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Abstract

Background The choroid plexus (ChP) plays an important role in producing cerebrospinal fluid (CSF) and physical
dysfunction has been associated with alterations in CSF circulation. However, no population-based studies have thus
far examined the association of ChP with physical function in older people.

Methods This population-based cross-sectional study included 1217 participants (age > 60 years; 57.35% women)

in the MRI substudy of the Multimodal Interventions to delay Dementia and disability in rural China. ChP volume was
automatically segmented using three-dimensional T1-weighted sequences. Physical function was assessed using the
Short Physical Performance Battery (SPPB). Data were analyzed using general linear regression and mediation models.

Results Controlling for demographic characteristics, cardiovascular risk factors, stroke, disproportionately enlarged
subarachnoid-space hydrocephalus (DESH), and total intracranial volume, per 1-ml increase in ChP volume was
associated with 3-coefficient of -0.24 (95% confidence interval: -0.37 to -0.11) for SPPB summary score, with the
association being stronger in females (-0.40; -0.60 to -0.20) than in males (-0.17;-0.33 to -0.01) (p for ChP volumexsex
interaction=0.028). The associations were similar across three domains of balance, chair stand, and walking speed.

In addition, enlarged ChP volume was associated with increased ventricular volume and white matter hyperintensity
(WMH) volume. Mediation analysis suggested that lateral ventricular volume and periventricular WMH volume
significantly mediated the association of ChP volume with the SPPB summary score, with the proportion of mediation
being 54.22% and 14.48%, respectively.

Conclusion Larger ChP volume is associated with poorer physical function in older adults, especially in women. The
association is largely mediated by lateral ventricular and periventricular WMH volumes.
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Graphical Abstract

Enlarged choroid plexus is linked with poorer physical function in rural older adults:

a population-based study

Aim:

* to explore the association of ChP volume with
physical function;

* to explore potential neuropathological mechanisms

physical function

underlying the association between ChP volume and

Results:

Larger ChP volume is associated with poor physical
function in older adults.

* The association of larger ChP volume with poor physical
function is largely mediated by lateral ventricular volume
and periventricular WMH volumes.

Participants and Methods:

Face-to-face interviews,
clinical examinations,
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Background

The choroid plexus (ChP) is an endothelial-epithelial
structure located in the lateral, third, and fourth ven-
tricles that plays an important role in regulating brain
homeostasis [1, 2]. The ChP is a multifunctional struc-
ture that not only produces cerebrospinal fluid (CSF)
but also forms the blood-CSF barrier via tight junctions
between choroidal epithelial cells. In addition, the ChP
provides nutrients, a clearance system, and immune sur-
veillance [1, 3]. In recent years, growing evidence has
suggested a potential pathogenetic role of ChP and CSF
formation abnormalities in neurodegenerative disorders
[4-7]. Indeed, clinical-based neuroimaging studies have
linked increased ChP volume with advanced stages of
Alzheimer’s disease (AD) [8]. A population-based cross-
sectional study of dementia-free older adults in Japan
found that enlarged ChP volume was associated with
poor cognitive function independent of brain parenchy-
mal and CSF volumes [9]. In addition, a cross-sectional
study of healthy adults suggested that enlarged ChP cor-
related with decreased ChP perfusion, increased ChP
blood flow, and increased absolute CSF flow [10]. Thus,
enlarged ChP may act as a compensatory mechanism to

maintain sufficient CSF flow. However, chronic accumu-
lation and malabsorption of CSF might contribute to the
enlargement of ventricles. Previous studies have reported
the association between ventricular dilatation and low
physical function among community-dwelling older
adults [11, 12]. Notably, low physical function assessed
with the Short Physical Performance Battery (SPPB) is a
well-established predictor for all-cause mortality [13]. In
addition, several studies showed that ChP enlargement
was associated with increased white matter hyperinten-
sity (WMH) volume [14, 15]. Moreover, data from the
Mayo Clinic Study of Aging (age=>50 years) supported
the association of greater WMH with physical dysfunc-
tion (e.g., impaired gait speed) [16]. However, the asso-
ciation of ChP volume with physical function and the
underlying mechanisms of this association have not yet
been investigated, especially in the general older popu-
lation settings. This is important because understanding
the possible mechanisms underlying physical impairment
may help develop effective interventions to maintain
physical function into older age. In addition, there are
substantial sex differences in ChP volume and we previ-
ously reported that females had a lower SPPB score than
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males [17]. Thus, it is important to explore possible sex
variations in the association of ChP volume with physical
performance.

