Supplementary materials
1. Detailed inclusion/exclusion criteria
A total of 636 clinical participants were recruited for the Jinan cohort from our hospital between January 2021 and August 2024. The inclusion criteria for all participants were as follows: (1) aged over 40 years. (2) Subjects had no contraindications to MRI and underwent MRI scanning. (3) Subjects had no cerebral anatomy abnormalities on brain MRI. (4) Subjects had no serious depression or anxiety. (5) Subjects had no history of cerebral trauma, major surgery, or psychosis. The exclusion criteria for all participants were as follows: (1) poor-quality or missing MRI data and missing basic clinical information and (2) severe cognitive impairment(MoCA < 26)[1], including dementia and stroke. For UKB, brain MRI scans have been conducted on approximately 50,000 individuals as part of its imaging component. Individuals with available CP volume data (n = 40983) were initially considered. Individuals were excluded for missing metabolic or covariate data, major diseases (including cancer, psychiatric disorders, and history of abuse), or missing cognitive data. After exclusions, a total of 14,074 participants remained. Propensity score matching (PSM) was then performed between healthy controls and MetS patients, yielding 5594 matched participants (2771 HCs and 2823 MetS patients) on the basis of age, sex and education level. Individuals were matched 1:1 via nearest-neighbor matching without replacement, with a caliper of 0.1 standard deviations of the logit of the propensity score and restriction to common support. A subset of 23 subjects in the Jinan cohort and 572 subjects with available follow-up data were also included in the longitudinal analysis.
2. Diagnostic criteria for metabolic syndrome
For the Jinan cohort, MetS patients were diagnosed according to the Chinese Medical Association Diabetes Branch (CDS) criteria[2] and were diagnosed by experienced endocrinologists. Basic patient information was anonymized during diagnosis to guarantee diagnostic consistency. The diagnoses were reviewed by at least two endocrinologists, and any inconsistent diagnostic results were excluded. Individuals were classified as having MetS if three or more of the following criteria were met: (a) body mass index (BMI)≥25 kg/m2; (b) fasting plasma glucose (FPG) ≥6.1 mmol/l, or a prior diagnosis of diabetes under treatment; (c) hypertension: blood pressure ≥140/90 mmHg or current treatment for hypertension; (d) triglycerides (TG)≥1.7 mmol/l; and (e) high-density lipoprotein cholesterol (HDL-C) < 0.9 mmol/l (males) or <1.0 mmol/l (females). For the UKB cohort, MetS was defined according to the criteria of the National Cholesterol Education Program Adult Treatment Panel III (NCEP–ATP III)[3]. A diagnosis of MetS was established when three or more of the following five conditions were present: (a) abdominal obesity, defined as waist circumference ≥102 cm (males) or ≥88 cm (females); (b) FPG≥5.6 mmol/l; (c) elevated blood pressure (systolic ≥130 mmHg and/or diastolic ≥85 mmHg) or current use of antihypertensive medication; (d) TG ≥1.7 mmol/l; (e) HDL-C<1.0 mmol/l (males) or <1.3 mmol/l (females).
3. Clinical Assessment in the UK Biobank
3.1 MRI acquisition and processing
All brain MR images were acquired at three UKB imaging centers (Newcastle-upon-Tyne, Stockport, and Reading) on identical Siemens Skyra 3.0 T scanners with a standard 32-channel head coil. T1-weighted 3D MPRAGE structural scan (sagittal; voxel size = 1 × 1 × 1 mm; isotropic; field-of-view (FOV) ≈ 208 × 256 × 256 matrix; in-plane acceleration (iPAT) = 2; duration ≈ 5 min). T1 images underwent standard preprocessing (bias-field correction, skull stripping, and tissue segmentation). The CP volume was derived from the T1-weighted image via FreeSurfer automated subcortical volumetric segmentation (aseg). T2-weighted FLAIR structural imaging scan (sagittal; elliptical k-space scanning; voxel size =1.05 × 1 × 1 mm; field-of-view (FOV) ≈ 192 × 256 × 256 matrix; iPAT = 2; duration ≈ 6 min). A T2-FLAIR image, which is generally of good quality and shows strong contrast for white matter hyperintensities, is acquired. T2-FLAIR images were linearly registered to T1-weighted images via FLIRT, followed by nonlinear transformation to the MNI152 standard space. White matter hyperintensity (WMH) segmentation was automatically performed with the BIANCA tool, which utilized both T1- and T2-FLAIR data. WMH volumes were quantified to derive imaging-derived phenotypes (IDPs), including total WMH volume, periventricular WMH volume (within 10 mm of the ventricles), and deep WMH volume (beyond 10 mm). All outputs were visually checked for accuracy according to the UKB imaging protocol.

