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Abstract

Background White matter hyperintensity (WMH) is a key feature of cerebral small vessel disease (CSVD). The impact
of the choroid plexus (CP) volume on disease progression remains largely unexplored. This study evaluated the rela-
tionship between CP volume and CSVD severity via WMH volume and susceptibility values. Additionally, we explored
whether Alzheimer's disease (AD)-related plasma proteins influence the volume of the CP.

Methods and materials Our study included 291 CSVD individuals, with 84 participants completing subsequent
brain MRI at a mean follow-up of 20 months. To explore the potential CP-associated pathways, we assessed the rela-
tionships between AD-related plasma biomarkers and CP volume via multiple linear regression analysis. The longi-
tudinal associations between CP volume and WMH characteristics (WMH volume and susceptibility) were analyzed
via linear mixed-effects models. Finally, we employed random forest analysis with the Boruta algorithm to identify key
predictors of CSVD severity.

Results Plasma AB1-40 levels were positively correlated with CP volume (3=0.115, P=0.009), whereas AB42-40
ratio were negatively associated with CP volume (3=-0.135, P=0.03). Notably, increased CP volume was associated
with both greater WMH burden (3=0.191, P=0.011) and decreased WMH susceptibility (3=-0.192, P=0.012). Fur-
thermore, random forest modeling identified CP volume and WMH susceptibility as the strongest predictors of CSVD
severity.

Conclusions CP volume changes were significantly correlated with both WMH volume and WMH susceptibil-
ity in CSVD patients. These findings suggest that CP-mediated pathways may link amyloid metabolism to CSVD
progression.
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Introduction

Cerebral small vessel disease (CSVD) has emerged as
a significant health challenge among aging popula-
tions globally, contributing to cognitive impairment,
increased incidence of stroke, and disability [1, 2]. White
matter hyperintensities (WMHs), recognized as pivotal
imaging indicators of CSVD, are closely linked to unfa-
vorable clinical outcomes, such as cognitive dysfunction
and increased stroke risk [3, 4]. Recent investigations
underscore the critical role of cerebrospinal fluid (CSF)
homeostasis in preserving the structural and functional
integrity of white matter [5]. As the main source of CSF
production, the choroid plexus (CP) influences WMH
progression by regulating both CSF homeostasis and
neuroinflammatory responses [6].

Recent studies have shown a relationship between
changes in CP volume and neurodegenerative disor-
ders [6]. Investigations focusing on Alzheimer’s disease
(AD) have revealed that CP enlargement is correlated
with increased CSF inflammatory marker levels [7],
potentially reflecting alterations in CSF dynamics and
brain clearance mechanisms [8]. These CP-related
changes are hypothesized to exacerbate disease pro-
gression by disrupting CSF dynamics and hindering
the clearance of neurotoxic substances [8]. Although
extensive studies have established the involvement of
the CP in neuroinflammation and blood-brain barrier
function, its specific contributions to the pathogen-
esis of CSVD remain ambiguous. A pivotal question to
address is whether variations in CP volume reflect the
severity of CSVD by influencing the structural integrity
and microarchitecture of WMH.

While WMH volume has long been recognized as
a conventional marker for evaluating the severity of
CSVD, its ability to capture subtle alterations in white
matter microstructure through volume analysis alone
remains limited [9]. Advances in neuroimaging tech-
niques, particularly quantitative susceptibility mapping
(QSM), offer a transformative approach by enabling
precise characterization of tissue properties, such as
myelin integrity and iron distribution [10]. By integrat-
ing volume measurements with susceptibility-based
analysis, researchers can gain deeper insights into the
underlying mechanisms of white matter pathology. The
combined methodology holds significant potential for
identifying early indicators of disease progression, even
before detectable volume changes occur.

