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Abstract

INTRODUCTION: Free-water imaging of the choroid plexus (CP) may improve the
evaluation of Alzheimer’s disease (AD).

METHODS: Our study investigated the role of free-water fraction (FWf) of CP in AD
among 216 participants (133 AB+ participants and 83 AB- controls) enrolled in the
NeuroBank-Dementia cohort at Ruijin Hospital (RINB-D). The Alzheimer’s Disease
Neuroimaging Initiative dataset was used for external validation.

RESULTS: At baseline, AB+ participants showed higher CP FWf, increased white mat-
ter hyperintensity (WMH) volume, and decreased diffusion tensor image analysis along
the perivascular space (DTI-ALPS). In A3+ participants, DTI-ALPS mediated the asso-
ciation between CP FWf and periventricular WMH. CP FWf was associated with
cortical tau accumulation, synaptic loss, hippocampal and cortical atrophy, and cogni-
tive performance. During follow-up, CP FWf increased faster in A3+ participants than
controls.

DISCUSSION: Elevated CP FWf indicated impaired glymphatic function and AD neu-
rodegeneration, and can be a sensitive biomarker for AD progression. The study was
registered on ClinicalTrials.gov (NCT05623124).

KEYWORDS
Alzheimer’s disease, choroid plexus, diffusion tensor image analysis along the perivascular space,
free-water mapping, white matter hyperintensity
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1 | BACKGROUND

Alzheimer’s disease (AD) is a neurodegenerative disorder marked by
cognitive decline, amyloid beta (AB) plaques, hyperphosphorylated tau,
and cortical atrophy.: Moreover, dysfunction in the cerebrospinal fluid
(CSF) glymphatic clearance and white matter hyperintensities (WMHs)
have also been identified as contributing factors.?

The choroid plexus (CP) produces CSF and regulates its dynamics.
Comprising a single-layer epithelium, fenestrated capillaries, connec-
tive tissue, and immune cells, the CP forms the blood-CSF barrier and
aids immune surveillance.® However, the mechanisms behind the CP in
neurodegeneration and AD are unclear. Despite this, there is a scarcity
of research focusing on components of the CP. Given its role in pro-
ducing CSF and its location within the ventricles, fluid is one of the
predominant components within the CP structure.

Free water refers to unconstrained water molecules in fluid. Diffu-
sion magnetic resonance imaging (MRI) techniques can measure free
water in brain tissue.* A previous study showed increased free-water
fraction (FWf) in cortical and subcortical regions as neurodegenera-
tion progresses.® Given the CP’s role in CSF regulation, CP FWf may
be crucial for brain fluid circulation.

Furthermore, in the brain glymphatic system, CSF enters the brain
parenchyma through the perivascular spaces surrounding arteries to
clear interstitial fluid waste products.® Prior studies using diffusion
tensor image analysis along the perivascular space (DTI-ALPS) index
have shown an association between glymphatic dysfunction and the
severity of WMHs.” Meanwhile, a previous study revealed an asso-
ciation between WMH and WMH-linked cortical AD biomarkers.®
However, the relationship between CP FWf and glymphatic clearance
or WMHs remains unclear.

We hypothesized that CP FWf in AD correlates with glymphatic
function and neurodegeneration across the disease continuum. We
undertook this study to: (1) investigate CP FWf changes in AD; (2)
examine the relationships among CP FWf and glymphatic function,
WMH, as well as AD pathological biomarkers; (3) explore potential
mediation factors between CP FWf and cognition; and (4) validate

 This cohort study found higher free-water fraction (FWf) of the choroid plexus (CP)
in amyloid beta (AB)+ participants.
* CP FWf was related to glymphatic function, brain atrophy, tau burden, synaptic loss,

* AB+ participants showed faster growth of CP FWf than AB- controls during follow-

* The growth rate of CP FWf exceeded that of white matter lesion and tau accumula-
tion in AB+ participants.
* CP FWf can serve as a sensitive imaging marker of glymphatic function and

Alzheimer’s disease progression.

the impact of CP FWf in AD using longitudinal data over a 12-month

follow-up period.

2 | METHODS

2.1 | Participants and study design

This retrospective study used consecutive collected data from the Rui-
jin NeuroBank of Alzheimer’s Disease and Dementia (RJNB-D) cohort
between November 2021 and March 2024. The cohort is a prospective
cohort for all-cause dementia from memory clinics and cognitively nor-
mal volunteers from the community, with detailed information in our
previous study.?

The cross-sectional analysis included 216 participants: 133 A+
individuals and 83 AB- controls. The A+ group was further diag-
nosed as AD or mild cognitive impairment (MCI) according to 2016
National Institute on Aging-Alzheimer’s Association criteria.’® For
longitudinal analysis, 76 of 216 baseline participants completed 12-
month follow-up assessments, including repeated neuropsychological
tests, multimodal MRI, and positron emission tomography (PET) scans.
All follow-up assessments were conducted within 2 weeks of the
12-month interview.

For external validation, the Alzheimer’s Disease Neuroimaging Ini-
tiative (ADNI) dataset was used. Participants continuously enrolled
in ADNI 3 between June 2017 and June 2022 were included in the
study. Apart from the ADNI enrollment criteria, the following addi-
tional exclusion criteria were applied: (1) without multi-shell diffusion
MRI scans necessary for FWf calculation; (2) lack of 18F-florbetapir
(FBP) PET scans required to determine Ag status.