Therefore, in this population-based study, we sought
to explore the association of ChP volume with physical
function in rural-dwelling older adults while taking into
account sex variations, and further to explore potential
neuropathological mechanisms underlying the associa-
tion between ChP volume and physical function.

Methods

Study design and participants

This population-based cross-sectional study used data
derived from the baseline assessments of the Multi-
modal Interventions to delay Dementia and disability in
the rural China (MIND-China), a participating project in
the World-Wide FINGERS Network, a global network for
dementia risk reduction and prevention [18]. The MIND-
China study targeted people who were aged > 60 years by
the end of 2017 and living in rural communities (52 vil-
lages) in western Shandong Province. In March-Septem-
ber 2018, 5765 participants (74.9% of all eligible persons)
underwent the baseline examination in MIND-China
[19]. Participants in the MRI sub-study were recruited
from 26 villages that were randomly selected from all
the 52 villages in a local town. In total, 1304 participants
signed the informed consent and completed the struc-
tural brain MRI scans at either Southwestern Lu Hos-
pital (n=1178) or Liaocheng People’ Hospital (n=126).
Of these, 87 persons were excluded due to suboptimal

Participants of MIND-China at baseline (March-
September 2018), age >60 years, n=5765

A 4

Baseline participants in the MRI sub-study in
2018-2020, age >60 years, n=1304

| 67 were excluded due to
! suboptimal image quality

A 4

Subjects with good MRI image quality, n=1237

» 20 were excluded due to
missing SPPB data

\ 4

Analytical sample, n=1217

Fig. 1 Flowchart of the study participants. MIND-China, Multimodal In-
tervention to delay Dementia and disability in rural China; MRI, magnetic
resonance imaging; SPPB, Short Physical Performance Battery
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image quality (n=67) or missing data on physical func-
tion (n=20), leaving 1217 participants for the analysis
involving ChP volume and physical function (see Fig. 1
for flowchart of the study participants).

Data collection and assessments

In March-September 2018, the trained medical staff col-
lected data through face-to-face interviews, clinical and
neurological examinations, and laboratory tests following
a structured questionnaire, as previously reported [20,
21]. In brief, we collected data on demographic charac-
teristics (e.g., age, sex, and education), lifestyle factors
(e.g., smoking, alcohol intake, and physical exercise),
and clinical factors (e.g., hypertension, diabetes, and
hyperlipidemia). Peripheral blood samples were taken
and then DNA was extracted. The APOE genotype was
determined using the TaqgMan single-nucleotide poly-
morphism (SNP) method [19] and was categorized as
£2/€2 or €2/e3, €3/e3 (reference), and any &4 allele. Edu-
cation was categorized as no formal schooling, primary
school, and middle school or above. Occupation was
divided into farmers or non-farmers. Physical exercise
was classified into engaging at least weekly versus less
than weekly physical activity. Body mass index (BMI)
was calculated as weight in kilogram divided by height
in meters squared (kg/m?). Smoking and alcohol intake
habits were dichotomized as current versus noncurrent
smoking or alcohol intake. Hypertension was defined
as self-reported physician diagnosis of hypertension or
having blood pressure >140/90 mm Hg or current use of
antihypertensive drugs. Diabetes mellitus was defined as
self-reported history of diabetes or fasting blood glucose
level27.0 mmol/L or current use of glucose-lowering
drugs or insulin injection. Hyperlipidemia was defined
according to the 2016 Chinese guidelines for adults
[22]: total cholesterol>6.2 mmol/L, triglycerides>2.3
mmol/L, LDL-C>4.1mmol/L, HDL-C<1.0 mmol/L or
use of hypolipidemic agents. History of clinical stroke
and Parkinson’s disease was ascertained according to self-
reported medical history and neurological examination
by a neurologist [23].

