relevant therapeutic targets for future thera-
pies aimed at reducing the detrimental effects of MS not
only on clinical disability but also cognitive impairment and
fatigue.
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