2.2 | Data collection

In RJNB-D, the participants underwent multimodal MRI, PET scans,

neuropsychological tests, and blood sample collection (Figure S1A in
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1. Systematic review: The authors conducted a litera-
ture review using traditional sources, such as PubMed.
Although free-water imaging of the choroid plexus (CP)
has not been extensively studied, there is a growing
research interest in the function of the CP. Several recent
publications have explored the associations between
the volumes of the CP, glymphatic function, cognition,
and Alzheimer’s disease (AD) pathology. These pertinent
studies are appropriately cited in the article.

2. Interpretation: Our findings demonstrated that the free-
water fraction (FWf) of the CP increased in individuals
with AD pathology. Elevated CP FWf was associated with
glymphatic dysfunction, brain atrophy, tau accumulation,
synaptic loss, and cognitive decline. Additionally, a more
rapid increase in CP FWf was observed in those with AD
pathology.

3. Future directions: Prospective, longitudinal clinical and
preclinical studies examining the features and functions
of CP are needed to confirm the relationships among CP,
glymphatic dysfunction, and neurodegeneration in AD.

supporting information). Multimodal MRI included 3D high-resolution
T1, fluid-attenuated inversion recovery (FLAIR), multi-shell diffusion
MRI (dMRI), and pseudo-continuous arterial spin labelled (pCASL) per-
fusion MRI (Figure S1B, Methods S1 in supporting information). PET
scans included FBP for Ag, 18F-MK-6240 for tau, and 18F-SynVesT-1
for synaptic density (Methods S2 in supporting information). Neu-
ropsychological assessments included Mini-Mental State Examination
(MMSE, Chinese Version),!* 20 minute Auditory Verbal Learning Test
(AVLT),'2 Clock-Drawing Test (CDT),'® Boston Naming Test (BNT),
Shape-Trail Test (STT-A and STT-B),* and animal fluency test (AFT).24
Venous blood samples were used for apolipoprotein E (APOE) geno-
typing and glial fibrillary acidic protein (GFAP), neurofilament light
chain (NfL), neurogranin (NRGN), and tumor necrosis factor-a (TNF-q;

Methods S3 in supporting information).

2.3 | MRI acquisition and analysis

MRI data were acquired using a 3.0-T scanner with a 64-channel head
coil (UMR 890, United Imaging Healthcare). Detailed parameters of T1-
weighted, 3D FLAIR, diffusion, and pCASL sequences are presented in
Methods S1.

Volumetric analysis was performed using FreeSurfer 7.1.1 (https:/
surfer.nmr.mgh.harvard.edu). WMHs were defined and segmented
using Brain Intensity AbNormality Classification Algorithm (BIANCA,
version 6.0, FMRIB Software Library), and further categorized into
periventricular WMH (pWMH) and deep WMH (dWMH) by 10-mm
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distance threshold from the ventricles.® Diffusion MRI data underwent
pre-processing and tensor fitting to generate fractional anisotropy (FA)
and mean diffusivity (MD), and to calculate DTI-ALPS index using FSL
(version 6.0.3, http://www.fmrib.ox.ac.uk/fsl). Free-water imaging of
CP was assessed using the neurite orientation dispersion and density
imaging (NODDI) model. The CP FWf was calculated as the average of
the left and right CP region of interest registered with T1-weighted
image. Cerebral blood flow (CBF) in the CP was estimated using the
FSL BASIL toolbox. Detailed information of MRI analysis is presented
in Methods S1.

2.4 | PET MRI acquisition and analysis

The PET scans were performed using a 3T whole-body PET/MR scan-
ner (UPMR 790, United Imaging). Participants received intravenous
FBP for AB, 18F-MK-6240 for tau, and 18F-SynVesT-1 for synaptic
vesicle glycoprotein 2A (SV2A) to assess synaptic loss as previously
described.1?

An automated pipeline derived cortical standardized uptake value
ratios (SUVRs) using the PETSurfer toolbox in FreeSurfer 7.1.1 (https://
surfer.nmr.mgh.harvard.edu), with the cerebellum as a reference. High-
resolution segmentation from T1 images facilitated partial volume
correction, followed by registration and validation of PET and anatom-
ical images. Detailed information of PET MRI acquisition and analysis is
presented in Methods S2.

2.5 | Statistical analyses

Group comparisons used t tests for continuous variables and chi-
square tests for categorical variables. Non-normal distributions were
log-transformed. Logistic regression was used to adjust for age, sex,
and APOE genotype.

Within each group, correlations were assessed using Pearson or
Spearman methods based on variable distribution. Multivariable lin-
ear regression analyzed CP FWf and other imaging measures, adjusted
for age, sex, and APOE genotype. Vertex-wise correlation analysis
using generalized linear model, controlled for age and sex, demon-
strated spatial correlations between CP FWf and AD markers. Per-
mutation tests reduced false positivity rates. Bonferroni correction
addressed multiple comparisons. Mediation analyses were conducted
using PROCESS v3.2 for SPSS (version 25.0, IBM), adjusted for
age.

Longitudinal analysis was performed using repeated-measures anal-
yses of variance. Alteration rates between AB+ participants and AB-
controls were compared using a linear mixed model. The relationship
between CP FWf and DTI-ALPS changes was explored in the A+
group. Rates of longitudinal changes in CP FWf and related metrics
were compared after standardizing baseline measures. Analyses were
conducted using R (version 4.3.3, The R Foundation) or SPSS (version
25.0, IBM), with significance at P < 0.05 (two tailed). All analyses were
independently performed by two authors (X.X. and X.).


https://surfer.nmr.mgh.harvard.edu
https://surfer.nmr.mgh.harvard.edu
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TABLE 1 Baseline demographic and MRI characteristics in
RJINB-D cohort(n =216).