Physical function assessment

The Short Physical Performance Battery (SPPB), which
consists of a standing balancing test, a 4-meter walking
test, and a 5 times chair sit-to-stand test, was used to
evaluate physical function [21, 22]. Each of these three
physical performance tests was given a score ranging
from O to 4. The SPPB summary score was generated by
summing up scores of the three subtests (range of the
summary score: 0—12), with a higher score indicating
better physical performance.
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Magnetic resonance imaging acquisition and processing
Structural brain images were acquired using the Phil-
ips Ingenia 3.0T MRI scanner (Philips Healthcare, Best,
The Netherlands) in Southwestern Lu Hospital or the
Philips Achieva 3.0T MRI scanner (Philips Healthcare,
Best, the Netherlands) in Liaocheng People’ Hospital.
The parameters of core MRI sequences were previously
reported [24]. The 3D sT1-weighted images were pro-
cessed using AccuBrain® (BrainNow Medical Technology
Ltd., Shenzhen, Guangdong, China) to obtain volumes of
total intracranial volumes (ICV) and lateral ventricles.
The segmentation of ChP in the lateral ventricles was
performed using AccuBrain® with a deep learning-based
approach, as previously described [25]. Briefly, the ChP
was manually labeled on 100 T1-weighted images by a
trained neurologist (S.L.) and verified by a radiologist
(G.T.) using ITK-SNAP software, version 4.0.1 (the Penn
Image Computing and Science Laboratory, PICSL, USA)
(http://www.itksnap.org). Then, the neural network was
trained using these T1-weighted images, and the manu-
ally labeled ChP served as the ground truth. The network
learns to recognize the unique features and patterns of
ChP, allowing it to accurately segment this structure in
new T1-weighted MRI scans. All automatic segmentation
results were checked by two trained neurologists (S.L.
and L.C.). The testing accuracy of an independent dataset
(20 randomly selected subjects) achieved an average Dice
coefficient of 0.82 and a volume correlation of 0.93 when
comparing automatic labels with manual labels. The ChP
volume was calculated automatically by scanning the
automatic or manual label with the ITK-SNAP software.

WMH was defined as a hyperintense signal on T2
fluid-attenuated inversion recovery (FLAIR) images and
WMH volume was acquired using AccuBrain, as previ-
ously reported [24]. In brief, T2 FLAIR images were used
to calculate the signal contrast between normal brain tis-
sue and WMH and then establish a signal threshold for
WMH recognition, based on which WMHs were identi-
fied and extracted. Finally, the transformed T1-weighted
brain structure mask extracted from our study samples
was used to refine and localize WMHs. AccuBrain fur-
ther automatically classified WMH into periventricular
WMH and deep WMH following the rule of “continuity
to ventricle,” while WMH < 10 mm distance from the ven-
tricles was considered as periventricular WMH, other-
wise as deep WMH [26].

Disproportionately  enlarged  subarachnoid-space
hydrocephalus (DESH) is a neuroimaging phenotype of
idiopathic normal-pressure hydrocephalus, originating
from impaired CSF dynamics. We assessed the param-
eters of DESH related regions (i.e., the ventricular sys-
tem, Sylvian fissure [SF], and subarachnoid space at high
convexity and midline [SHM]) on T1-weighted images
following a visual rating scale, as previously described
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[27]. In brief, DESH-related regions include the follow-
ing three, (1) The Evans index (EI) value was the ratio of
the maximum diameter of the frontal horns of the lateral
ventricles to the maximum inner diameter of the skull on
the transverse section. The ventricular system was classi-
fied as “not dilated” if EI<0.3 or “dilated” if EI>0.3. Ven-
triculomegaly was defined as an EI>0.3. (2) The SF was
assessed in transverse and coronal sections. SF enlarge-
ment was rated as, 0 normal; 1, mildly dilated; 2, mod-
erately dilated; and 3, severely dilated. Scores of 2 or 3
indicated enlarged SF. (3) The SHM was evaluated using
transverse and coronal section images, and their tight-
ness was rated as follows: 0, not tight; 1, moderately tight;
and 2, severely tight. Scores of 1 or 2 constituted tight
SHM. Participants meeting all criteria for ventriculo-
megaly, enlarged SE, and tight SHM were diagnosed with
DESH.

