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Abstract
Background and Objectives
The choroid plexus (CP) regulates immune functions and produces most CSF that circulates in
the brain parenchyma through perivascular spaces, part of the glymphatic system. In multiple
sclerosis (MS), CP enlargement and glymphatic dysfunction are associated with inflammatory
activity, clinical disability, and brain damage, but their interrelation is unclear. We investigated
whether glymphatic system dysfunction mediates the association between CP enlargement and
brain damage in patients with MS.

Methods
Brain fluid-attenuated inversion recovery, 3-dimensional T1-weighted, diffusion-weighted, and
susceptibility-weighted sequences were obtained from 146 patients with MS and 72 healthy
controls (HC). Glymphatic function was assessed using the diffusion along the perivascular
space (DTI-ALPS) index, and CP volume was measured automatically.

Results
Patients with MS showed significantly higher white matter (WM) lesion and CP volumes (p <
0.001), and lower DTI-ALPS index, brain, WM, thalamic, and cortical volumes than HC (p ≤
0.048). In patients with MS, higher CP volume correlated with a lower DTI-ALPS index
(r = −0.305, false discovery rate p value = 0.001). Both measures were associated with higher
total, periventricular, and juxtacortical (JC) WM lesion volumes (CP volume: r from 0.285 to
0.340, p-FDR ≤ 0.001; DTI-ALPS index: r from −0.301 to −0.444, p ≤ 0.001), and lower brain,
thalamic, cortical, and WM volumes (CP volume: r from −0.246 to −0.405, p-FDR ≤ 0.006;
DTI-ALPS index: from 0.269 to 0.497, p-FDR ≤ 0.003). The DTI-ALPS index partially me-
diated the associations of normalized choroid plexus volume with total, periventricular, and JC
T2-hyperintense WM lesion volumes (standardized-β ranging from 0.073 to 0.115, relative
effect ranging from 25.2% to 33.6%) and normalized brain, thalamic, cortical, andWM volumes
(standardized-β ranging from −0.086 to −0.125, relative effect ranging from 25.3% to 52.7%).

Discussion
In MS, enlarged normalized CP volume may contribute to brain damage accumulation possibly
through the promotion of a chronic proinflammatory state and the mediation of glymphatic
system dysfunction.

Introduction
Multiple sclerosis (MS) is a chronic dysimmune disease of CNS characterized by inflammation,
demyelination, and neurodegeneration.1 Recent evidence suggested the choroid plexus (CP) as
a potential contributor to MS pathophysiology.2-11 The CP, a vascularized structure within the
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cerebral ventricles, consists of a tight epithelial layer separated
from fenestrated capillary endotheliumby a cellular stroma.2,10-14

It produces CSF and serves as an interface between the sys-
temic immune system and the CNS.2,10-14 Recent MRI studies
have consistently shown a significant CP enlargement from the
earliest phases of MS,3-7 being associated with higher in-
flammatory activity,3-7 more severe brain atrophy, clinical dis-
ability, and cognitive impairment.3-7 Experimental models2,3

and pathologic studies8-11,15 suggest that CP enlargement in
patients with MS likely reflects dysregulated immune cell mi-
gration and activation, and the release of proinflammatory
factors within the CNS.9,10 Given that the CP produces ap-
proximately 65%–80% of the total CSF,14,16 its dysfunction
may alter CSF secretion, affecting brain fluid dynamics and
glymphatic system function, a brain-wide waste clearance net-
work.17,18 In the glymphatic system, CSF enters the brain pa-
renchyma through the perivascular space around arteries and
then moves into the interstitial space through an astrocytic
aquaporin 4-dependent process, removing interstitial fluid
waste products.17,18 The interstitial fluid then drains through
perivenous spaces to the meninges and meningeal lymphatic
vessels near major venous sinuses.17,18 Recently, the diffusion
tensor image analysis along the perivascular space DTI-ALPS
index has been proposed as a noninvasive method to evaluate
glymphatic system function in vivo.19 Lower DTI-ALPS index
values are reported in both pediatric20 and adult21,22 patients
with MS compared with matched healthy controls (HC),
particularly those with progressive phenotypes21 or cognitive
impairment,20 and are associated with more severe clinical
disability and brain damage.20,21

CP enlargement and glymphatic system abnormalities may be
interrelated pathologic processes contributing to lesion ac-
cumulation and brain atrophy in MS and other CNS con-
ditions. In cerebral small vessel disease, the DTI-ALPS index
partially mediates the association of CP volume with white
matter (WM) lesion volume (LV) and growth,23 as well as
with information processing speed performance.24 In Alz-
heimer disease, DTI-ALPS mediates relationships between
WM lesion burden, Aβ accumulation, and cognitive func-
tion.25 In a small cohort of patients with MS, the DTI-ALPS
index was also found to partially mediate the association of CP
volume with brain volume loss.22 However, the specific
associations between CP volume, glymphatic dysfunction,
lesion distribution in MS-specific areas, and regional brain
volume loss remain unclear.

We hypothesized that CP enlargement in MS is associated
with abnormal CSF production and the release of proin-
flammatory factors, which, partially through an impaired
glymphatic system, contribute to brain damage.

By evaluating a large cohort of patients with MS, this study
aims to investigate whether impaired glymphatic function
contributes to the observed relationships of CP enlargement
with global and regional focal WM lesions and brain volumes.

Methods
Study Approval, Registration, and
Patient Consents
The study was approved by the institutional ethics committee
of IRCCS Ospedale San Raffaele (Protocol No. 2015–33).
Written informed consent was obtained from all participants
before study participation according to the Declaration of
Helsinki.