AB+ (n=133) AB- (n=83) p value
Age 70.59 +£7.62 66.98 +8.13 0.001
Female 77 (58%) 51(61%) 0.605
Education 11.56 +4.08 12.16 +3.43 0.266
APOE &4 carrier? 67 (62%) 15 (23%) <0.001
MMSE 21.07 +6.36 27.18 +4.02 <0.001
CP FWf 0.78 +0.04 0.76 +0.06 0.002
CPV 0.98 +0.20 0.94+0.23 0.143
CPFAP -1.65+0.25 -1.64+0.23 0.841
CP MDP -7.64+0.16 —-7.67 +£0.10 0.091
CP CBF® 3.80+0.53 3.77 £0.85 0.746
DTI-ALPS 1.15+0.17 123+0.16 0.001
pWMHP -3.83+1.52 -4.78 +£1.73 <0.001
dWMHP -574+ 170 -6.44+1.73 0.005

Abbreviations: AB, amyloid beta; APOE, apolipoprotein E; CBF, cerebral
blood flow; CP, choroid plexus; CPV, volume of choroid plexus; DTI-ALPS,
diffusion tensor image analysis along the perivascular space; dAWMH, deep
white matter hyperintensity; FA, fractional anisotropy; FWf, free-water
fraction; MD, mean diffusivity; MMSE, Mini-Mental State Examination;
MRI, magnetic resonance imaging; pWMH, periventricular white matter
hyperintensity; RINB-D, NeuroBank-Dementia cohort at Ruijin Hospital.
2Different sample size for APOE genotype: A+, n = 108; AS-, n = 66.

bThe log-transformed values were used.

2.6 | Study approval

This study was approved by the ethics committee at Ruijin Hos-
pital, Shanghai Jiao Tong University School of Medicine, China. All
participants or caregivers provided written informed consent. The
study adhered to the 1964 Declaration of Helsinki and its amend-
ments. The study was registered on ClinicalTrials.gov (NCT05623124).
Respectively, numbers of 94, 107, 120 participants of the same
cohort overlapped previous publications,®?1° regarding WMH-related

815 and synaptic loss in AD.? This study furthered

neurodegeneration
the previous findings by evaluating the influence of free water in the

CP on glymphatic dysfunction and WMHSs in AD.

3 | RESULTS

3.1 | Characteristics and group comparison

Table 1 summarizes the baseline characteristics of all participants from
our RJNB-D cohort (n = 216, mean age, 69.20 years + 8.00 [standard
deviation (SD)]; 128 females). The A+ group (n = 133) included AB+
MCI (n = 48) and AD (n = 85) and the AB- group (n = 83) consisted of
cognitively unimpaired (CU, n = 64) and AB- MCI (n = 19). Table 2 lists
the characteristics of the 76 participants who completed 12-month
follow-up (mean age, 70.09 years + 7.29 [SD]; 49 females).

TABLE 2 Month 12 demographic and MRI characteristics in
RJINB-D cohort (n=76).

AB+ (n=46) AB- (n=30) p value
Age 72.33+6.22 66.67 +7.59 0.001
Female 28 (61%) 21(70%) 0.416
APOE ¢4 carrier? 27(63%) 5(19%) <0.001
Baseline CP FWf 0.77 +0.04 0.75+0.05 0.020
Month 12 CP FWf 0.80+0.04 0.76 +0.06 0.001
ACP FWF 0.03+0.04 0.01+0.04 0.046
Baseline 1.20+0.14 127 +0.15 0.081
DTI-ALPS
Month 12 1.13+0.18 1.23+0.20 0.052
DTI-ALPS
ADTI-ALPS -0.08 +0.11 -0.05+0.10 0.226
Baseline pWWMH? -4.01+1.52 —-4.83+1.49 0.022
Month 12 -4.07 +£2.20 -4.82+1.96 0.126
pWMHP
ApWMH 0.01+0.03 0.00+0.01 0.078
Baseline tau 0.64+0.46 -0.03+0.14 <0.001
SUVRP
Month 12 tau 0.67 +0.51 -0.10+£0.16 <0.001
SUVR®
Baseline GFAP 153.05+93.36 76.94 + 64.01 <0.001
Month 12 GFAP 167.52+84.90 128.61+7191 0.146

Abbreviations: AB, amyloid beta; APOE, apolipoprotein E; CP, choroid
plexus; DTI-ALPS, diffusion tensor image analysis along the perivascular
space; dWMH, deep white matter hyperintensity; FWf, free-water fraction;
GFARP, glial fibrillary acidic protein; pWMH, periventricular white matter
hyperintensity; RINB-D, NeuroBank-Dementia cohort at Ruijin Hospital;
SUVR, standardized uptake value ratio.

2Different sample size for APOE genotype: AB+,n=43; Af-,n=26.
bNature logarithm was taken for normalization.

Compared to the AB- group, increased CP FWf (0.78 + 0.04 vs.
0.76 + 0.06, P=0.002), pWMH volume (-3.83 + 1.52 vs. -4.78 + 1.73,
P < 0.001), dWMH volume (-5.74 + 1.70 vs. -5.74 + 1.70, P = 0.005,
both log transformed), and decreased DTI-ALPS (1.15 + 0.17 vs.
1.23 + 0.16, P = 0.001) were observed in A3+ participants (Table 1,
Figure 1A). The FA, MD, CBF, and volumes of CP (CPV) were similar
between groups (Table 1, all p > 0.050). A subgroup analysis of glym-
phatic markers between A+ MCl and AB- MCl groups at similar cogni-
tive stages showed no significant differences in CP FWf (0.77 + 0.04 vs.
0.78 + 0.04, p = 0.368), pWMH volume (-4.52 + 1.61 vs.
-452 + 146, p = 0.990), dWMH volume (-6.05 + 1.725 vs. -
6.72 + 1.857, p = 0.192), and DTI-ALPS (1.19 + 0.18 vs. 1.19 + 0.13,
p=0.984).