Statistical analysis

We performed descriptive statistics to present charac-
teristics of study participants by sex-specific quartiles
of ChP volume, in which we reported mean (standard
deviation, SD) for continuous variables and frequencies
(%) for categorical variables. We used one-way analy-
sis of variance to compare continuous variables and the
chi-square test to compare categorical variables. General
linear regression analyses were performed to estimate
B-coefficient and 95% confidence interval (CI) of SPPB
score associated with ChP volume. The ChP volume was
analyzed as both a continuous variable and a categori-
cal variable of the sex-specific quartiles. We reported the
main results from 2 different models, in which different
potential confounding factors were controlled for step
by step: model 1 was adjusted for age, sex, education,
and ICV; model 2 was additionally adjusted for physi-
cal activity, BMI, smoking, alcohol intake, hypertension,
diabetes, dyslipidemia, stroke, and disproportionately
enlarged subarachnoid-space hydrocephalus, and APOE
genotype. We tested statistical interaction of ChP vol-
ume with sex on physical performance. When a statistical
interaction was detected, further stratifying analysis was
performed to assess the direction and magnitude of the
interaction. Finally, we performed the mediation analysis
to examine the mediation effect of lateral ventricular vol-
ume and WMH volume on the association between ChP
volume and physical function, with the bootstrapping of
5000 times, while controlling for age, sex, education, ICV,
physical activity, BMI, smoking, alcohol intake, hyperten-
sion, diabetes, dyslipidemia, stroke, disproportionately
enlarged subarachnoid-space hydrocephalus, and APOE
genotype. Several sensitivity analyses were conducted to
assess the robustness of the results. IBM SPSS Statistics
25.0 for Windows (IBM Corp., Armonk, NY, USA) and
R version 4.1.3 (R Foundation for Statistical Computing,
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Vienna, Austria. https://www.R-project.org/) were used
for all analyses and the package bruceR in R (Bao H, 2024;
version 2024.6) https://cran.r-project.org/web/packages/
bruceR/index.html was used for mediation analysis.

Results

Characteristics of study participants

The mean age of the 1217 participants was 69.46
(SD=5.5; range, 60—86) years and 57.35% were women.
The mean SPPB summary score was 10.11 (SD=2.13;
range, 0—12). Compared to participants with smaller ChP
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volume, those with larger ChP volume were older and
had larger lateral ventricular volume and WMH volume
(P<0.001). There was a trend towards an increased ChP
volume being significantly associated with a decrease in
SPPB summary score and in the scores of the balance,
chair stand, and walk tests (all P<0.001) (Table 1).

Associations of ChP volume with physical function

Controlling for age, sex, education, and ICV, a greater
ChP volume was significantly associated with lower SPPB
summary score (P<0.05) (Table 2, model 1). Adjusting

Table 1 Characteristics of study participants by sex-specific quartiles of choroid plexus volume