Study Population
We retrospectively selected 146 consecutive patients with MS
and 72 HC from the Neuroimaging Research Unit database at
IRCCS San Raffaele Scientific Institute (Milan, Italy). All
participants underwent 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
according to the 2017 revised McDonald criteria26; relapse-
free and steroid-free for ≥3months before MRI; no significant
neurologic (other than MS), psychiatric, or systemic con-
ditions; and stable MS treatment for ≥6 months. HC had no
neurologic/systemic disorders affecting the CNS, and a nor-
mal neurologic examination.

Neurologic Assessment
Within 3 days from MRI acquisition, an experienced neurol-
ogist blinded to MRI findings assessed each patient, rating the
Expanded Disability Status Scale (EDSS), determining MS
phenotype (relapsing-remitting [RR] or progressive [P]), and
recording disease-modifying treatment (DMT) status.

MRI Acquisition
Brain MRI was performed using a 3.0T Philips Ingenia CX
scanner (PhilipsMedical Systems, receiving coil = dS-Head-32)
between 1 PM and 8 PM to minimize sleep-related variability.
Acquired sequences included (a) sagittal 3-dimensional (3D)

Glossary
CP = choroid plexus; DMT = disease-modifying treatment; DTI-ALPS = diffusion along the perivascular space; EDSS =
Expanded Disability Status Scale; EM = estimated mean; ETL = echo train length; FA = fractional anisotropy; FDR = false
discovery rate; FLAIR = fluid-attenuated inversion recovery; FOV = field of view;GM = gray matter;GMM =Gaussian mixture
model; HC = healthy control; IT = infratentorial; JC = juxtacortical; LV = lesion volume; MS = multiple sclerosis; NBV =
normalized brain volume; p-FDR = false discovery rate p value; ROI = regions of interest; SE = standard error; SWI =
susceptibility-weighted imaging; TE = echo time; TR = repetition time; WM = white matter.
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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 = 7milliseconds, TE = 3.2milliseconds,
TI = 1,000 milliseconds, flip angle = 8°, acquisition time = 8.53
minutes; (c) axial pulsed-gradient spin echo single-shot
diffusion-weighted echo planar imaging 3 shells at b-value =
700/1000/2,855 seconds/mm2 along 6/30/60 noncollinear
directions and 10 b = 0 volumes were acquired, FOV = 240 ×
233 mm, voxel size = 2.14 × 2.69 mm, 56 slices, 2.3 mm-thick
matrix = 112 × 85, TR = 5,900ms, TE = 78ms, and 3 additional
b = 0 volumes with reversed polarity of gradients for distortion
correction, acquisition time = 10 minutes; (d) 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; (e)
3D susceptibility-weighted imaging (SWI), FOV = 230 x 230,
pixel size = 0.60 × 0.60 mm, 135 slices, 2 mm-thick, matrix =
384 x 382, TR= 39milliseconds, TEs = 5.5:6:35.5 milliseconds,
flip angle = 17°, acquisition time = 6 minutes; both magnitude
and phase images for each echo were saved.

For all scans, slices were positioned parallel to the infer-
oanterior and inferoposterior corpus callosum.

Conventional MRI Analysis
Brain T2-hyperintense WM lesions were identified using
a fully automated approach with 3D FLAIR and 3D T1-
weighted,27 and then T2-hyperintense WM LV was obtained
for each patient from their lesion masks, after a careful visual
inspection (Figure 1A).

For the definition of lesion topography, we first identified
each lesion using a routine in Matlab that labels connected
components; then, we transformed the relevant masks
obtained from FMRIB Software Library (FSL)-SIENAx
software (cortical gray matter [GM], lateral ventricles, cere-
bellum, and brainstem) onto the space of lesion segmentation
and identified infratentorial (IT) lesions (i.e., cerebellar and
brainstem lesions); after the application of a 3 mm sphere
kernel, we identified periventricular and juxtacortical (JC)
lesions as those touching the corresponding dilated masks; all
the other lesions were coded as deep WM. For each class, we
counted the total volume of T2-hyperintense WM lesions
assigned.

Normalized volumes of the brain, thalamus, cortical, WM, and
ventricles were quantified using FSL-SIENAx software and
FSL-FIRST on lesion-filled 3D T1-weighted images, with
a scaling factor derived from FSL-SIENAx (Figure 1B). Lat-
eral ventricle volumes were calculated by manually removing
the third and fourth ventricles from the ventricular masks
generated by FSL-SIENAx.

CP Segmentation and Volume Quantification
A fully automatic method for CP segmentation was developed
in-house, building on brain tissues segmentation obtained
from the FSL-SIENAX toolbox,28 as previously described
(Figure 1C).7

The lateral ventricle mask from the Montreal Neurological
Institute’s standard 152-brain template (MNI-152 atlas) was
affinely registered to each participant’s space and eroded using
a 1 mm filter to maintain a conservative approach.29 The
coregistered lateral ventricle mask was then used to distin-
guish peripheral from ventricular CSF within the global CSF
segmentation. To eliminate potential boundaries with image
intensities similar to CP on FLAIR contrast, WM, GM, and
T2-hyperintenseWM lesionmasks were subtracted from each
participant’s lateral ventricle mask. The resulting “cleaned”
ventricle mask was then registered to FLAIR space, and the
corresponding image intensities were extracted. Since CP
appear hyperintense on FLAIR while CSF signal is sup-
pressed, a Gaussian mixture model (GMM) with 2 Gaussian
distributions was applied, using the expectation-maximization
algorithm to classify the data.30 Voxels corresponding to the
Gaussian distribution with lower intensities (CSF) were dis-
carded. To further refine segmentation, a mean image filtering
technique was applied to the binary mask, enhancing the
distinction between CP voxels and spurious boundary voxels.
A second GMM, again with 2 Gaussian distributions, was then
applied to the filtered mask, and any residual voxel clusters
smaller than 3 mm were removed. The final CP segmentation
mask was thus obtained. The algorithm has been imple-
mented in Matlab (R2017a, Mathworks). All CP segmenta-
tions were visually inspected and eventually edited in case of
inaccuracies. Third and fourth ventricle CP was excluded
because of inconsistent visualization.6 CP and lateral ventricle
volumes were then multiplied by V scaling (derived from the
SIENAx) to obtain normalized values.5,6