After adjustment for age, sex, and APOE genotype, CP FWf
(8=10.02,p=0.015), DTI-ALPS (3=-3.19,p=0.007), pWMH (8=0.33,
p=0.007),and dAWMH (8=0.28,p =0.013) independently indicated A

positivity (Tables S1-54 in supporting information, respectively).
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FIGURE 1 Group difference and correlation between CP FWf and glymphatic markers. A, Increased CP FWf (p = 0.002) and decreased
DTI-ALPS (p = 0.001) were observed in AB+ participants in RINB-D cohort. B, Across all participants, mediation analysis revealed a partial
mediation effect of DTI-ALPS between CP FWf and pWMH. Within the AB+ group, a significant partial mediation effect of DTI-ALPS between CP
FWf and pWMH was observed. The A~ controls displayed the trend of mediation effect of DTI-ALPS between CP FWf and pWMH. The
log-transformed pWMH volume was used. All the mediation analysis was adjusted for age. C, Increased CP FWf (p = 0.006) and decreased
DTI-ALPS (p = 0.018) were observed in A3+ participants in the ADNI dataset. D, Predictive values of CP FWf alone (blue) and with age and APOE
genotype (red) for AB positivity calculated by ROC. The AUCs were similar for CP FWf alone (RINB-D AUC = 0.623; ADNI: AUC = 0.625), and with
age and APOE genotype (RJNB-D: AUC = 0.770; ADNI: AUC = 0.815). AB, amyloid beta; ADNI, Alzheimer’s Disease Neuroimaging Initiative; AUC,
area under the curve; APOE, apolipoprotein E; CP, choroid plexus; DTI-ALPS, diffusion tensor image analysis along the perivascular space; FWf,
free-water fraction; pWMH, periventricular white matter hyperintensity; RINB-D, NeuroBank-Dementia cohort at Ruijin Hospital; ROC, receiver
operating characteristic.
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3.2 | The CP FWf associated with DTI-ALPS and

WMH

Among all participants, CP FWf correlated with DTI-ALPS (r = -0.47, p
<0.001), pPWMH (r=0.46,p <0.001),and dWMH (r=0.21,p =0.003).
With adjustment for age, mediation analysis showed DTI-ALPS par-
tially mediated the association between CP FWf and pWMH (indirect
effect standardized-g = 0.26, p < 0.001, mediated effect = 32.59%;
Figure 1B), but not dWMH (indirect effect standardized-8 = 0.09, p
=0.236).

Within the AB+ group, CP FWf correlated with DTI-ALPS (r=-0.45,
p <0.001) and pWMH (r=0.40,p < 0.001), but not dWMH (r=0.11,
p = 0.213). Partial mediation effect of DTI-ALPS between CP FWf
and pWMH was also observed (indirect effect standardized-g = 0.25,
p =0.003, mediated effect = 35.76%; Figure 1C), adjusted for age.

In AB- controls, CP FWf was also related to DTI-ALPS (r = -0.44, p
< 0.001) and pWMH (r = 0.45, p < 0.001), yet the mediation effect of
DTI-ALPS between CP FWf and pWMH was insignificant (Figure 1D),

adjusted for age.

3.3 | Validation of CP FWf measurements

The measurements of CP FWf were repeated with an eroded CP mask
(It shrunk the CP mask by 2mm in all directions using a box-shaped
kernel) to minimize the contamination of CSF. The FWf in the eroded
CP FWf was highly correlated with the original CP FWf (o = 0.76,
p < 0.001), as well as DTI-ALPS (p = -0.35, p < 0.001) and pWMH
(0 =0.18, p = 0.044, Figure S2 in supporting information). We also
test the FWf measurement in another non-neuronal tissue: CSF. The
distribution of FWf values in the central part of lateral ventricles was
skewed, with the majority of values equaling 1 (Figure S3 in supporting
information). It validated our application of FWf measurement because
the main component of CSF in ventricles were free water.

External validation was further performed using the public ADNI
dataset. Table S5 in supporting information summarizes the base-
line characteristics of all participants (n = 168, mean age, 72.52
years + 7.77 [SD]; 93 females). In the ADNI dataset, the AB+ group
(n = 67) included CU (nh = 25), MCI (n = 31), and AD (nh = 11) and
the AB- group (n = 101) consisted of CU (n = 74), MCI (n = 26),
and dementia (nh = 1). Consistent with our cohort, increased CP FWf
(0.81 + 0.07 vs. 0.78 + 0.07, p = 0.006) and decreased DTI-ALPS
(1.08 + 0.15 vs. 1.14 + 0.17, p = 0.018) were observed in A3+ partici-
pants from the ADNI dataset (Figure 1C). In the ADNI dataset, CP FWf
was also highly correlated with DTI-ALPS among all the participants
(r=-0.53,p <0.001), in the A+ subgroup (r=-0.57,p < 0.001), and in
the AB- subgroup (r=-0.48,p < 0.001).

In addition, predictive values of CP FWf calculated by receiver oper-
ating characteristic was similar between ADNI (area under the curve
[AUC]=0.625) and our cohort (AUC = 0.623), and the predictive values
were moderately improved when adjusted for age and APOE genotype
(ADNI: AUC =0.815; RINB-D: AUC = 0.770, Figure 1D).