Total Choroid plexus volume (ml), sex-specific quartiles’
Characteristics sample Q1, Q2, Q3, Q4, Pvalue
n=1217 n=305 n=304 n=303 n=305
Age (years) 69.46 (4.29) 68.36 (4.52) 68.86 (4.04) 69.64 (3.97) 71.00 (4.13) <0.001
Education (years) 3.56 (3.57) 3.54 (3.62) 3.51(3.53) 3.51(361) 3.68 (3.53) 0.922
Education, n (%) 0.265
llliterate 422 (34.68) 115 (37.70) 106 (34.87) 105 (34.65) 96 (31.48)
Primary school 550 (45.19) 127 (41.64) 131 (43.09) 135 (44.55) 157 (51.48)
Middle school or above 245 (20.13) 63 (20.66) 67 (22.04) 63 (20.79) 52 (17.05)
Occupation, n (%) 0.922
Farmer 984 (80.90) 245 (80.30) 243 (79.90) 243 (80.20) 253 (83.00)
Non-farmer 230 (18.90) 59 (19.34) 60 (19.74) 59 (1947) 52(17.05)
Physical exercise, n (%) 0.792
Weekly 240(19.72) 55(18.03) 60 (19.74) 60 (19.80) 65 (21.30)
Less than weekly 977 (80.28) 250 (81.97) 244 (80.26) 243 (80.20) 240 (78.69)
BMI (kg/mz) 25.00 (3.49) 24.57 (3.51) 25.01 (3.61) 25.06 (3.56) 2536 (3.25) 0.048
Ever smoking, n (%) 440 (36.15) 1(36.39) 104 (34.21) 116 (38.28) 109 (35.74) 0.771
Ever alcohol intake, n (%) 408 (33.53) 102 (33.44) 103 (33.88) 04 (34.32) 99 (32.46) 0.977
Hypertension, n (%) 813 (66.80) 93 (63.28) 195 (64.14) 208 (68.65) 217 (71.15) 0.163
Diabetes, n (%) 186 (15.28) 37(12.13) 46 (15.13) 3(17.49) 0(16.39) 0.286
Hyperlipidemia, n (%) 296 (24.32) 66 (21.64) 9 (22.70) 80 (26.40) 81 (26.56) 0.366
Stroke 150 (14.03) 31(10.16) 32(10.53) ( 55) ( 7.05) <0.001
APOE €4 allele, n (%) 182 (14.95) 40 (1 3.11) 8(12.50) 1(16. 83) 3(17.38) 0405
DESH 23(1.89) 3(0.98) 5(1.64) 4 (1 .32) (3 61) 0.078
WMH volume
Total WMH volume 8.74(11.02) 6.10(8.92) 8.03(10.93) 9.35(10.50) 1146 (12.75) <0.001
PWMH volume 742 (10.38) 5.00(8.37) 6.67 (10.28) 7.97 (9.78) 10.00 (12.10) <0.001
DWMH volume 133(141) 1.10 (1.25) 1.36 (1.41) 1.38(1.47) 1.46 (1.48) 0.012
Ventricular volume
Lateral ventricular volume 25.00 (11.60) 19.00 (8.43) 21.80 (9.06) 25.60 (9.90) 33.40(13.04) <0.001
Inferior lateral ventricles volume 2.81(0.93) 245 (0.68) 2.60 (0.74) 2.80(0.78) 341(1.13) <0.001
SPPB score
Balance score 3.63(0.82) 3.76 (0.60) 3.62(0.88) 3.68 (0.80) 3.48(0.93) <0.001
Chair stand score 2.88(1.19) 3.03(1.12) 293 (1.16) 2.87 (1.19) 2.70(1.25) 0.007
Walk test score 3.57(0.72) 3.64 (0.65) 3.63 (0.67) 3.56 (0.80) 347 (0.76) 0.007
Summary score 10.11(2.13) 10.51 (1.74) 10.17 (2.12) 10.12 (2.30) 9.67 (2.26) <0.001

Abbreviations: BMI, body mass index; APOE, apolipoprotein E gene; DESH, disproportionately enlarged subarachnoid-space hydrocephalus; WMH, white matter
hyperintensity; PWMH, periventricular white matter hyperintensity; DWMH, deep white matter hyperintensity; SPPB, Short Physical Performance Battery

Note: Data were mean (standard deviation), unless otherwise specified. The number of participants with missing values was 3 for occupation, 6 for body mass index,
13 for alcohol drinking, 13 for hypertension, 41 for APOE genotype, 148 for stroke, 48 for balance score, 1 for chair stand score, 5 for walk test score and 47 for SPPB
summary score. In the subsequent analyses, categorical variable with missing values was replaced with a dummy variable and continuous variable with missing

values was replaced with a mean value

The cut-offs of quartiles for total choroid plexus volume in females were <2.68 ml (Q1), 2.68-3.30 ml (Q2), 3.30-3.87 ml (Q3), and >3.87 ml (Q4); the corresponding
cut-offs in males were <3.72 ml (Q1), 3.72-4.49 ml (Q2), 4.49-5.10 ml (Q3), and >5.10 ml (Q4)
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Table 2 Associations of choroid plexus volume with SPPB
summary score (n=1170)
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Table 3 Associations of choroid plexus volume with white
matter hyperintensity volume and ventricular volume (n=1165)

Choroid plexus volume B coefficient (95% confidence MRI markers B coefficient (95% Cl), MRI
as an exposure variable interval), SPPB summary score markers
Model 1 Model 2 Model 1 Model 2
ChP volume, continuous 029 (-042,-0.16)" -0.24 (-0.37, WMH volume (ml)
011" Total WMH volume 148(0.81,2.16)"  123(0.60,
ChP volume, sex-specific quartiles’ 1.95) "
Q1 (1=288) 0.00 (reference) 0.00 Periventricular WMH volume 141(0.78,2.05)"  1.21(0.58,
(reference) 1.84) "
Q2 (n=295) -0.32 (-0.65,0.01) -0.28 (-0.60, Deep WMH volume 0.07 (-0.02,0.16) 0.07
0.05) (-0.02,
Q3 (n=288) -0.29 (-0.63, 0.05) -0.27 (061, 0.16)
0.07) Ventricular volume (ml)
Q4 (n=299) 065 (-1.01,-0.30)" -0.52 (-0.87, Lateral ventricular volume 494(437,552)" 467 (417,
017)" 523)"
P for linear trend <0.001 0.007 Inferior lateral ventricles volume 034(030,039) " 033(0.28,
Abbreviations: ChP, choroid plexus volume; SPPB, Short Physical Performance 037) B