Emerging evidence highlights the pivotal role of
amyloid-beta (Ap) proteins, particularly Ap1-40, Ap1-
42, and their ratio (Ap42/40), as key regulators in the
pathophysiology of neurodegenerative disorders [11].
The relationship between amyloid-beta proteins and
cerebral small vessel disease remains complex and not
fully understood. Previous research investigating this
relationship has yielded inconsistent results. A compre-
hensive systematic review examining the associations
between amyloid-p and white matter hyperintensities
across 42 studies revealed substantial heterogeneity
in findings. While some studies reported positive cor-
relations between amyloid burden and WMH severity,
others found no significant associations, and a few even
suggested inverse relationships [12]. Similarly, inves-
tigations into interactions between brain amyloid-p,
CSVD markers, and cognitive function demonstrated
that while both pathologies independently affected
cognition, there was limited evidence for synergistic
effects between amyloid burden and CSVD markers
[13]. These inconsistencies might stem from methodo-
logical differences, sample heterogeneity, or an over-
reliance on conventional volumetric measurements
alone. We propose that incorporating advanced neuro-
imaging techniques, particularly QSM of white matter
hyperintensities, may provide deeper insights into tis-
sue microstructural changes that volumetric analysis
cannot capture. QSM offers valuable information about
tissue composition, including myelin integrity and iron
distribution, potentially revealing subtle relationships
between amyloid metabolism and CSVD pathology.
Dysfunction of the CP has been implicated in cerebro-
vascular health deterioration, potentially driven by the
abnormal accumulation of these proteins [7, 14]. While
the connection between Af proteins and CP alterations
has been extensively studied in AD, their contributions
to CSVD-related white matter damage via CP-mediated
pathways remain insufficiently understood [13]. Inves-
tigating the interplay among plasma AP levels, CP vol-
ume, and WMH characteristics (WMH volume and
susceptibility) may reveal shared pathological mecha-
nisms underlying AD and CSVD. While CSVD has tra-
ditionally been viewed as a purely vascular condition,
growing evidence suggests overlap between vascular
and neurodegenerative pathways. Recent studies have
shown that tau pathology may be influenced by vascu-
lar dysfunction, and elevated tau levels have been asso-
ciated with white matter damage in various contexts.
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Therefore, we included tau markers to explore potential
mechanistic links between vascular injury and neuro-
degeneration in CSVD.

In this study, we investigated the relationships between
CP volume, WMH characteristics (WMH volume and
susceptibility), and AD-related plasma proteins in CSVD
participants using advanced MRI techniques. By per-
forming both cross-sectional and longitudinal analyses
over a 20-month observation period, we evaluated the
associations between CP volume dynamics and WMH
progression. QSM was integrated with traditional volu-
metric assessments to provide a more comprehensive
characterization of white matter alterations. Additionally,
machine learning techniques were applied to pinpoint
critical predictors of CSVD severity across the param-
eters measured. By combining multimodal imaging
and plasma biomarker analyses, this study investigated
the pivotal role of the CP in CSVD pathophysiology,

Assessed for eligibility:

554 Patients with cerebral small vessel disease from the
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shedding light on its connections to neurodegeneration
and cerebrovascular pathological processes.

Methods

Study participants

This prospective study was approved by the Institutional
Review Board of Shandong Provincial Hospital Affiliated
with Shandong First Medical University. All participants
provided written informed consent before enrollment.
Among the 554 participants recruited from January 2021
to December 2023, 291 were included in the final analysis
(Fig. 1). The diagnosis of CSVD was based on established
neuroimaging criteria, including the presence of recent
small subcortical infarcts, lacunes of presumed vascular
origin, white matter hyperintensities, enlarged perivas-
cular spaces, cerebral microbleeds, cortical superficial
siderosis, brain atrophy, or cortical cerebral microinfarcts
[10] (Fig. 2a).

Jinan Cerebral Small Vessel Disease Cohort (Jinan CSVD Cohort)

Excluded (n=195)

o Both missing (n=4)

¥

359 Patients with complete plasma protein data and choroid plexus volume data

Excluded: (n= 60)

susceptibility value extraction

v

299 Subjects with complete imaging data and plasma protein data

Excluded:

v

BASELINE
291 Subjects in the CSVD Cohort

Excluded:

v

FOLLOW UP
84 Subjects in the CSVD Cohort

o Errors in choroid plexus volume segmentation (n=10)
o Lack of specific plasma proteins (e.g., AB1-40, AB1-42, Tau, p-Taul81) (n=181)

o 40 subjects with poor image quality
e 20 subjects with errors in white matter hyperintensity volume segmentation and

o 1 subject due to multiple sclerosis
o 7 subjects due to other major diseases

o 193 subjects not undergoing follow up
o 14 subjects lacking relevant imaging and plasma protein data

Fig. 1 Flowchart of participant selection. Abbreviations: CSVD =cerebral small vessel disease
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CSVD severity was evaluated using a comprehen-
sive scoring system that assesses the total burden of
small vessel disease [15, 16]. Specifically, one point was
assigned for each of the following: presence of >1 lacu-
nar infarct; early confluent deep WMH (Fazekas score
[17] 2 or 3) or irregular periventricular WMH extend-
ing into deep white matter (Fazekas score 3); moderate
to severe (grade 2—3) enlarged perivascular spaces in the
basal ganglia; and presence of >1 cerebral microbleed.
On the basis of these criteria, the participants were strat-
ified into three groups: CSVD(0) (n= 194, total score of
0), CSVD(1) (n= 50, total score of 1), and CSVD(2) (n=
47, total score of 2—-4).