3.4 | CP FWf across the AD continuum
3.4.1 | CP FWf correlated with AD imaging and
blood biomarkers

In the AB+ group of the RINB-D cohort, CP FWf showed a significant
relationship with AD imaging markers, including cortical tau SUVR,
cortical SV2A SUVR, hippocampus volume, cortex volume, as well as
MMSE score (Figure 2A, Table Sé6 in supporting information).

Adjusted for age, sex, and APOE genotype, elevated CP FWf linked
to increased cortical tau accumulation (tau SUVR, 8= 9.27, p = 0.002,
Figure 2C, Table S7 in supporting information) and decreased corti-
cal synaptic density (SV2A SUVR, 8 = -3.43, p = 0.017, Figure 2C,
Table S8 in supporting information). However, CP FWf did not influence
FBP SUVR (B = 0.98, p = 0.103). Vertex-wise analysis illustrated that
CP FWf negatively correlated with cortical thickness in bilateral post
cingulate gyrus, precuneus, temporal, and insular lobes, but positively
correlated with tau SUVR in bilateral insular, temporal regions, and
precuneus (Figure 2B). Moreover, CP FWf negatively correlated with
SV2A SUVR in the right inferior parietal gyrus (Figure S4 in supporting
information).

Within the AB+ group, CP FWf correlated with NfL (8 = 3.12,
p=0.026,n=92), GFAP (8=5.28,p < 0.001, n = 92), NRGN (8= 5.70,
P =0.028, n = 82), and TNF-« (8 = 10.83, p = 0.009, n = 81; Tables
S9-512 in supporting information), adjusted for age, sex, and APOE
genotype. (Due to the different availability of adequate blood samples,
the sample sizes are noted.)

Subgroup analysis (AB+ AD group and A3+ MCI group) was per-
formed for each biomarker. As a result, the associations between CP
FWf and SV2A SUVR, NfL, GFAP, NRGN remained significant in the AD
stage (Figure 2C, red dashed line), whereas the associations between
CP FWf and TNF-a were significant in the MCl stage (Figure 2C, green
dashed line).

On the other hand, for the AB- group, the associations between CP
FWTf and biomarkers were also analyzed. Significant association was
observed between CP FWf and tau SUVR (8= 1.12,p=0.025) and TNF-
a(B=9.15p =0.007), but not SV2A SUVR (3=-1.40,p =0.121), NfL
(B=1.97,p =0.090), GFAP (8= 1.24,p = 0.345), or NRGN (3 =4.12,
p =0.157).

342 |
cognition

AD biomarkers mediated CP FWf's effect on

Increased CP FWf linked to worse cognitive performance, including
overall cognition (MMSE, 8 = -53.36, p < 0.001), verbal function
(AFT, B = -29.83, p = 0.014), and executive function (CDT, g = -
35.29, p = 0.025) within the A+ group (Figure 2C, Tables S13-S15 in
supporting information), adjusted for age, sex, and APOE genotype.
Partial mediation effects of tau SUVR (indirect effect standardized-
B = -0.18, p = 0.043, mediated effect = 40.88%, n = 110,
Figure 3A), but not SV2A SUVR (indirect effect standardized-g=-0.21,



. Alzheimer’s &PDementia® | 7ot

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

CP FWf ' CP FWf CP FWf

T o o e |

- (A) S .1 (B) :

1 A 1 | 1

| @ & . 4 I | 1

i & o & & N \SAQ' QQ' S 0@" o P \

1 1 1 1

: S F S FN TR c\?' & Lo Correlation with cortical thickness

! SN M é‘x‘ Cor poo !

| cPFef v @ o - D @ ® o ® ® ® ® © - i

] 1 | 1

| CPFA -0367 1000 ‘ . ® | - @@ o 08 | | |

| | | 1

! . ! ! p value !

| CPMD | ooe2 o061 1000 © ® - e | o @® e O 06 ! ! . A

: : : 10 10* 102 :

: CP CBF | 0.014 | 0.08 | 0.000 | 1.000| @ ° ° ® c @ o | @ : : :

0.4

I 1 1 1

: CPV | 0.265 | -0.324|-0.147 | -0.110| 1.000| @ . ® o o @ . . : : :

1 1 1 1

! DTLALPS |-os2 0005 0228 0027 000t 1000 @) © | o 'Y X L !

1 1 1 1

] PWMH | 0372 | -0201 | -0.003|-0.024 0237 |0aa2| 1000 ® @ @ @ . . 0 ! ' |

1 1 ! . . 1

E FBP SUVR | 0.104 |-0.038| 0.043 | -0.122| 0.225 | -0.081| 0.085 | 1.000 . e | @ . . 02 E E Correlation with Tau SUVR E

i Tau SUVR | 0259 |-0.075| 0.095 |-0.031| 0.172 |-0.047| 0147 | 0.401 | 1.000 . ® O . | | A

| -04 ' | |

i SV2A SUVR |-0209 | -0.026 | -0.180 | 0.221 | 0106 | 0.009 | 0.130 |-0.015| 0359 1000 | © | o | @ ! . i

! 1 | p value |

: Hippocampus volume 0275 0237 0080 -0.083 -0.183| 0.263 -0.206 -0.226 -0.229 -0.045  1.000 . . -0.6 : : - :

I 1 I 1

1 1 1 1
Cortex volume |-0.388 0355 | 0.146 | 0.182 -0.330 | 0.379 -0.538 -0.314 -0212 -0.035 0.382 | 1.000

: OB |

: MMSE |-0.273| 0.153 |-0.004| 0.044 | -0.240 | 0.196 |-0.323 -0.289 | -0.468| 0.290 | 0.335 | 0.4a1 | 1.000 : : :

| - |

I 1 I 1

I_ ________________________________________________________________________________________________ Al

- (©) [ AD H Ml

|

: —

! - -

: 30 20 20

I

I

| 15 15

i

: w20 =

.2 <10 10 t

1 .