3.2 Cognitive domains
Cognitive performance was assessed during imaging via standard UKB tests. Following the UKB guidelines, we focused on three domains corresponding to the Jinan cohort analyses. Processing speed was measured via the Symbol Digit Modalities Test (SDMT), which assesses the number of correct symbol‒digit matches. Executive function was evaluated via the Trail Making Test (TMT) to determine the time taken to complete the alphanumeric path in seconds. To ensure consistency across tests, TMT time was multiplied by -1 before standardization to indicate better function with higher values. Memory performance was assessed through pair matching (PAL) to measure the number of correctly associated word pairs. The raw scores for each test were converted to z scores, and a global cognition index was calculated as the average of the domain z scores. All the cognitive z scores were adjusted so that higher values represent superior cognition.
3.3 Baseline assessment
Baseline data from the UKB were collected at the assessment center through a touchscreen survey, a nurse interview, and physical assessments. The following variables were used as covariates in the regression models: age (years), sex (female, male), education level (high, middle, and low), smoking status (current, previous, and never), alcohol status (current, previous, and never), ethnic background (white and nonwhite), and the Townsend deprivation index (higher values indicate greater deprivation).

Table S1. Demographic and clinical characteristics of participants in the UK Biobank assessment.
	Characteristic
	MetS (n=2771)
	HCs (n=2823)
	χ2 /t
	P value

	[bookmark: OLE_LINK10]Age (y), Mean (SD)
	64.84 (7.43)
	64.32 (7.62)
	-2.60
	0.009t

	Sex, Female N (%)
	[bookmark: _GoBack]1295 (45.90%)
	1134 (40.90%)
	13.94
	<0.001χ2

	Ethnic background N (%)
	
	
	0.016
	0.962t

	White
	2684 (96.90%)
	2736 (96.90%)
	
	

	Others
	87 (3.10%)
	87 (3.10%)
	
	

	Education level, N (%)
	
	
	24.98
	<0.001χ2

	High
	1280 (46.20%)
	1490 (52.80%)
	
	

	Medium
	937 (33.80%)
	858 (30.40%)
	
	

	Low
	546 (19.70%)
	468 (16.60%)
	
	

	Smoking, N (%)
	
	
	18.61
	<0.001χ2

	Never
	1670 (60.30%)
	1853 (65.60%)
	
	

	Previous
	998 (36%)
	893 (31.60%)
	
	

	Current
	103 (3.70%)
	77 (2.70%)
	
	

	Alcohol drinking, N (%)
	
	
	23.10
	<0.001χ2

	Never
	108 (3.90%)
	76 (2.70%)
	
	

	Previous
	94 (2.60%)
	64 (2.30%)
	
	

	Current
	2548 (92%)
	2683 (95%)
	
	

	Townsend deprivation index, Mean (SD)
	-1.75 (2.78)
	-1.93 (2.73)
	-2.37
	0.018t

	Metabolic syndrome, N (%)
	
	
	
	

	Hypertension, [yes, N (%)]
	2564 (90.80%)
	1701 (60.20%)
	802.39
	<0.001χ2

	Hyperglycemia, [yes,N (%)]
	1128 (39.90%)
	232 (8.20%)
	800.39
	<0.001χ2

	Elevated waist circumference, [yes,N (%)]
	1876 (66.40%)
	291 (10.30%)
	1939.71
	<0.001χ2

	Reduced HDL, [yes,N (%)]
	1481 (52.40%)
	194 (6.90%)
	443.79
	<0.001χ2

	Elevated triglycerides, [yes,N (%)]
	2364 (83.70%)
	653 (23.10%)
	2173.66
	<0.001χ2