Processing of Diffusion-Weighted Sequence
Preprocessing of diffusion-weighted images involved cor-
recting for off-resonance effects, eddy current induced dis-
tortions, slice-to-volume misalignments, global movements,
and for handling outliers using the Eddy tool within FSL.31 The
diffusion tensor was then estimated through linear regression,
using diffusion-weighted imaging data at b = 700 and b =
1,000 seconds/mm2. Then, eigenvalues and eigenvectors were
computed through diagonalization of the diffusion tensor
matrix, and fractional anisotropy (FA) maps were derived.32

Processing of SWI Sequence
To visualize brain venous vessels, local B0 field change maps
were derived frommultiecho SWI using the software available
at github.com/sunhongfu/QSM. Briefly, phase images were
first unwrapped to eliminate discontinuities caused by the
limited phase range, using the best path method.33 Then,
a magnitude-weighted least squares regression was applied to
fit unwrapped phase images to the TE. Finally, to make small
veins visible, global spatial variations in the main magnetic
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field were removed using regularization enabled sophisticated
harmonic artefact reduction for phase data.34

Quantification of DTI-ALPS Index
For each participant, the FA color map, the 3D FLAIR image,
and the T2-hyperintense WM lesion mask were registered
onto the SWI space using the magnitude of the first echo of
the SWI sequence as a reference image. This image, which
contains anatomical information, was aligned using rigid
transformations, minimizing the normalized mutual in-
formation as cost function using FLIRT (FMRIB’s Linear
Image Registration Tool) in FSL (Figure 1D). The principal

diffusion direction field images for each participant were then
registered to the SWI images by applying the previously
obtained rigid transformationmatrix, using the “vecreg” utility
from FSL.35 All transformations were visually inspected to
ensure proper coregistration.

Using the venous vessel map obtained from SWI images, we
selected, for each participant, 3 contiguous axial slices where
veins run perpendicular to the lateral ventricles to accurately
define brain regions where veins, and thus perivascular spaces,
are aligned along the x-axis.19 Over these slices, color-coded
principal diffusion direction maps were used to place 3 × 3 ×

Figure 1 Examples of WM Lesion, Brain Volumetric, and CP Segmentation and of DTI-ALPS Index Calculation

(A) Segmentation of brain T2-hyperintense WM lesions (red coded) on the 3D FLAIR sequence. (B) Segmentation of brain WM (yellow coded), cortex (blue
coded), and thalamus (red coded) on 3D T1-weighted images using FSL-SIENAx software and FSL-FIRST tool. (C) CP segmentation (red coded) on the coronal
plane of the 3D FLAIR sequence. (D) To calculate the DTI-ALPS index, the authors first registered the 3D FLAIR, the T2-hyperintenseWM lesionmask and the FA
map to the SWI scans. Three slices where veins run perpendicular to lateral ventricle were selected through SWI images. Over these slices, using the color-
coded FAmap in SWI space, four 3 × 3 × 3mm regions of interest were drawn: 2 over the areas of associative fibers (see numbers 1 and 4), and the other 2 over
the areas of projection fibers (see numbers 2 and 3) in the left and right hemispheres. Regions of interest were then registered to the diffusion space using the
inverse of the FAmap to the SWI registrationmatrix. Diffusivities along the x-, y-, and z-axeswere extracted for each region of interest. DTI-ALPSwas calculated
as the ratio of diffusivities perpendicular to fiber bundles and parallel to veins (Dx proj and Dx assoc) over diffusivities perpendicular to fiber bundles and
perpendicular to veins (Dy proj and Dz assoc). See text for further details. 3D = 3-dimensional; CP = choroid plexus; DTI-ALPS = diffusion tensor image
analysis along the perivascular space; FA = fractional anisotropy; FLAIR = fluid attenuated inversion recovery; FSL = FMRIB Software Library; L = left; R = right;
SWI = susceptibility-weighted imaging; WM = white matter.
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3 mm cubic regions of interests (ROIs) at 2 sites per hemi-
sphere: one ROI over projection fibers (ROI proj), where the
major fiber axis corresponds to the z-axis, and the other ROI
over associative fibers (ROI assoc), where the major fiber axis
corresponds to the y-axis in the hemispheres. ROIs were
drawn in both hemispheres to ensure robust data collection,
reducing the effect of hemispheric dominance. In addition, the
T2-hyperintense WM lesion mask was used to prevent ROI
placement over visibly damaged tissue, ensuring that each
ROI was positioned at least 2.5 mm in-plane from lesion
edges. Once drawn, the ROIs were registered to the diffusion
imaging space by applying the inverse diffusion-to-SWI
transformation with linear interpolation. All voxels with
values >0 were retained and visually inspected to ensure that
only voxels corresponding to projection or associative fibers
were included in ROI proj and ROI assoc, respectively. No
further correction was applied. For each ROI, diffusivity along
the x-, y-, and z-axes was extracted.

The DTI-ALPS was calculated as the ratio of diffusivities
perpendicular to fiber bundles and parallel to veins (Dx proj
and Dx assoc) over diffusivities perpendicular to fiber bundles
and perpendicular to veins (Dy proj and Dz assoc).19 This
calculation leveraged the frame of reference established by the
diffusion tensor eigenvectors and eigenvalues. We verified
that secondary and tertiary eigenvectors were not affected by
sorting bias issues.36 The DTI-ALPS index was computed
using the following formula:

DTI −ALPS  index =
meanðDx  proj;Dx  assocÞ
meanðDy  proj;Dz  assocÞ

The left and right hemisphere DTI-ALPS indices were
averaged to obtain a mean DTI-ALPS index for each
participant.