The exclusion criteria included the following: (1) the
presence of organic brain lesions (e.g., stroke, tumors,
trauma); (2) a history of psychiatric or neurological dis-
orders affecting cognitive function; (3) a history of alco-
hol or substance abuse; (4) acute complications of type 2
diabetes; (5) severe organ dysfunction; (6) severe hyper-
tension; and (7) significant visual or auditory impairment
that could interfere with assessment. While participants
with dementia, Parkinson’s disease, or other major neuro-
logical disorders that could significantly impact cognitive
function were excluded, our study included cognitively
unimpaired individuals as well as those with milder cog-
nitive changes that can be associated with CSVD.

Imaging acquisition protocol

All participants underwent MRI examination on a 3.0-T
Siemens medical system (Erlangen, Germany) equipped
with a 32-channel head coil for signal reception. Three-
dimensional T1-weighted (3D T1 W) structural images
were obtained using the Magnetization Prepared Rapid
Gradient Echo (MPRAGE) sequence with the following
parameters: Repetition Time (TR) =7.3 ms; Echo Time
(TE) =2.4 ms; Inversion Time (TI) =900 ms; Flip Angle
=9°; Isotropic voxel size =1 mm?. For quantitative sus-
ceptibility measurements, a 3D multi-echo gradient echo
(mGRE) sequence was performed with TR =50 ms, first
TE =6.8 ms, TE interval =4.1 ms, number of echoes =10,
flip angle =15°, and voxel size =1 X1 X2 mm?®. Addition-
ally, T2-weighted fluid attenuated inversion recovery

(See figure on next page.)
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(FLAIR) and T2-weighted turbo spin echo sequences
were acquired to identify cerebral abnormalities.

Image postprocessing

The structural MRI data were preprocessed via fMRIPrep
20.1.1, which generated a nonlinear deformation field
mapping native space to the MNI2009c space [18].
WMH segmentation was performed using an optimized
algorithm based on Multidimensional Gated Recur-
rent Units, incorporating data augmentation, selective
sampling, residual learning, and DropConnect in the
RNN state [19]. The algorithm utilized T1 W and FLAIR
images to generate WMH masks in native T1 W space.
Manual correction of segmentation inaccuracies was
performed for each participant, followed by algorithm
parameter updates and rerun until accurate segmenta-
tion was visually confirmed. WMH volumes were subse-
quently extracted using fslstats (Fig. 2b).

Additionally, the CAT12 toolbox (Computational
Anatomy Toolbox 12, version 12.8_1977), implemented
in Statistical Parametric Mapping (SPM12, r7771), was
employed to generate GM/WM/CSF masks in native
space. These masks, combined with WMH segmentation,
facilitated the extraction of average susceptibility values
from both WMH and non-WMH white matter regions
(Fig. 3).

The choroid plexus was segmented from 3D-T1-
weighted images using a deep learning algorithm based
on 3D nnU-Net. The algorithm was developed and vali-
dated in a cohort of 630 CSVD patients, with CP regions
initially labeled by two experienced radiologists (with 7
and 20 years of experience). A senior radiologist with 25
years of expertise performed manual visual inspection
and necessary adjustments for quality control. The model
was trained on 420 randomly selected cases and tested
on the remaining 210 cases (Dice score =0.8; P< 0.001).
After application to the current study cohort, all auto-
mated segmentation results were evaluated and approved
by an additional senior radiologist who was blinded to
the clinical information.

QSM images were normalized using CSF as a refer-
ence, which was achieved by dividing voxel values by the
average susceptibility in the lateral ventricle region. CP

Fig. 2 Overview of methodology a CSVD severity was evaluated via four established neuroimaging markers on 3T MRI: white matter
hyperintensities, lacunes, enlarged perivascular spaces, and cerebral microbleeds. b Our research focused on two main aspects: plasma
biomarkers and brain imaging characteristics. For plasma biomarkers, we measured AR40, AB42, and AB42/40. The results of the brain imaging
analysis included WMH volume, WMH susceptibility, and choroid plexus volume. ¢ Statistical analysis was conducted in multiple steps. First, linear
regression models were used to analyze the relationships between plasma biomarkers and CP volume. Second, regression analysis was used

to examine associations between CP volume and white matter characteristics (WMH volume and susceptibility). Finally, linear mixed-effects
models were employed to assess the longitudinal relationships between CP volume and WMH measurements. Abbreviations: CSVD = cerebral
small vessel disease; CP =choroid plexus; WMH =white matter hyperintensity



Liang et al. Alzheimer’s Research & Therapy (2025) 17:90 Page 5 of 12
A0
'.\‘ ‘ r 4
D 4

White matter hyperintensities Lacunes Enlarged perivascular spaces Cerebral microbleeds

Research Focus
|
i , }

Plasma Biomarkers y Brain Image

/1\ /

\

L v e

)

WMH Volume  WMH susceptibility Choroid plexus volume

AB40  Ap42 AB42/40

\

N 4

Linar regression models Linear mixed-effects models
Step 1 Step 2 Step 3
Regression analysis of plasma biomarkers and Regression analysis of CP volume and white Mixed-Effects model analysis of CP volume, WMH
choroid plexus (CP) volume matter hyperintensity (WMH) volume and volume and susceptibility
susceptibility
A
J
Ap40 —_— WMH Volume
|

—_— WMH Volume
.; .} .)
CP volume
—> 5
J

AB42/40 WMH susceptibility WMH susceptibility
Fig. 2 (Seelegend on previous page.)