	TyG index, Mean (SD)
	4.94 (0.23)
	4.60 (0.23)
	-56.30
	<0.001t

	Neuropsychological assessments*
	
	
	
	

	Processing speed, Mean (SD)
	-0.049 (0.99)
	0.05 (1.01)
	3.28
	<0.001t#

	Executive function, Mean (SD)
	-0.008 (0.76)
	0.008 (0.72)
	0.051
	0.407t#

	Memory, Mean (SD)
	-0.087 (1.01)
	0.086 (0.98)
	6.51
	< 0.001t#

	Global cognitive function, Mean (SD)
	-0.048 (0.68)
	0.048 (0.67)
	6.51
	< 0.001t#

	Image features
	
	
	
	

	CP volume[mm3×103, Mean (SD)]
	1.45 (0.49)
	1.40 (0.47)
	-3.81
	< 0.001t

	eTIV (mm3×105), Mean (SD)
	15.7 (0.16)
	15.6 (0.16)
	-1.70
	0.089t

	LVV (mm3×104), Mean (SD)
	2.81 (1.49)
	2.69 (1.45)
	2.95
	0.003t

	Total WMH volume (mm3×103), Mean (SD)
	6.23 (7.53)
	5.05 (6.69)
	-6.20
	< 0.001t

	DWMH volume (mm3×103), Mean (SD)
	1.36 (2.71)
	1.05 (2.63)
	-4.39
	< 0.001t

	PVH volume (mm3×103), Mean (SD)
	4.87 (5.28)
	4.00 (4.59)
	-6.56
	< 0.001t


χ2Chi-square test; ttwo independent sample t-test;
#Each neuropsychological tests were z-transformed separately for all participants and global cognition was defined as mean z score of all cognitive domains, the FDR (False Discovery Rate) method was used for result correction.
Abbreviations: Mets, metabolic syndrome; HCs, healthy controls; HDL, high-density lipoprotein; TyG index, triglyceride-glucose index; CP volume, choroid plexus volume; eTIV, estimated total intracranial volume; WMH, White matter hyperintensity; DWMH, deep white matter hyperintensities; PVH, periventricular hyperintensities; LVV, lateral ventricle volume; eTIV, estimated total intracranial volume; SD, Standard Deviation.
Table S2. Multiple linear regression of WMH characteristics and CP volume in Jinan cohort.
	Dependent variable
	Hierarchical
	Model
	Adjusted R²
	β (95% CI)
	t
	P value

	WMH volume*
	Total
	Model 1
	0.019
	1.084 (-0.062, 2.230)
	1.870
	0.064

	
	
	Model 2
	0.121
	-0.498 (-1.830, 0.835)
	-0.739
	0.461

	
	
	Model 3
	0.155
	-0.728 (-2.113, 0.658)
	-1.040
	0.301

	
	MetS
	Model 1
	0.026
	1.503 (-0.269, 3.276)
	1.693
	0.095

	
	
	Model 2
	0.145
	-0.421 (-2.456, 1.613)
	-0.414
	0.680

	
	
	Model 3
	0.192
	-0.123 (-2.229, 1.983)
	-0.117
	0.908

	WMH susceptibility
	Total
	Model 1
	-0.005
	-0.155 (-0.694, 0.383)
	-0.571
	0.569

	
	
	Model 2
	0.076
	-0.807 (-1.441, -0.173)
	-2.518
	0.013

	
	
	Model 3
	0.081
	-0.915 (-1.584, -0.245)
	-2.705
	0.008

	
	MetS
	Model 1
	0.018
	-0.523 (-1.220, 0.175)
	-1.494
	0.140

	
	
	Model 2
	0.028
	-0.904 (-1.754, -0.053)
	-2.121
	0.038

	
	