To evaluate DTI-ALPS index reproducibility, intraobserver
and interobserver reliability was assessed by measuring the
DTI-ALPS index in 15 randomly selected patients with MS,
each evaluated twice by 2 independent raters (P.P. andM.M.)
with a minimum interval of 15 days between assessments.
Intraclass correlation coefficients were derived using a two-
way random-effects model.

Statistical Analysis
Group differences of demographic and clinical variables be-
tween patients with MS and HC as well as between patients
with progressive multiple sclerosis (PMS) and relapsing-re-
mitting multiple sclerosis (RRMS) were tested using χ2 tests,
2-sample t tests, or Mann-Whitney U tests, as appropriate.
Between-group comparisons of brain lesional and volumetric
measures and DTI-ALPS index were conducted using age-
adjusted and sex-adjusted linear models. In the analysis of CP
volume, normalized lateral ventricle volume and normalized
brain volume (NBV) were included as additional covariates,
as previously described.6,7 T2-hyperintense WM LV was log-
transformed.

Pairwise associations between CP volume, DTI-ALPS index,
and structural MRI measures (including global and regional
T2-hyperintense WM lesion volumes and global and regional
brain volumes) were investigated inHC and patients withMS,
separately, by age-adjusted and sex-adjusted partial correla-
tions. These analyses were repeated with DMT status in-
cluded as an additional covariate. In patients with MS,
association with clinical variables (disease duration and EDSS
score) was also investigated.

A mediation analysis was conducted to explore whether DTI-
ALPS abnormalities, a proxy of glymphatic system integrity,
acted as a mediator in the associations between CP volume
and structural brain damage.

Mediation analyses were performed using PROCESS (ver-
sion 4.2) for SPSS, adjusting for age and sex. The analysis
was also repeated with DMT status included as an additional
covariate. The simple mediation model (Model 4 in PRO-
CESS) was used to test whether glymphatic function me-
diated the relationship between CP volume and structural
brain damage.

For each relationship, regression coefficients and p values
were obtained, quantifying the total, direct, and indirect
effects of CP volume on structural brain damage. The bias-
corrected and bias-accelerated bootstrap method (based on
5,000 replicates) was used to estimate a 95% CI for the in-
direct effect. In addition, the relative indirect and direct effects
were calculated by taking the ratio of the corresponding re-
gression coefficients to the total effect coefficient.

To control for multiple comparisons, the false discovery rate
(FDR) correction was applied using the Benjamini-Hochberg
procedure.

All statistical analyses were performed using SPSS software
(version 26.0), with p < 0.05 considered statistically significant.

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

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 patients with MS.

Compared with HC, patients with MS had significantly higher
T2-hyperintense WM LV (p < 0.001), as well as significantly
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lower normalized brain (p < 0.001), thalamic (p < 0.001),
cortical (p = 0.048), and WM volumes (p < 0.001), and en-
larged lateral ventricle volume (p < 0.001) (Table 1).

Compared with RRMS, patients with PMS were significantly
older (p < 0.001), had a longer disease duration (p < 0.001) and
higher EDSS score (p < 0.001), and were more frequently un-
treated or treated with second-line DMTs (p < 0.001) (Table 1).
Moreover, they had higher global and regional T2-hyperintense
WM lesion volumes (p < 0.001) and lower global and regional
brain volumes (p ≤ 0.041), except for normalized WM volumes
that were not significantly different between groups (Table 1).

CP Volume and Glymphatic System in Patients
With MS
Compared with HC, patients with MS had significantly
higher normalized CP volume (HC: estimated mean
[EM] standard error [SE] = 2.52 mL [0.08]; patients with
MS: EM [SE] = 3.00 [0.05], p < 0.001) (Table 1 and
Figure 2A).

Manual DTI-ALPS index quantification showed a good re-
producibility: the intraobserver reliability was 0.939 (95%
CI = 0.830–0.979) and the interobserver reliability was 0.886
(95% CI = 0.682–0.967).

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

Variables HC (n = 72) MS (n = 146)
MS vs HC
p value RRMS (n = 103) PMS (n = 43)

RRMS vs PMS
p value

Sex (%): women/men 44 (61)/28
(39)

81 (56)/65 (45) 0.429c 59 (57)/44 (43) 22 (51)/21 (49) 0.498c

Mean age (SD) (y) 41.5 (12.6) 43.6 (11.2) 0.240d 41.0 (11.0) 49.9 (9.0) <0.001d

Median disease duration (IQR) (y) — 9.1 (1.9–19.7) — 4.2 (1.1–15.8) 16.0 (8.3–23.0) <0.001g

Median EDSS score (IQR) — 2.0 (1.0–4.5) — 1.5 (1.0–2.0) 6.5 (5.5–6.5) <0.001g

Clinical phenotype (%): RRMS/PMS — 103 (71)/43 (29) — — 14 (33)/29 (67) —

Ongoing DMT (%)a none/ME/HE — 17 (12)/79 (54)/50
(34)

— 6 (6)/71 (69)/26
(25)

11 (26)/8 (19)/24
(55)

<0.001c

Median total T2-hyperintense WM LVb

(IQR) (mL)
0.00 (0.00;
0.19)

2.56 (0.90–7.85) <0.001e 1.98 (0.73–4.41) 6.32 (2.76–13.12) <0.001e

Median PV T2-hyperintense WM LVb (IQR) (mL) — 1.70 (0.58–5.06) - 1.19 (0.42–2.76) 5.72 (1.47–9.88) <0.001e