1 10 . p=0.025, f = 35.29 o <

1 p <0.001, § = -53.86 . . 5 5] p=0301,p=-2228

| e e D p=062,p=637 o °° ‘

| p=0.553, B = -3.66 . of p= 0330, B=-145600 o o °° / 0 e %6 % aine o

: 0.65 0.70 0.75 0.80 0.85 E 0.65 0.70 0.75 0.80 0.85 0.90 0.65 0.70 0.75 0.80 0.85 0.90

! CP FWf CP FWf CP FWf

1

1

1

I B e S

! 45

1 6] P=0002p=927 . o 5 .

H p =0.069, § =8.07 5 . p=0.026,p=3.12 -

| @ | P=0163,B=571, . ° n>: 4.0 ° p=0.015p = 4.65 . .

! 4] p=0.332,B=-161,¢ o

! 34 235 o . .

! « © ;

i E g 3.0 3

: ) 2 2.5 p=0.017,p=-343 ° * /

! p=0.035, § = -4.03 ‘ 2

! 0 2.01 p=0.820,p=-0.53

' . . .

: 0.65 0.70 0.75 0.80 0.85 0.70 0.75 0.80 0.85 0.65 0.70 0.75 0.80 0.85 0.90

i CP FWf CP FWf CP FWf

!

1

I

1 ———

1 p<0.001, =528 °

! 6] p<0.001,p=669 ". 7

| p=0.114, 3 =236

| o L s Z6

B g

! o z° 2.5

| 4{ p=0.028p=570 | p=0.009,p=1083 *

! 4 p=0026,3=673 50l P* 0.246, $=5.79

! 3] p=0.866,0=0.72 71 p=0.008,p=1853

1

i . .

: 0.65 0.65 0.70 0.75 0.80 0.85 0.65 0.70 0.75 0.80 0.85

I

1

!




soi12 | Alzheimer’s &Dementia

XUETAL.

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

p =0.089, mediated effect = 21.73%, n = 64, Figure 3B), was observed
between CP FWf and MMSE, adjusted for age. Although NfL, NRGN,
and TNF-« failed to mediate the association between CP FWf and
MMSE (Figure 3D), GFAP exhibited a full mediation effect (mediated
effect = 38.69%, n = 111, Figure 3C), adjusted for age. These findings
suggested that the impact of CP FWf on cognition is mediated via tau-

supporting information). Moreover, A+ participants demonstrated a
faster growth rate than AB- controls (time x group interaction effect:
F statistic = 4.118, corrected p = 0.046, Figure 4A, Table S16). The
growth rates of CP FWf did not differ between APOE &4 carriers
(n=27) and non-carriers (n = 16) in the AB+ group (F statistic = 0.004,
P =0.949, Figure 4B).

and GFAP-related pathways. In AB+ participants, annual changes in CP FWf, DTI-ALPS, p?WMH
volume, and MMSE were calculated as ACP FWf, ADTI-ALPS, ApWMH,
and AMMSE. Spearman correlation analysis suggested ACP FWf par-
alleled ADTI-ALPS (p = -0.42, p = 0.006, Figure 4C), but not ApWMH
(p=0.21,p=0.173) or AMMSE (p=-0.110, p =0.482). The association
between ACP FWf and ADTI-ALPS remained significant upon adjust-

ment for age and sex (8 = -1.02, p = 0.016). The growth rate of CP

3.5 | The effect of longitudinal CP FWf changes

During the 12-month follow-up, CP FWf increased drastically in A+
participants (F statistic = 16.673, corrected p < 0.001, Table S16 in

FIGURE 2 CPFWfcorrelated with imaging metrics and blood biomarkers in AD. A, Spearman correlation analysis between the potential
imaging biomarkers of CP, glymphatic function markers, AD imaging markers, and global cognitive performance within the A3+ group. The CP FWf
showed significant association with CP FA, CPV, DTI-ALPS, pWMH, cortical tau SUVR, cortical SV2A SUVR, hippocampus volume, cortex volume,
and MMSE. The log-transformed pWMH volume was used. B, The vertex-wise GLM analysis revealed a negative correlation map between CP FWf
and cortical thickness, and tau SUVR exhibited a positive correlation map with CP FWf. Age and sex were included as covariates in the GLM. Only
the significant clusters with corrected p < 0.05 after permutations are colored. The color bar represents uncorrected vertex-wise p values. C, CP
FWf correlated with peripheral blood AD biomarkers and cognition. Within the A+ group, there was a positive correlation between CP FWf and
NfL (8=3.117,p=0.026), GFAP (8= 5.28,p < 0.001), NRGN (8= 5.70, p = 0.028), TNF-a (8 = 10.83, p = 0.009), and global tau (8 = 9.27, p = 0.002).
Subgroup analysis of AD (red) and MCI (green) stages were presented by dashed line. The log-transformed levels of blood AD biomarkers were
used. Moreover, CP FWf was negatively associated with cognitive performance, including MMSE, AFT, and CDT and SV2A. All the regressions
were adjusted for age, sex, and APOE genotype. AB, amyloid beta; AD, Alzheimer’s disease; AFT, animal fluency test; APOE, apolipoprotein E; CBF,
cerebral blood flow; CDT, Clock Drawing Test; CP, choroid plexus; CPV, volume of choroid plexus; DTI-ALPS, diffusion tensor image analysis along
the perivascular space; FA, fractional anisotropy; FBP, 18F-florbetapir; FWf, free-water fraction; GFAP, glial fibrillary acidic protein; GLM, general
linear model; MCI, mild cognitive impairment; MD, mean diffusivity; MMSE, Mini-Mental State Examination; NfL, neurofilament light chain; NRGN,
neurogranin; pWMH, periventricular white matter hyperintensity; SUVR, standardized uptake value ratios; SV2A, synaptic vesicle glycoprotein
2A; TNF-a, tumor necrosis factor-a.
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FIGURE 3 Mediation effects of AD biomarkers on the relationship between CP FWf and MMSE. We observed a partial mediation effect of tau
(A), and marginal effect of SV2A (B). Notably, GFAP exhibited a full mediation effect (C). On the other hand, NfL, NRGN, and TNF-a did not
significantly mediate the association between CP FWf and MMSE (D). All the mediation analysis was adjusted for age. AD, Alzheimer’s disease; CP,
choroid plexus; FWf, free-water fraction; GFAP, glial fibrillary acidic protein; MMSE, Mini-Mental State Examination; NfL, neurofilament light
chain; NRGN, neurogranin; SUVR, standardized uptake value ratios; SV2A, synaptic vesicle glycoprotein 2A; TNF-¢, tumor necrosis factor-c.
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Longitudinal changes in CP FWf indicated neurodegeneration. The linear mixed model analysis indicated that A+ participants