Liang et al. Alzheimer’s Research & Therapy (2025) 17:90

Volumetry

WMH segmentation

FLAIR WMH segmentation

Page 6 of 12

Susceptibility Mapping

-;J' 1‘.

» 0

Susceptibility of WMH

Susceptibility of WMH

Fig. 3 MRI processing steps. To obtain the WMH mask, we applied the algorithm developed by Andermatt et al., which employs Multidimensional
Gated Recurrent Units with optimizations including data augmentation, selective sampling, residual learning, and DropConnect in the RNN state.
This algorithm utilized T1 and FLAIR images to generate the WMH mask in the native T1 space. Additionally, the CAT 12 toolbox (Computational
Anatomy Toolbox 12, version 12.8_1977), implemented in Statistical Parametric Mapping (SPM12, r7771, Wellcome Trust Centre for Neuroimaging,
University College London), was used to generate GM/WM/CSF masks in native space for each participant. The derived WMH and WM masks
facilitated the extraction of the average susceptibility value within WMH and nonWMH WM voxels. Abbreviations: WMH =white matter

hyperintensity

susceptibility values were obtained by overlaying the CP
mask onto the normalized QSM image, following coreg-
istration of CP segmentation from the T1-weighted space
to the QSM space.

Laboratory measurements

Plasma samples were obtained through venipuncture
via standardized collection protocols. Five milliliters of
venous blood were collected in EDTA tubes, followed
by centrifugation at 3000 rpm for 15 min. The separated
plasma was initially aliquoted and stored at — 20 °C, with
long-term preservation at — 70 °C.

Plasma levels of AP1-42 and AP1-40 were measured
using enzyme-linked immunosorbent assay (ELISA) kits
specific for human proteins (Thermo Fisher/Invitrogen,
United States). To ensure measurement consistency,
all samples were processed using a single reagent batch
according to manufacturer protocols.

In addition to AP1-42 and AP1-40, plasma levels
of total tau and phosphorylated tau at threonine 181
(p-taul8l) were also measured using the same ELISA
platform (Thermo Fisher/Invitrogen, United States) fol-
lowing identical protocols. All tau measurements were

performed in the same batch as the amyloid markers to
ensure consistency across all biomarker analyses.

Statistical analysis

For plasma biomarker analyses, data normality was
assessed via the Kolmogorov-Smirnov test. Plasma bio-
markers (AB1-40, Ap1-42, and AP42/40) were log-trans-
formed and standardized to Z scores to meet normality
assumptions. Associations between plasma markers and
CP/ICV(intracranial volume) were examined using mul-
tiple linear regression models. The models were adjusted
for the following demographic factors: age, sex, and edu-
cational level. False discovery rate (FDR) correction was
applied for multiple comparisons.

Multiple linear regression models were employed to
examine associations between CP volume and WMH
characteristics (WMH volume and susceptibility)
(Fig. 2¢). CP volume served as the independent variable,
whereas WMH volume and WMH susceptibility values
were analyzed as separate dependent variables. The mod-
els were adjusted for age, sex, educational level, and bilat-
eral ventricular volume.
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Linear mixed-effects models were utilized to investi-
gate the relationships between CP volume and WMH
measurements. These models incorporated CP volume
as the independent variable, with either WMH volume
or WMH susceptibility values as the dependent vari-
able. Fixed effects included age, sex, bilateral ventricular
volume, and follow-up time. Random intercepts were
included to account for subject-specific variations.

To evaluate the relative importance of multiple predic-
tors in explaining CSVD severity, we employed random
forest models with the Boruta algorithm for feature selec-
tion. The algorithm conducted 2,000 iterations, compar-
ing the importance of original features against randomly
generated shadow attributes and using multiple com-
parison-adjusted binomial tests to ensure statistical sig-
nificance. Random forest models were constructed with
10,000 trees to ensure robust feature selection.

To explore direct relationships between plasma amy-
loid markers and WMH characteristics, we conducted
additional regression analyses examining associations
between plasma AP markers (AP1-40, AP1-42, and
AP42/40) and both WMH volume and WMH suscepti-
bility. These models were adjusted for age, gender, educa-
tional level, diabetes, and hypertension.
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A two-sided P value <0.05 was considered statisti-
cally significant. Statistical analyses were performed via
IBM SPSS Statistics (version 26.0, IBM Corp., Armonk,
NY, USA) and R software (version 4.3.2, R Foundation
for Statistical Computing, Vienna, Austria).