Median JC T2-hyperintense WM LVb (IQR) (mL) — 0.46 (0.99–1.25) - 0.26 (0.06–1.11) 0.93 (0.42–1.44) <0.001e

Median IT T2-hyperintense WM LVb (IQR) (mL) — 0.06 (0.00–0.19) - 0.02 (0.00–0.13) 0.18 (0.04–0.43) <0.001e

Median deep WM T2-hyperintense WM LVb

(IQR) (mL)
— 0.16 (0.09–0.30) - 0.16 (0.08–0.29) 0.20 (0.10–0.31) <0.001e

EM (SE)

Normalized brain volume (mL) EM (SE) 1,553 (6) 1,518 (4) <0.001e 1,525 (6) 1,494 (8) 0.002e

Normalized thalamic volume (mL) EM (SE) 22.0 (0.2) 20.3 (0.2) <0.001e 20.7 (0.2) 19.3 (0.3) <0.001e

Normalized cortical volume (mL) EM (SE) 652 (4) 643 (3) 0.048e 646 (3) 632 (6) 0.041e

Normalized WM volume (mL) EM (SE) 687 (4) 664 (3) <0.001e 667 (3) 656 (3) 0.083e

Normalized choroid plexus volume (mL) EM (SE) 2.52 (0.08) 3.00 (0.05) 0.001f 3.07 (0.07) 3.14 (0.11) 0.574f

Normalized lateral ventricle volume (mL) EM (SE) 20.8 (1.7) 30.3 (1.2) <0.001e 28.6 (1.6) 35.8 (2.5) 0.018e

DTI-ALPS index 1.695 (0.019) 1.597 (0.014) <0.001e 1.596 (0.016) 1.598 (0.026) 0.957e

Abbreviations: DMT = disease-modifying therapy; DTI-ALPS = diffusion tensor image analysis along the perivascular space; EDSS = Expanded Disability Status
Scale; EM = estimatedmean; HC = healthy controls; HE = high efficacy; IQR = interquartile range; IT = infratentorial; JC = juxtacortical; LV = lesion volume; ME =
moderate efficacy; mL =milliliter; MS =multiple sclerosis; NBV = normalized brain volume; P = progressive; PV = periventricular; RR = relapsing remitting; SE =
standard error; WM = white matter.
DTI-ALPS is a dimensionless index.
a ME DMT = glatiramer acetate, interferon β-1a, teriflunomide or dimethyl fumarate; HE DMT = fingolimod, siponimod, natalizumab, cladribine, ocrelizumab,
rituximab, alemtuzumab, other immunosuppressants.
b Comparison performed on log-scale.
c Chi-squared test.
d Two-sample t test.
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 Mann-Whitney U Test.
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Compared with HC, patients with MS had also significantly
lower DTI-ALPS index (HC: EM [SE] = 1.695 [0.019];
patients with MS: EM [SE] = 1.597 [0.014], p < 0.001)
(Table 1 and Figure 2B).

Differences in normalized CP volume and DTI-ALPS index
were not significant between patients with RRMS and PMS
(p ≥ 0.574) (Table 1).

Analysis of Correlation
In HC, normalized CP volume was not correlated with the
DTI-ALPS index (false discovery rate p value [p-FDR] =
0.997) (Table 2). Moreover, both normalized CP volume and
DTI-ALPS index showed no significant correlations with total
T2-hyperintense WM LV, global and regional brain volu-
metric measure (p-FDRp ≥ 0.342), except for a significant
correlation between higher DTI-ALPS index and higher
normalized thalamic volume (r = 0.288, p-FDR = 0.030)
(Table 2).

In patients with MS, a higher normalized CP volume was
significantly correlated with a lower DTI-ALPS index
(r = −0.305, p-FDR = 0.001) (Table 2, Figure 1C). A higher
normalized CP volume was also significantly correlated with
a longer disease duration (r = 0.247, p-FDR = 0.006), higher
total, periventricular, and JC brain T2-hyperintense WM le-
sion volumes (r values ranging from 0.285 to 0.340, p-FDR ≤
0.002), and lower normalized brain, thalamic, cortical, and
WM volumes (r values ranging from −0.246 to −0.405,
p-FDR ≤ 0.006) (Table 2, Figure 3). Normalized CP volume
was not significantly correlated with EDSS score (r = 0.181,
p-FDR = 0.054), IT, and deep WM T2-hyperintense WM
lesion volumes (p-FDR ≥ 0.176).

In patients with MS, a lower DTI-ALPS index was significantly
correlated with a longer disease duration (r = −0.246, p-FDR =
0.006), higher total, periventricular, and JC brain T2-
hyperintense WM lesion volumes (r values ranging
from −0.301 to −0.444, p-FDR ≤ 0.001), and lower normalized
brain, thalamic, cortical, and WM volumes (r values ranging
from 0.269 to 0.497, p-FDR ≤ 0.003) (Table 2, Figure 3). The
DTI-ALPS index was not significantly correlated with EDSS,
IT, and deep WM T2-hyperintense WM lesion volumes
(p-FDR ≥ 0.342). Results did not change including DMT as an
additional covariate (data not shown).

Mediation Models in Patients With MS
Higher CP volume was significantly associated with higher
total (standardized β = 0.332, p-FDR < 0.001), periventricular
(standardized β = 0.343, p-FDR < 0.001), and JC T2-
hyperintense WM lesion volumes (standardized β = 0.291,
p-FDR < 0.001), but not with higher IT or deep WM T2-
hyperintense WM lesion volumes (Figure 4).