exhibited a more rapid increase in CP FWf compared to AB- controls. Individual changes are represented by dashed lines, while the average
changes in the group are depicted by solid lines (A). In the AB+ group, both APOE ¢4 carriers and non-carriers showed similar rates of CP FWf
increase (B). The annual changes in CP FWf (ACP FWf) were significantly associated with alterations in DTI-ALPS (ADTI-ALPS) (C). Furthermore,
linear mixed models with standardized preprocessing revealed that the growth rate of CP FWf surpassed that of pWMH, tau SUVR, and GFAP (D).
AB, amyloid beta; APOE, apolipoprotein E; CP, choroid plexus; DTI-ALPS, diffusion tensor image analysis along the perivascular space; FWf,
free-water fraction; GFAP, glial fibrillary acidic protein; pWMH, periventricular white matter hyperintensity; SUVR, standardized uptake value

ratio.

FWf exceeded that of pWMH (interaction effect, F statistic = 11.201,
corrected p = 0.001), tau SUVR (interaction effect, F statistic = 6.804,
corrected p = 0.011) and GFAP (interaction effect, F statistic = 4.430,
corrected p =0.039, Figure 4D).

4 | DISCUSSION

Our study observed increased CP FWf and decreased DTI-ALPS index
at baseline in A+ participants. Also, we noted elevated CP FWf exac-
erbates pWMH, partially mediated by the glymphatic system, revealing
a potential mechanism linking CSF dynamics to white matter lesions.
We also observed significant associations between CP FWf and piv-
otal AD imaging markers (cortical tau SUVR, cortical SV2A SUVR,
hippocampus volume, cortex volume) and cognitive performance. In

longitudinal analyses, we observed a significant and faster increase in

CP FWf during a 12-month follow-up period in A+ participants com-
pared to AB- controls, and the rate of progression of CP FWf exceeded
that of WMH and tau accumulation.

The CP is a highly vascularized structure that regulates CSF, clears
neurotoxins, and plays a crucial role in the glymphatic system.1¢17
Studies in AD demonstrated that CPV was linked to cognitive
impairment,318-20 and levels of AB and tau in the CSF, indicating
that CP may participate in the clearance of Ag and tau.'® Prior
results regarding the relationship between CPV and Ag positivity were
inconsistent.>1%20 These disagreements may be attributed to the con-
tamination of the partial volume effect of CSF in calculating CPV by
traditional methods,?! and also the morphological nature of CPV, which
may display a relatively delayed response to AB deposition. Previous
studies have demonstrated that CPV increased at a relatively late dis-
ease stage. Choi et al. analyzed CPV at different stages of AD in the
disease spectrum, including early MCI, late MCI, and AD, and found
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that CPV was greater in patients at late MCl and AD stages.® Similarly,
using the ADNI dataset, Tadayon et al. divided the AD continuum into
significant memory concern, early MCl, late MCl, and AD, and enlarged
CPV was only observed in the AD stage.'® The enlargement of CP is a
chorionic morphological change, which may be due to a higher degree
of stromal fibrosis, stromal dystrophic calcification, blood vessel thick-
ening, or inflammation.® Therefore, the change of CPV may be detected
at delayed disease stages. In the current study, we view the AD contin-
uum as awhole disease spectrum without manually dividing the disease
stages, and we also failed to verify the association between CPV and
AB positivity. However, after evaluating various novel imaging biomark-
ers that reflect CP microstructure, including CP FWf, CP FA, CP MD,
and CP CBF, we found that CP FWf, derived from free-water mapping,
was the only index that significantly differed between Ag+ and Aj3-
groups. Free-water mapping uses a bi-tensor model to differentiate
water diffusion in brain tissue and extracellular space, providing better
microstructural insights than the traditional single-tensor model.2223

The DTI-ALPS index is a reliable parameter of the glymphatic
system.2* Previous studies showed that enlarged CP and reduced
DTI-ALPS were both associated with WMH growth.”-1? Moreover,
DTI-ALPS mediated the association between CP and WMH burden,
suggesting that WMH growth can result from glymphatic disorder.” In
our study, CP FWf showed solid correlation with DTI-ALPS and WMHs,
suggesting that CP FWf reliably indicated glymphatic function. We
noticed that in AB+ participants CP FWf was associated with p?WMH
that were anatomically located nearer to the CP, but not with dAWMH,
and there is a partial mediating effect of DTI-ALPS between CP FWf
and pWMH.