Results

Baseline characteristics of study population

A total of 291 participants with varying degrees of
CSVD severity were enrolled in this study. The par-
ticipants were categorized into three groups according
to severity: CSVD(0) (n= 194), CSVD(1) (n= 50), and
CSVD(2) (n= 47). Table 1 summarizes the baseline
demographic characteristics, medical history, plasma
biomarkers, and neuroimaging parameters across
groups. Neuroimaging analysis revealed that both the
CP volume and the CP/ICV ratio were significantly
greater in the CSVD(2) group than in the CSVD(0)
and CSVD(1) groups (all P< 0.001). Furthermore, sig-
nificant differences in WMH volume and WMH sus-
ceptibility were observed among the three groups (all
P<0.001).

Table 1 Demographic and MRI characteristics of analyzed study sample

Variables CSVD(0) (n=194) CSVD(1) (n=50) CSVD(2) (n=47) F/x*/K P-value
Demographics

Age (years, mean +SD) 5743 £853 62.22+7.17 64.02 +833 16.177 < 0.001

Sex [female, n (%)] 116 (59.79) 26 (52.00) 20 (42.55) 4.89 0.087

Education (median, IQR) 16.00 (12.00, 18.00) 12.00 (9.00, 15.00) 12.00 (9.00, 15.00) 3895 < 0.001
Medical history

Hypertension [yes, n (%)] 45 (23.20) 23 (46.00) 32 (68.09) 3894 <0001

Diabetes [yes, n (%)] 50 (25.77) 20 (40.00) 25 (53.19) 1629 < 0.001

Hyperlipidemia [yes, n (%)] 65 (33.51) 22 (44.00) 23 (48.94) 4.16 0.125

Smoking [yes, n (%)] 30 (15.46) 13 (26.00) 10 (21.28) 332 0.191

Drinking [yes, n (%)] 48 (24.74) 15 (30.00) 17 (36.17) 267 0.263
Plasma biomarkers

AB42 [pg/L, median (IQR)] 5.13(4.96,5.31) 5.13(4.99, 5.30) 5.15 (4.87,5.25) 137 0.504

AB40 [pg/L, median (IQR)] 5.55(5.30,5.72) 5.56(5.24,5.70) 563(5.19,5.77) 0.87 0.647

AB42/40 [median (IQR)] 0.51(0.44,0.63) 0.54 (0.39,0.69) 049 (0.43,0.57) 1.51 0471
Neuroimaging measures

CP Volume [mm?3, median (IQR)] 1131.94 (849.55, 1406.42) 1335.63(1173.67, 1576.69) 1494.23 (1291.34, 1730.74) 33.14  <0.001

CP/ICV [x 1073 median (IQR)] 0.77 (0.57,0.96) 0.94(0.76,1.13) 0.98(0.82,1.20) 3138 < 0.001

Mean QSM WMH [ppb X1 (o —19.18 (= 2549,—-12.10) — 1498 (- 20.13,-9.59) —10.81 (- 1546, —4.48) 3205 <0.001
median (IQR)]

Left Ventricle Volume [mm?, median  7740.10 (5619.20, 11,156.65) 11,058.40 (8351.80, 13,800.70) 14,351.35 (9548.77, 19,204.30) 45 <0.001
(IQR)]

Right Ventricle Volume 7069.20 (4781.85,9635.60)  9833.50 (7181.50,12,300.00)  13,596.40 (861048, 16,628.25) 4541 < 0.001
[mm? median (IQR)]

WMH Volume [mm?, median (IQR)] 283.97 (124.19, 687.00) 92549 (56043, 2252.81) 4325.27 (2584.64, 9036.96) 116.81 <0.001

Abbreviations CSVD Cerebral small vessel disease, CP/ICV Choroid plexus volume normalized to intracranial volume, WMH White matter hyperintensity
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Impact of AD-related plasma proteins on CP volume

To examine the relationship between amyloid-beta
plasma biomarkers and CP volume, we analyzed three
key measurements: AP1-40, AP1-42, and AP42/40.
After FDR correction for multiple comparisons, linear
regression analysis revealed a significant positive cor-
relation between AB1-40 levels and CP/ICV (f =0.115,
P= 0.009). The AP42/40 ratio was significantly nega-
tively associated with the CP/ICV ( =— 0.135, P= 0.03)
(Fig. 4). In contrast, no significant associations were
detected between AB1-42 and CP/ICV (B 0.011, P=
0.836).