TheDTI-ALPS index partiallymediated the association between
CP volume and total (indirect standardized β = 0.101, 95% CI =
0.042–0.169, mediated effect = 30.5%), periventricular (indirect

standardized β = 0.115, 95%CI = 0.051–0.188,mediated effect =
33.6%), and JC brain T2-hyperintense WM lesion volumes
(indirect standardized β = 0.073, 95% CI = 0.013–0.145, me-
diated effect = 25.2%) (Figure 4).

Higher CP volume was significantly associated with lower
NBV (standardized β = −0.364, p-FDR < 0.001), normalized

Figure 2 Normalized Choroid Plexus Volume and DTI-ALPS
Index Distributions in Patients With MS and HC
and Partial Correlation Analyses Between Nor-
malized Choroid Plexus Volume and DTI-ALPS In-
dex in Patients With MS

Violin plots showing the distribution of (A) normalized choroid plexus vol-
ume and (B) DTI-ALPS index in patients with MS and HC. (C) Age-adjusted
and sex-adjusted partial correlations between normalized choroid plexus
volume and DTI-ALPS index in patients with MS. See text for further details.
DTI-ALPS = diffusion tensor image analysis along the perivascular space;
HC = healthy controls; mL = milliliter; MS = multiple sclerosis; nCP = nor-
malized choroid plexus.
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thalamic volume (standardized β = −0.238, p-FDR = 0.004),
normalized cortical volume (standardized β = −0.296,
p-FDR < 0.001), and normalized WM volume (standardized
β = −0.258, p-FDR = 0.004) (Figure 5).

The DTI-ALPS index partially mediated the association be-
tween CP volume and NBV (indirect standardized β = −0.113,
95% CI = −0.183 to −0.051, mediated effect = 31.0%), nor-
malized thalamic volume (indirect standardized β = −0.125,
95% CI = −0.197 to −0.059, mediated effect = 52.7%), nor-
malized cortical volume (indirect standardized β = −0.075, 95%
CI = −0.133 to −0.027, mediated effect = 25.3%), normalized
WM volume (indirect standardized β = −0.068, 95%
CI = −0.130 to −0.014, mediated effect = 26.3%) (Figure 5).

Results did not change including DMT as an additional
covariate (data not shown).

Discussion
This study found that patients with MS exhibited significantly
larger CP volumes and lower DTI-ALPS index, a proposed
marker of glymphatic system function, compared with HC.
Both abnormalities were significantly associated with higher
T2-hyperintense WM LV and brain volume loss. In patients
with MS, the DTI-ALPS index partially mediated the

relationship between CP enlargement and structural brain
damage.

Consistent with previous studies,3-7 we observed significant
CP enlargement in patients with MS compared with HC,
suggesting that CP abnormalities may play a role in disease
pathology. It is important that CP enlargement was signifi-
cantly associated with longer disease duration, and more ex-
tensive brain damage, including higher T2-hyperintense WM
lesion volumes and lower global and regional brain volumes.
Of interest, neither normalized CP volume nor DTI-ALPS
index differed significantly between patients with RRMS and
PMS, aligning with prior findings,5,21 and suggesting that CP
and glymphatic system abnormalities may represent an early
phenomenon in the disease course.

The CP regulates CSF production and serves as an interface
between the CNS and the peripheral immune system,2,10-13

facilitating lymphocyte entry from peripheral blood into the
CNS and acting as a CSF monitoring and antigen-presenting
site.2,10-13 In MS, the CP stroma and vessels show higher
immune cell aggregates, increased expression of vascular ad-
hesion molecules, and structural alterations such as abnormal
capillary permeability, basement membrane thickening, and
ependymal cell cilia loss.10,11,37 In addition, hypoxia in the CP
environment of patients with MS may impair CSF secretion
and neuroprotective functions,9 fostering a chronic and

Table 2 Age-Adjusted and Sex-Adjusted Partial Correlation Between Choroid Plexus Volume, DTI-ALPS Index, and Brain
Structure Volume in Patients With MS and HC

Normalized choroid plexus volume DTI-ALPS index

HC Patients with MS HC Patients with MS

r value p Value (p-FDR) r value p Value (p-FDR) r value p Value (p-FDR) r value p Value (p-FDR)

Disease duration (y) — — 0.247 0.003 (0.006) — — −0.246 0.003 (0.006)

EDSS score — — 0.181 0.030 (0.054) — — 0.029 0.726 (0.796)

Total T2-hyperintense WM LVa (mL) −0.025 0.835 (0.867) 0.328 <0.001 (<0.001) 0.129 0.286 (0.389) −0.397 <0.001 (<0.001)

PV T2-hyperintense WM LVa (mL) — — 0.340 <0.001 (<0.001) — — −0.444 <0.001 (<0.001)

JC T2-hyperintense WM LVa (mL) — — 0.285 0.001 (0.002) — — −0.301 <0.001 (0.001)

IT T2-hyperintense WM LVa (mL) — — 0.136 0.104 (0.176) — — −0.103 0.221 (0.342)

Deep WM T2-hyperintense WM LVa (mL) — — 0.057 0.496 (0.646) — — −0.040 0.637 (0.722)

Normalized brain volume (mL) −0.135 0.266 (0.377) −0.405 <0.001 (<0.001) 0.070 0.563 (0.660) 0.497 <0.001 (<0.001)

Normalized thalamic volume (mL) −0.150 0.216 (0.342) −0.246 0.003 (0.006) 0.288 0.016 (0.030) 0.461 <0.001 (<0.001)

Normalized cortical volume (mL) −0.076 0.532 (0.646) −0.327 <0.001 (<0.001) 0.078 0.523 (0.646) 0.346 <0.001 (<0.001)

Normalized WM volume (mL) −0.135 0.266 (0.377) −0.247 0.003 (0.006) 0.024 0.842 (0.867) 0.269 0.001 (0.003)