A recent study by Jeong et al. demonstrated a positive correlation
between CP enlargement and A burden, but this correlation was only
significant in the AD non-dementia group,?° likely due to the “ceiling
effect,” as AB is saturated in the dementia state.?® Similarly, our study
showed that CP FWf was significantly associated with AS positivity, but
did not correlate with AB burden measured by FBP SUVR. Addition-
ally, our subgroup analysis comparing A+ MCI and AB- MCI groups
did not reveal significant differences in CP FWf, WMH, or DTI-ALPS.
These findings suggest that CP FWfis primarily involved in non-specific
neurodegeneration rather than AS pathology. However, due to the lim-
ited sample size of our AB- MCI group, future studies should further
investigate the relationship between CP FWf and non-AD dementias.

A recent report indicated a positive correlation between global tau
burden and CP enlargement in AD.2¢ We further these findings by
vertex-wise analysis, and showed that CP FWf changed in parallel with
tau accumulation primarily in bilateral insular, temporal lobes, and pre-
cuneus. Furthermore, we found that increased tau burden mediated
the detrimental effects of CP FWf on cognition. This finding adds clin-
ical evidence to a recent study indicating that glymphatic dysfunction
impairs cognition through poor tau clearance in AD mouse models.2”

In addition to the clearance of neurotoxins, the glymphatic system
can also modulate neuroinflammation.?® We investigated the rela-
tionship between AD-related markers and CP FWf in the A3+ group
through a subgroup analysis (AD and MCI). The results showed that
CP FWf was significantly associated with NfL, GFAP, and NRGN in

the AD stage, while its association with TNF-a was significant in the
MCI stage. However, when considering the disease continuum within
the A-T-N framework (combining AD and MCI individuals with the
same AB+ pathological background) CP FWf exhibited significant asso-
ciations with all biomarkers, including tau, SV2A, NfL, GFAP, NRGN,
and TNF-a. Among them, GFAP correlated with CP FWf, and substan-
tially mediated the negative impact of CP FWf on cognitive function.
GFAP is a structural protein in astrocytes and is a marker of astrocyte
activation related to aging.2? A previous study using a PET tracer of
astrocyte reactivity has further confirmed the activation of astrocytes
in AD and late-onset cognitive decline.?® And recent study showed
that blood GFAP correlated to impaired glymphatic function and global
cognition in community-dwelling older adults.3! Astrocytes are crit-
ical components of the glymphatic system by ensheathing the brain
vasculature with their endfeet.>?® Through the aquaporin-4 (AQP4)
channels enriched on their endfeet, astrocytes actively participate in
the regulation of glymphatic function and the clearance of metabolic
waste, such as AS and tau.32 The location of astrocytic AQP4 is
under dynamic regulation. In the state of neurodegeneration, astro-
cyte activation and AQP4 mislocation was observed, and may affect
the glymphatic clearance of Ag and tau.32 Our findings, consistent with
the previous publications, provided new evidence for involvement of an
astrocyte-related pathway in glymphatic dysfunction in AD pathology.

We have also performed an association analysis between CP FWf
and biomarkers in the AB- group. Significant association was observed
between CP FWf and tau SUVR and TNF-a. Combined with the findings
in the AB+ group, the results suggested that tau and neuroinflamma-
tion may be potential mechanisms underlying CP FWf alterations in
the progress of neurodegeneration. However, the exact and detailed
mechanisms need further experimental and clinical evidence.

The current study is the first to calculate the FWf of CP. To further
validate the solidity of our measurements, the FWf values of non-
neuronal free water in lateral ventricles and eroded part of CP were
extracted. Consistent with our expectations, the FWf of CSF in the lat-
eral ventricles was approximate to 1, and the FWf of eroded CP was
highly correlated to CP. Finally, the diagnostic power (AUC) of CP FWf
was highly consistent in ADNI and our cohort. Although as a single
parameter the CP FWf failed to present optimal AUCs, the values were
moderately improved with adjustment of age and APOE genotype, indi-
cating its potential value as one of the contributors in a composite
predictive frame.

Our study is aimed at providing a novel imaging marker for glym-
phatic function. In addition to traditional glymphatic markers, CP FWf
provided microstructural insights about the CP. In the AD continuum,
CP FWA, but not DTI-ALPS, WMH, or CPV, is related to tau and SV2A
(Figure 2A). Our findings suggested that CP FWf may be related to
multiple mechanisms of AD progression and neurodegeneration. Com-
bined with traditional glymphatic markers like DTI-ALPS, WMH, and
CPV, we hope that CP FWf can assist the non-invasive evaluation of
glymphatic function in neurodegenerative conditions like AD.

Our study has limitations. First, the sample size of this longitudinal
study is small, as the cohort is newly established with approximately

half of the participants not reaching the 12-month follow-up. Also,
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this duration may be too short to observe significant changes in cogni-
tive performance and imaging markers like pWMH volume, suggesting
a longer follow-up is warranted. However, ACP FWf already showed
remarkable changes, indicating its sensitivity in monitoring disease
progression. Additionally, the limited number of blood samples and
analyses may influence the results, so findings related to blood markers
should be viewed as exploratory and hypothesis generating.

In conclusion, our results indicate that CP FWF serves as a novel
imaging marker that reflects various neurodegenerative features in
AD, complementing structural MRI and PET imaging. By capturing the
multifaceted aspects and longitudinal changes in AD, CP FWF holds
potential for monitoring of disease progression, offering the possibility

of personalized and timely treatment interventions.
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