Direct associations between plasma amyloid markers

and WMH characteristics

To explore potential relationships between amyloid
markers and white matter changes, we analyzed the
direct associations between plasma amyloid markers and
WMH characteristics (Table S 1). After adjusting for age,
gender, educational level, diabetes, and hypertension, we
found that the Ap42/40 ratio was positively associated
with WMH susceptibility (f =0.13, P= 0.040). No signifi-
cant associations were observed between other plasma
amyloid markers (Af1-40, AP1-42) and WMH suscep-
tibility. Additionally, none of the examined plasma amy-
loid markers showed significant associations with WMH
volume.

Cross-sectional and longitudinal relationships between CP
volume and WMH characteristics (WMH volume

and susceptibility)

After adjusting for potential confounders, our cross-sec-
tional analysis revealed significant associations between
CP volume and both WMH volume and susceptibility val-
ues. Specifically, regression analysis revealed that greater
CP volume was significantly associated with greater

APB1-40 vs. CP Volume (ratio of ICV x1000)

AB42/40 vs. CP Volume (ratio of ICV x1000)
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WMH volume ( =0.191, P= 0.011) and reduced WMH
susceptibility values (p =— 0.192, P= 0.012) (Fig. 5).

Longitudinal analysis using linear mixed-effects mod-
els revealed a significant negative correlation between
CP volume and WMH susceptibility value changes
over time (f 0.274, P= 0.0296). However, no sig-
nificant relationship was found between CP volume and
WMH volume changes (p =0.025, P= 0.936) (Fig. 6).
The pattern of cross-sectional and longitudinal find-
ings suggests that susceptibility values may offer greater
sensitivity in detecting disease progression than volu-
metric measurements do.

Random forest analysis

Random forest modeling revealed that the CP/ICV and
WMH susceptibility values were significant predictors
of CSVD severity (OOB-AUC =0.698) (Fig. 7). These
were the only two features confirmed by the Boruta algo-
rithm as important predictors. Other variables, including
AP1-42, AB1-40, AB42/40, total tau, p-taul8l, and the
CP susceptibility value, were not retained as significant
predictors in the model.

Discussion

This comprehensive study explored the intricate rela-
tionships between plasma amyloid markers, CP vol-
ume, and WMH characteristics (WMH volume and
susceptibility) in CSVD participants using multimodal
imaging and plasma biomarker analysis. Through
cross-sectional and longitudinal analyses over a
20-month period, we assessed associations between CP
volume, WMH characteristics, and plasma biomark-
ers to explore potential relationships that may suggest
underlying pathways involved in CSVD progression.
Our analyses revealed that plasma AP1-40 levels were
positively correlated with CP volume (p =0.115, P=

APB1-42 vs. CP Volume (ratio of ICV x1000)

A
B=0.115P =0.009

B

p=-0.135P=0.03 .

N in 9
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. C .
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CP volume (ratio of ICV x1000)
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AP42/40 Cq dized AB1-42 C

Fig. 4 Associations between plasma biomarkers and CP volume. This figure presents linear regression results for the associations between plasma
biomarkers (AB1-40, AB42/40, and AB1-42) and CP volume. A shows the association with AR1-40, B with AB42/40, and C with AB1-42. Each
plot includes the regression line and 95% confidence intervals. Regression coefficients and p values adjusted for age, sex, and education level are

provided for each analysis. Abbreviations: CP =choroid plexus
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CP volume vs WMH volume (both normalized to ICV)

A
B=0.178 P=0.01

'WMH volume (ratio of ICV x1000)

e
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Association between CP Volume and WMH Susceptibility

B
$=-0.192P=0.012

V\[MH Susceptibility Value

05 10 15

CP volume (ratio of ICV x1000)

Fig. 5 Associations between CP volume, WMH volume, and WMH susceptibility. This figure shows the linear regression analyses investigating

the relationships between CP volume and (A) baseline WMH volume and (B) WMH susceptibility. A Scatterplot showing the positive association
between CP volume and baseline WMH volume. The regression model adjusts for age, sex, years of education, and lateral ventricle volume. B
Scatterplot illustrating the correlation between CP volume and WMH susceptibility adjusted for the same covariates. For both panels, the blue
regression lines represent the estimated relationships, with the shaded regions indicating the 95% confidence intervals. Abbreviations: CP =choroid

plexus; WMH =white matter hyperintensity

0.009), whereas AP42-40 levels were inversely related
(B =— 0.135, P= 0.03), suggesting a specific pattern of
amyloid-CP interactions. Increased CP volume was
significantly associated with both WMH volume and
WMH susceptibility values, as evidenced by increased
WMH volume (B =0.191, P=0.011) and reduced WMH
susceptibility (p =— 0.192, P= 0.012). Notably, longitu-
dinal analysis revealed that CP volume primarily influ-
enced WMH susceptibility (B =— 0.274, P= 0.0296)
rather than volume changes over time (f =0.025, P=
0.936), indicating that microstructural WMH altera-
tions may precede volumetric changes. These find-
ings suggest associations between CP volume, amyloid
markers, and CSVD characteristics, which warrant fur-
ther investigation into potential shared pathways. The
inconsistent relationships between plasma amyloid

._-.-l-ﬂ.._._-_
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WMH Volume (ratio of ICV x1000)
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markers and CSVD severity noted in previous studies
highlight the complexity of these interactions [12, 13].
Our data suggests that WMH susceptibility measure-
ments may potentially serve as a sensitive marker for
early CSVD monitoring.