Battery

Note: Data were B coefficients (95% confidence intervals) of SPPB summary
score associated with choroid plexus volume as a continuous variable (per 1-ml
increase) and sex-specific quartiles derived from two different models. Model
1 was controlled for age, sex, education, and total intracranial volume; model
2 was additionally adjusted for smoking, alcohol intake, body mass index,
physical exercise, hypertension, diabetes, dyslipidemia, APOE genotype, stroke,
and disproportionately enlarged subarachnoid-space hydrocephalus

The cut-offs of quartiles for total choroid plexus volume in females were
<2.68 ml (Q1), 2.68-3.30 ml (Q2), 3.30-3.87 ml (Q3), and >3.87 ml (Q4) and the
corresponding cut-offs in males were <3.72 ml (Q1), 3.72-4.49 ml (Q2), 4.49-
5.10 ml (@3), and >5.10 ml (Q4)

'P<0.05,""P<0.01

for additional potential confounding factors, the associa-
tion remained statistically significant (Table 2, model 2).
When ChP volume was analyzed as a categorical variable
(sex-specific quartiles), compared to the lowest quartile,
the top quartile of ChP volume was significantly asso-
ciated with a reduced SPPB summary score (P<0.01)
(Table 2, model 1); adjusting for additional potential
confounding factors, the highest quartile of ChP volume
remained significantly associated with the lower SPPB
summary score (P<0.01) (Table 2, model 2).

We detected statistical interactions of ChP volume with
sex on the SPPB summary score (Pfor ChP volumexsex
interactions <0.05). Stratified analysis by sex suggested

B cocfficient (95% confidence interval)

Abbreviations: MRI, magnetic resonance imaging; WMH, white matter
hyperintensity; Cl, Confidence Interval; SPPB, Short Physical Performance
Battery

Note: Data were B coefficients (95% confidence intervals) of volumetric
measures of MRI markers associated with per 1-ml increase in choroid plexus
volume derived from two different models. Model 1 was controlled for age, sex,
education, and total intracranial volume; model 2 was additionally adjusted
for smoking, alcohol intake, body mass index, physical exercise, hypertension,
diabetes, dyslipidemia, APOE genotype, stroke, and disproportionately
enlarged subarachnoid-space hydrocephalus

*P<0.05,"P<0.01

that the association of larger ChP volume with lower
SPPB summary score was stronger in females than in
males in the multivariable-adjusted model (Fig. 2, model
1); the associations remained significant in both females
and males after additionally adjusting for additional
potential confounding factors (Fig. 2, model 2).

Associations of choroid plexus volume with WMH volume
and ventricular volume

Controlling for age, sex, education, and ICV, a greater
ChP volume was significantly associated with larger total
WMH volume and periventricular WMH volume (both
P<0.01) (Table 3, model 1). Adjusting for additional
potential confounding factors, the association remained
statistically significant (Table 3, model 2). However, larger

Model 1
_SPPB Summary:score

Model 2

P for CP volume * sex interaction
Females, n=701
Males, n=516

———

1 Fxs 0

{ 0.035
=} 20,41 (:0.61,-:020)"
—=i.0.20 (-0.36,-0.04)’

: 0.028
== 20.40/(-0.60, -0.20)"°
== 20.17 (-0.33, -0.01)"

———
By 23 o

Fig. 2 Associations of choroid plexus volume with physical function assessed with SPPB summary score by sex. Abbreviations: ChP, choroid plexus; SPPB,
Short Physical Performance Battery. Note: Model 1 was controlled for age, education, and total intracranial volume; model 2 was additionally adjusted
for smoking, alcohol intake, body mass index, physical exercise, hypertension, diabetes, dyslipidemia, APOE genotype, stroke, and disproportionately

enlarged subarachnoid-space hydrocephalus. P<0.05, “P<0.01
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-