Normalized choroid plexus volume (mL) — — — — −0.001 0.997 (0.997) −0.305 <0.001 (0.001)

DTI-ALPS index −0.001 0.997 (0.997) −0.305 <0.001 (0.001) — — — —

Abbreviations: DTI-ALPS = diffusion tensor image analysis along the perivascular space; EDSS = Expanded Disability Status Scale; HC = healthy controls; IT =
infratentorial; JC = juxtacortical; LV = lesion volume; mL = milliliter; MS = multiple sclerosis; p-FDR = =false discovery rate p value; PV = periventricular; WM =
white matter.
DTI-ALPS is a dimensionless index.
a Analysis performed on log-scale.
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detrimental proinflammatory state in the CNS mediated by
CSF. Supporting this hypothesis, and in line with previous
studies,3-7 we found that CP enlargement in patients with MS
was significantly associated with greater focal demyelination,
particularly in periventricular and JC areas. In addition, CP
volume significantly correlated with global and regional brain
volume loss, suggesting link between chronic inflammation, CP
abnormalities, and neurodegeneration.

Notably, CP enlargement is not unique to MS,3-7 but it is
also observed in other neurodegenerative disorders, in-
cluding cerebral small vessel disease,23,24 and Alzheimer
disease.25,38 Although inflammatory processes may play
a role in these conditions, they are typically more limited,
suggesting that CP enlargement may also underlie other
pathologic processes beyond inflammatory aggregates that
are shared among different diseases. CP enlargement has
been associated with reduced CP permeability,38 and a lower
rate of CSF secretion,38 likely due to pathologic substrates
underlying such an impaired CSF production; these may
include CP fibrosis, with fibrous thickening of pericapillary
membranes, increased immune cells and fibroblasts, and
deposition of collagen, fibrinogen, and proteins like
β-amyloid in Alzheimer disease.39,40 These processes may
determine a decreased CSF turnover,39,40 prolonging the
persistence of proinflammatory and toxic factors in the CSF,
which could contribute to brain damage through glymphatic
system dysfunction.

Supporting this hypothesis, our findings suggested a signifi-
cant association between CP volume and DTI-ALPS index,
a proposed measure of glymphatic system function, rein-
forcing the notion that these pathologic processes are inter-
connected. Similarly to previous studies,20-22 we found that
patients with MS had a significantly lower DTI-ALPS index
compared with HC, suggesting a possible impaired glym-
phatic system function. Moreover, a lower DTI-ALPS index
was significantly associated with longer disease duration,
higher total, periventricular, and JC T2-hyperintense WM
lesion volumes, as well as lower brain, thalamic, cortical, and
WM volumes.

Consistently with previous studies on cerebral small vessel
disease24,41 andMS,22 we also found that larger CP volume was
significantly associated with a lower DTI-ALPS index.

Mediation analyses further indicated that the DTI-ALPS index
partially mediates the relationship between CP enlargement
and structural brain damage.22 This supports the hypothesis
that CP enlargement may contribute to focal WM lesions and
irreversible tissue loss, at least partially, through impaired
glymphatic clearance. A reduction in CSF secretion,38 com-
bined with immune cell accumulation, inflammatory factor
retention, and impaired CSF-interstitial fluid exchange, may
disrupt waste clearance, exacerbating neuroinflammation, and
brain damage.

Figure 3 Partial Correlation Analyses in Patients With MS

Age-adjusted and sex-adjusted partial correlations in patients with MS be-
tween (A) normalized choroid plexus volume and all T2-hyperintense WM
lesion volume, (B) normalized choroid plexus volume and NBV, (C) DTI-ALPS
index and all T2-hyperintense WM lesion volume, and (D) DTI-ALPS index
and NBV. See text for further details. DTI-ALPS = diffusion tensor image
analysis along the perivascular space; mL = milliliter; LV = lesion volume;
NBV = normalized brain volume; nCP = normalized choroid plexus; p-FDR =
false discovery rate p value; WM = white matter.
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As the glymphatic system is responsible for clearing up to 70%
of interstitial solutes and proteins,18 its dysfunction may lead
to inefficient removal of toxic and proinflammatory factors,
fostering a chronic, detrimental CNS environment. This
mechanism could explain why glymphatic system impairment
is observed not only in MS but also in aging,42 and various
neurologic disorders.24,41,43 This hypothesis is also consistent
with the evidence that a higher DTI-ALPS index was signifi-
cantly associated with higher thalamic volume in HC. A more
efficient glymphatic system may contribute to preserving
thalamic volume, by preventing neurodegeneration and

supporting cellular homeostasis. This may be particularly
relevant for the thalamus considering its high interconnection
with many brain regions and substantial energy demand.

However, the DTI-ALPS index only partially mediates the
association between CP enlargement and brain damage, in-
dicating that other CP-related pathologic processes in-
dependent of glymphatic dysfunction may also contribute to
MS-related structural CNS damage. These processes include
the CSF-in gradient of damage observed in patients with
MS,44 with focal demyelinating lesions and neuroaxonal loss

Figure 4 Partial Mediation Effect of DTI-ALPS Index Between Choroid Plexus Volume and T2-Hyperintense WM Lesion
Volumes in Patients With MS