Our finding of a nominally significant association
between the AB42/40 ratio and WMH susceptibility, but
not WMH volume, supports the notion that susceptibility
measures may capture microstructural tissue alterations
related to amyloid metabolism that precede volumetric
changes. This observation aligns with our broader finding
that CP volume changes were more consistently associ-
ated with WMH susceptibility than with WMH volume
over time, reinforcing the potential utility of susceptibil-
ity mapping as a more sensitive marker for early white
matter alterations in CSVD.

bl . .

B
B=-0.274 P =0.0296

=

\

-40

WMH Susceptibility Value
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CP Volume Ratio (x1000)

Fig. 6 Mixed-effects model analysis of the relationships between CP volume, WMH volume, and WMH susceptibility. This figure illustrates
the longitudinal mixed-effects model results examining the associations between CP volume and (A) WMH volume and (B) WMH susceptibility.

A Scatterplot depicting the relationship between CP volume and WMH volume. The mixed-effects model adjusts for age, sex, years of education,
lateral ventricle volume, and follow-up duration as covariates. B Scatterplot showing the associations between CP volume and WMH susceptibility
values adjusted for the same covariates. For both panels, the blue regression lines represent the fitted mixed-effects model predictions, with shaded
regions indicating the 95% confidence intervals. Abbreviations: CP =choroid plexus; WMH =white matter hyperintensity
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Fig. 7 Random forest informative predictors of CSVD. This figure displays the feature importance rankings derived from the Boruta algorithm,
which are used to evaluate the contributions of various features in the prediction of CSVD severity. Features are categorized into three types,
namely, confirmed (green), rejected (red), and shadow (blue), on the basis of their importance relative to shadow features. The boxplots represent
the distribution of importance scores for each feature, with the y-axis indicating the feature importance and the x-axis listing the features. Boruta
compares the importance of the original variables with the highest feature importance of the shadow features obtained via feature permuted
copies. Poorly performing variables are progressively discarded. Compared with shadow features, confirmed features, such as CP/ICY and WMH
susceptibility, demonstrate significantly greater importance. Rejected features have important scores that are comparable to or lower than those
of shadow features. Shadow features serve as a baseline to assess the relevance of actual features. Abbreviations: CSVD = cerebral small vessel
disease; CP/ICV =choroid plexus volume normalized to the intracranial volume; WMH =white matter hyperintensity

The relationship between amyloid markers and WMH
susceptibility may be mediated through iron metabo-
lism dysregulation and oxidative stress. Amyloid-beta is
known to induce oxidative damage, potentially affecting
iron-rich oligodendrocytes and triggering ferroptotic
processes in microglia [20]. These cellular changes may
alter tissue iron content and myelin integrity, which are
sensitively detected by QSM. Recent research has spe-
cifically highlighted how amyloid deposition in cerebral
vessels can disrupt vascular function, leading to hypop-
erfusion and subsequent white matter damage character-
istic of CSVD [21]. The choroid plexus, serving as both a
source of CSF production and an immune interface, may
respond to these pathological processes by altering its
volume to maintain brain homeostasis.

Our study revealed that plasma AB1-40 levels were sig-
nificantly positively correlated with CP volume, whereas
AB42-40 levels were negatively correlated with CP vol-
ume. The differential correlation pattern between CP
volume and AP40 (positive) versus AP42 (no significant
correlation) likely reflects fundamental differences in their
clearance mechanisms. CP expresses transporters such as
LRP1 and LRP2 that preferentially clear AB40 over AB42,
as AP40 is more soluble and present in higher concentra-
tions in CSF [22, 23]. The positive correlation between
CP volume and AP40 may represent an adaptive response