Fig. 3 Mediation effects of MRl markers on the associations of choroid plexus volume with physical function. Abbreviations: ChP, choroid plexus; SPPB,
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ChP volume was not significantly associated with deep
WMH volume (P>0.05) (Table 3, models 1 and 2). In
addition, after adjusting for age, sex, education, and ICV,
larger ChP volume was also significantly related to larger
lateral ventricular volume and inferior lateral ventricular
volume (both P<0.01) (Table 3, model 1). Adjusting for
additional potential confounding factors, the associations
remained statistically significant (Table 3, model 2).

Mediation of lateral ventricular volume and periventricular
WMH volume in the association of ChP volume with
physical function

We performed parallel mediation analysis to further
explore the extent to which ventricular volume and
WMH volume could mediate the cross-sectional asso-
ciation between ChP volume and physical function. Con-
trolling for demographics, vascular risk factors, total ICV,
physical exercise, APOE genotype, stroke, and dispro-
portionately enlarged subarachnoid-space hydrocepha-
lus, larger lateral ventricular volume and periventricular
WMH volume, which were significantly associated with
lower SPPB summary score (both P<0.01), could signifi-
cantly mediate 54.22% and 14.48%, respectively, of the
association between ChP volume and the SPPB summary
score (Fig. 3).

Sensitivity analysis

The following sensitivity analyses were performed to fur-
ther assess the robust association between ChP volume
and physical function. First, we examined the relationship
of ChP volume with scores of three SPPB subtests (e.g.,
the balance, chair stand, and walking speed tests). Con-
trolling for potential confounding factors, a greater ChP
volume was significantly associated with lower scores
of three SPPB subtests (all P<0.05) (Table S1, Models 1
and 2). When ChP volume was analyzed as a categorical
variable (sex-specific quartiles), compared to the lowest

quartile, the top quartile of ChP volume was significantly
associated with a lower balance score and a reduced chair
stand test score (all P<0.01) (Table S1, Models 1 and 2).
Furthermore, we repeated the analysis by excluding par-
ticipants with dementia (n=29) and Parkinson’s Disease
(n=2). The relationships of ChP volume, both as con-
tinuous and categorical variables, with SPPB summary
score remained statistically significant after adjusting for
potential confounding factors (Table S2, Models 1 and
2). We also repeated the analysis by further excluding
272 participants with mild cognitive impairment from
the dementia-free participants. The associations of ChP
volume, as a continuous variable, with SPPB summary
score remained statistically significant (P=0.007, data
not shown). Finally, we repeated the analysis by exclud-
ing participants from Liaocheng People’ Hospital (n=97).
The relationships of ChP volume, both as continuous and
categorical variables, with SPPB summary score were
similar to results from the main analysis (Table S3, Mod-
els 1 and 2).