The DTI-ALPS index partially mediated
the association between choroid plexus
volume and all, PV and JC WM lesion
volumes. Mediation analysis was ad-
justed for age and sex. Created in Bio-
Render. Preziosa, P. (2025)//BioRender.
com/w88vafq. *Bias corrected and ac-
celerated bootstrapped CI based on
5,000 samples. PROCESS (version 4.2)
for SPSS primarily uses bootstrap CI to
assess the significanceof indirect effects
insteadof relying on traditionalp values.
If the 95% CI does not contain zero, the
indirect effect is considered significant.
Accordingly, all the direct effect with the
95% CI does not contain zero should be
considered statistically significant (p <
0.05). DTI-ALPS = diffusion tensor image
analysis along the perivascular space;
IT = infratentorial; JC = juxtacortical; LV =
lesion volume; MS = multiple sclerosis;
p-FDR= falsediscovery ratep value; PV =
periventricular; std β = standardized β;
WM = white matter.
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being more severe in periventricular areas, deep GM nuclei,
and subpial cortical regions.44

Our study has several limitations, warranting cautious in
interpreting the results. The cross-sectional design prevents
analysis of longitudinal changes in CP volume, glymphatic
function, and brain damage. Future longitudinal studies are
needed to explore these dynamics over time. Although the
DTI-ALPS index provides a noninvasive assessment of
glymphatic function, it does not represent whole-brain
glymphatic activity because it only reflects diffusivity in se-
lected brain regions. Whole-brain glymphatic function is more

complex, with perivascular space diffusion representing just 1
step in the waste clearance process. Therefore, a multi-
parametric study combining contrast-based dynamic
approaches (i.e., MRI after intrathecal or IV gadolinium-based
contrast agent administration) with the DTI-ALPS index may
further elucidate the interplay among CP enlargement,
glymphatic system dysfunction, and brain damage. Direct
histopathologic validation of the DTI-ALPS index is currently
lacking, and diffusion abnormalities in normal-appearing WM
may reflect a combination of glymphatic dysfunction and
other MS-related pathophysiologic processes, including in-
flammation, demyelination, axonal damage, and astrogliosis,

Figure 5 Partial Mediation Effect of DTI-ALPS Index Between Choroid Plexus Volume and Brain Volumes in Patients
With MS

The DTI-ALPS index partially mediated
the association between choroid
plexus volume and normalized brain,
thalamic, cortical, and WM volumes.
Mediation analysis was adjusted for
age and sex. Created in BioRender.
Preziosa, P. (2025) BioRender.com/.
*Bias corrected and accelerated boot-
strapped CI based on 5,000 samples.
PROCESS (version 4.2) for SPSS pri-
marily uses bootstrap CI to assess the
significance of indirect effects instead
of relying on traditional p values. If the
95% CI does not contain zero, the in-
direct effect is considered significant.
Accordingly, all the direct effect with
the 95% CI does not contain zero
should be considered statistically sig-
nificant (p < 0.05). DTI-ALPS = diffusion
tensor image analysis along the peri-
vascular space; MS =multiple sclerosis;
p-FDR = false discovery rate p value; std
β = standardized β.
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limiting the specificity of the DTI-ALPS index as a marker of
glymphatic system function. However, a recent study has
provided indirect evidence of the interplay between the CP
and glymphatic dysfunction, as quantified by the DTI-ALPS
index.23 Using a 3D T1-weighted sequence acquired before
and 39 hours after intrathecal gadolinium administration, the
study found that patients with a larger CP volume exhibited
impaired glymphatic clearance.23 Moreover, in a separate
longitudinal cohort, the DTI-ALPS index was shown to par-
tially mediate the effect of CP enlargement on both WM
lesion severity and progression.23 Furthermore, glymphatic
function is strongly regulated by sleep, but sleep data were not
available in our cohort. To minimize confounding effects,
MRI scans were conducted between 1 PM and 8 PM, but future
studies should explore the role of sleep duration and quality in
MS-related glymphatic dysfunction. The presence of T2-
hyperintense WM lesions may have influenced ROI place-
ment for DTI-ALPS analysis. However, the regions evaluated,
including projection fibers (mainly the corticospinal tract)
and association fibers (mainly the superior longitudinal fas-
ciculus), are relatively large WM tracts spanning multiple
slices, allowing for reliable ROI placement. Despite potential
subjectivity, manual DTI-ALPS ROI placement remains the
gold standard, having been widely validated and applied in
previous studies.19,21,22,25 Although atlas-based methods offer
automation, they present limitations, including individual
variability in WM anatomy and challenges in accurately cap-
turing DTI-ALPS–specific regions, particularly in neurode-
generative and demyelinating disorders. A strength of our
study is the integration of SWI, which enhances venous vessel
visualization and improves ROI placement standardization. In
addition, the high intrarater and interrater agreement sup-
ports the validity and accuracy of the current manual ap-
proach. The lack of association between CP volume and IT or
deep WM T2-hyperintense lesion volumes may be partially
due to the exclusion of third and fourth ventricle CP from the
analysis. However, since CSF circulates throughout the CNS,
this is unlikely to fully explain the findings. Deep WM lesion
pathophysiology may differ from other regions. The relatively
lower LV in these areas compared with periventricular and JC
regions may have reduced the statistical power to detect sig-
nificant associations. Finally, histopathologic studies have al-
ready suggested the presence of inflammatory infiltrates
within the CP stroma, along with possible structural changes
such as fibrosis.9-11,15,39,40 These findings highlight the like-
lihood that specific genetic and immunologic factors may be
relevant in driving CP enlargement in MS. However, these
data were not available for our patients with MS. Future
studies integrating advanced immunoprofiling, genetic anal-
yses, and longitudinal follow-ups are warranted to unravel the
underlying mechanisms and to determine whether CP vol-
ume changes are primarily an epiphenomenon of systemic
CNS inflammation or a contributing factor to MS pathology
itself.

In conclusion, in MS, enlarged CP may contribute to brain
damage accumulation, partially through an impaired glymphatic

system clearance. If confirmed in future studies, these processes,
evaluable in vivo using MRI, could represent novel therapeutic
targets for developing therapies for mitigating the detrimental
effects of MS on brain damage and irreversible clinical disability.
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