enhancing clearance capacity, while the negative correla-
tion with AP42/40 ratio further supports this interpreta-
tion. These findings are particularly relevant to CSVD
pathology, as AP40 is the predominant component of
vascular amyloid, while AB42 primarily deposits in brain
parenchyma [24]. Elevated plasma AB40 levels have been
associated with more severe WMH burden and lacunar
infarcts [21]. Therefore, increased CP volume may ini-
tially represent a protective adaptation to enhance vascular
amyloid clearance, but this compensatory mechanism may
eventually become overwhelmed, leading to altered CSF
dynamics and exacerbation of CSVD pathology [25].
Cross-sectional analysis revealed that increased CP
volume was significantly associated with increased
WMH volume and decreased susceptibility values. Stud-
ies have shown that changes in CP volume are key factors
in the progression of CSVD [26]. Increased CP may cause
metabolic abnormalities and an inflammatory response,
promoting white matter damage. White matter contains
abundant myelin produced by iron-rich oligodendro-
cytes, and decreased WMH susceptibility typically sug-
gests reduced iron content or myelin loss [27]. Previous
studies in diseases such as multiple sclerosis have shown
that myelin loss and oligodendrocyte death are linked to
changes in iron levels, as oligodendrocytes contain high
levels of iron-storing proteins [28]. Therefore, reduced
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WMH susceptibility values might indicate iron loss or
redistribution, which is consistent with myelin damage
and nerve fiber injury [29]. Notably, while CP volume had
no significant effect on WMH volume over time, its rela-
tionship with WMH susceptibility remained significant
during follow-up, suggesting that WMH susceptibility
might better reflect CSVD progression.

Our random forest model identified CP volume and
WMH susceptibility values as the most important indica-
tors for determining CSVD severity, further supporting the
crucial role of CP in CSVD progression. WMH susceptibil-
ity values reveal additional subtle white matter changes that
go beyond traditional volume assessments. The predictive
value of CP volume indicates its important role in brain
health, which may directly shape CSVD development.
These findings support the potential use of CP volume as
an early marker for monitoring disease progression.

Our analysis revealed that plasma AB1-40 was signifi-
cantly correlated with CP volume, whereas Ap42-40 was
negatively associated with CP volume [30]. However,
our random forest model did not identify either of these
plasma biomarkers as significant variables for discrimi-
nating CSVD severity. Additionally, mediation analysis
revealed no direct relationship between AP levels and
CSVD severity. These results indicate that plasma amyloid
markers correlate with CP volume but were not identi-
fied as direct predictors of CSVD severity in our analysis.
This suggests any influence of amyloid markers on CSVD
manifestations may occur through indirect mechanisms,
possibly involving CP structural alterations. This finding
aligns with the inconsistent relationships between amy-
loid markers and CSVD reported in previous studies [12,
13], highlighting the complex interplay between amyloid
metabolism, CP function, and cerebrovascular pathology.
Our findings suggest that the CP mediates the interaction
between systemic amyloid markers and cerebrovascular
alterations in patients with CSVD. This observation aligns
with established evidence showing that the CP regulates
molecular exchange between the blood and the CNS
[31]. The CP not only responds to systemic signals but
also modulates the brain environment by regulating A
clearance, CSF composition, and flow patterns [7]. Under-
standing this mediating role of CP could be particularly
important for developing therapeutic strategies that target
CP-mediated pathways in CSVD progression.

This study has several limitations. First, our rela-
tively limited longitudinal data and short follow-up
period restrict our understanding of long-term CSVD
progression. Second, we lacked a dedicated healthy
control group, using the CSVD(0) group as an inter-
nal reference instead. While we controlled for age in
our analyses, future studies should incorporate well-
matched healthy controls to better determine whether
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CP volume changes are specifically related to CSVD
pathology or represent normal aging variations. Third,
our imaging protocol was not optimized to distinguish
between CSVD subtypes (arteriolosclerotic CSVD vs.
cerebral amyloid angiopathy). Future studies should
incorporate advanced techniques like SWI for precise
microbleed localization, along with amyloid PET or CSF
biomarkers, to explore subtype-specific CP alterations.
Finally, while we found a nominally significant associa-
tion between the AB42/40 ratio and WMH susceptibil-
ity (p =0.040), this result did not survive correction for
multiple comparisons and should be interpreted cau-
tiously. Nevertheless, it provides preliminary evidence
that susceptibility measurements may detect subtle
amyloid-related tissue changes not captured by conven-
tional volumetric analyses. Future research should vali-
date these relationships in larger multicenter cohorts
with extended follow-up periods. As high-resolution
MRI techniques advance, combining CP structural and
functional analyses may reveal more comprehensive
associations between CSF circulation and cerebrovascu-
lar health, potentially providing promising biomarkers
for CSVD diagnosis and intervention.

Conclusions

CP volume changes significantly correlated with both
WMH volume and WMH susceptibility in CSVD
patients, with WMH susceptibility serving as a more sen-
sitive early marker of CP-related white matter changes.
The strong associations between plasma amyloid mark-
ers and CP volume, along with the identification of CP
volume as a key predictor of CSVD severity, suggest that
CP-mediated pathways may represent an important link
between amyloid metabolism and CSVD progression.
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