Discussion
The main findings from this population-based study of
rural-dwelling older adults in China can be summarized
as follows: (1) the larger ChP volume was associated with
lower physical function; (2) the associations of larger
ChP volume with worse physical function varied with
sex, such that the associations were evident mainly in
females; and (3) the association of enlarged ChP volume
with poor physical function was largely mediated by the
lateral ventricular volume and periventricular WMH.
Previously, a clinical-based study of patients with early-
stage Parkinson’s disease showed that larger ChP volume
was associated with motor deficits [28]. In a population-
based study of dementia-free older adults in Japan, an
increased ChP volume was found to be cross-sectionally
correlated with a lower Mini-Mental State Examination
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score [9]. To the best of our knowledge, our study is the
first population-based study that explores the associa-
tion of ChP volume with physical function among older
adults. We found that a greater ChP volume was associ-
ated with poorer physical function, including impaired
balance, chair stand, and gait speed. We further explored
the potential mechanisms linking enlarged ChP volume
with physical dysfunction. Firstly, we explored whether
the association of enlarged ChP volume with poor physi-
cal function was largely dependent on ventricular vol-
ume. This is important because pathophysiologically,
enlarged ChP and lateral ventricles are closely related [10,
29], and several population-based studies have reported
the association between ventricular volume and physical
function in older adults. For instance, the cross-sectional
data from the US Cardiovascular Health Study showed
that larger ventricular volume was associated with bal-
ance disorders [30]. Furthermore, the cross-sectional
data from the Icelandic Age, Gene/Environment Suscep-
tibility-Reykjavik Study suggested that ventricular dila-
tion was associated with gait impairment [31]. Similarly,
the Mayo Clinic Study of Aging suggested that ventricu-
lar enlargement was strongly associated with slower gait
speed [12]. Therefore, it is plausible to hypothesize that
the association of enlarged ChP with physical impair-
ment could be, at least partly, attributable to enlarged
lateral ventricle. Then, we explored the role of WMH vol-
ume in the association of enlarged ChP volume with poor
physical function. Previously, population-based studies
have shown that enlarged ChP volume are closely related
to larger WMH volume [14, 15]. Data from the Alzheim-
er’s Disease Neuroimaging Initiative also showed that a
greater WMH burden was associated with enlarged ChP
volume in older adults [32]. Moreover, several studies
have linked increased WMH volume with physical dys-
function in older adults [33—37]. For example, the cross-
sectional data from the Guangdong SVD study in China
showed that WMH is associated with motor dysfunction
[34]. In support of this hypothesis, our population-based
study indeed revealed for the first time that lateral ven-
tricular volume and periventricular WMH could partly
mediate the cross-sectional association between enlarged
ChP volume and low physical function. The mechanisms
underlying the ChP volume-physical function association
among older adults are not fully understood. Previous
studies have shown that neuroinflammation is involved
in abnormal deposition of lipofuscin and amyloid in ChP
epithelial cells, which in turn could result in epithelial
edema and ChP enlargement [38, 39]. In addition, pro-
inflammatory cytokines might promote the differentia-
tion or proliferation of nonimmune cells, and further lead
to ChP enlargement [40]. Enlarged ventricles may impede
frontal projections and midbrain, the vital anatomical
structures for regulating balance and gait, thus leading
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to physical dysfunction (e.g., impaired balance and gait
speed) [41-43]. Moreover, neuroinflammation is known
to play a crucial role in the pathogenesis of cerebral small
vessel disease (CSVD) [44]. Gait impairment associated
with CSVD is likely caused by interrupted frontal corti-
cal-subcortical circuits and decreased connectivity of
cerebral white matter tracts in older adults [45].

We detected the sex-varying association between larger
ChP volume and lower physical performance, such that
a larger ChP volume showed a stronger association with
lower physical performance in females than in males. The
biological mechanisms underlying the sex-varying asso-
ciation between the ChP volume and physical function
are unknown. In the MIND-China cohort, the prevalence
of obesity, hypertension, diabetes, and dyslipidemia were
higher in females than males [19, 46, 47]. Previous studies
have correlated cardiometabolic risk factors (e.g., hyper-
tension and obesity) with enlarged ChP volume [8, 48].
However, our study indicated that the sex differences in
the association of larger ChP volume with poorer physi-
cal function was present independent of major car-
diometabolic risk factors. Further research may help
elucidate neuropathological mechanisms underlying the
sex differences in their association.

This large-scale population-based MRI study engaged
older adults who were living in rural communities in
China, a sociodemographic group that has been under-
represented in research of aging and physical function.
However, our study also has limitations. First, a tempo-
ral relationship of ChP volume with poor physical per-
formance cannot be determined owing to the nature of
cross-sectional design. Second, we did not use the gold
standard manual annotation for ChP segmentation due
to time-consuming and cumbersome in a large sample,
instead, we used the deep learning models to automati-
cally segment ChP volume, which is considered a simple
and highly reliable solution [25]. Third, the study sample
was drawn from a single rural area of western Shandong
Province where a considerable proportion of participants
had received no or very limited school education. This
should be kept in mind when generalizing the results of
our study to other populations.

In conclusion, this population-based cross-sectional
study provides evidence in favor of the hypothesis that
enlarged ChP volume is associated with poorer physi-
cal function in rural older adults. Of note, we revealed
that the lateral ventricular volume and WMH volume
could largely mediate the ChP volume-physical func-
tion association, suggesting that ventricular enlargement
due to ChP malfunction may be a biological mechanism
or pathway underlying physical dysfunction. Future
prospective follow-up studies are warranted to further
explore the potential causal relationship of ChP volume
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with subsequent consequences of physical function as
well as the mechanisms underlying their association in
older adults.
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