	Model 3
	-0.001
	-0.941 (-1.861, -0.021)
	-2.045
	0.045


Note: Model 1: unadjusted. Model 2: adjusted for sex, age, and education. Model 3: adjusted for sex, age, years of education, smoking, alcohol drinking, and LVV. 
* Dependent variables and CP volume were adjusted for eTIV and log-transformed. 
Abbreviations: CI, confidence interval; MetS, metabolic syndrome; CP volume, choroid plexus volume; WMH, white matter hyperintensity; LVV, lateral ventricle volume; eTIV, estimated total intracranial volume.
Table S3. Multiple linear regression with interaction terms (dependent variable: WMH volume*) in Jinan cohort of cross-sectional study.
	Predictor
	Estimate (β)
	Std. Error
	t
	P value

	(Intercept)
	11.233
	1.721
	6.528
	< 0.001

	CP volume
	-0.596
	0.677
	-0.882
	0.380

	WMH susceptibility
	0.339
	0.191
	1.778
	0.078

	MetS
	4.527
	3.642
	1.243
	0.216

	Gender
	-3.202
	3.929
	-0.815
	0.417

	LVV
	0.000328
	0.000186
	1.766
	0.080

	Age
	0.371
	0.251
	1.479
	0.142

	education
	-0.517
	0.577
	-0.896
	0.372

	CP × WMH susceptibility
	0.012
	0.057
	0.210
	0.834

	CP × MetS
	2.796
	1.161
	2.408
	0.018

	WMH susceptibility × MetS
	0.626
	0.373
	1.676
	0.096

	CP × WMH susceptibility × MetS
	0.271
	0.114
	2.380
	0.019


Model fit: Residual SE = 17.92; Adjusted R² = 0.244; p < 0.001. Model was adjusted for sex, age, education, and LVV. 
*Dependent variables and CP volume were adjusted for eTIV and log-transformed. 
Abbreviations: SE, standard error; MetS, metabolic syndrome; CP volume, choroid plexus volume; WMH, white matter hyperintensity; LVV, lateral ventricle volume; eTIV, estimated total intracranial volume.
Table S4. Collinearity diagnostics of multiple predictors in multiple linear regression.
	Predictor*
	VIF

	CP
	1.752

	WMH susceptibility
	1.359

	MetS
	1.360

	Gender
	1.582

	LVV
	1.678

	Age
	2.108

	education
	1.489

	CP × WMH susceptibility
	1.386

	CP × MetS
	1.108

	WMH susceptibility × MetS
	1.275

	CP × WMH susceptibility × MetS
	1.335


*To moderate non-essential multicollinearity inherent in interaction models, continuous predictors (CP, WMH susceptibility, LVV, age) were mean-centered and the binary MetS was coded as −0.5/+0.5. After centering, almost all VIFs dropped to 1–2, indicating substantially reduced collinearity.
Abbreviations: MetS, metabolic syndrome; CP volume, choroid plexus volume; WMH, white matter hyperintensity; LVV, lateral ventricle volume; VIF, variance inflation factor.






Table S5. Simple slope analyses decomposing the three-way interaction.
	MetS Group
	Level (WMH susceptibility)
	Estimate (β)
	95% CI 
	Std. Error
	t 
	P value

	HCs
	-1 SD
	-0.711
	[-2.30, 0.88]
	0.803
	-0.885
	0.378

	MetS
	-1 SD
	-0.501
	[-3.73, 2.73]
	1.629
	-0.307
	0.759

	HCs
	Mean
	-0.596
	[-1.94, 0.74]
	0.677
	-0.882
	0.380

	MetS
	Mean
	2.199
	[-0.27, 4.67]
	1.247
	1.763
	0.080

	HCs
	+1 SD
	-0.482
	[-2.32, 1.36]
	0.930
	-0.518
	0.605

	MetS
	+1 SD
	4.900
	[1.61, 8.19]
	1.659
	2.952
	0.004


Abbreviations: SE, standard error; CI, confidence interval; MetS, metabolic syndrome; HCs, healthy controls; WMH, white matter hyperintensity; LVV, lateral ventricle volume; eTIV, estimated total intracranial volume; SD, Standard Deviation.
Table S6. Multiple linear regression of WMH characteristics and CP volume in UKB of cross-sectional study.
	Dependent variable*
	Hierarchical
	Model
	Adjusted R²
	β (95% CI)
	t
	P value

	PVH
	Total
	Model 1
	0.164
	0.136 (0.128, 0.144)
	33.132
	<0.001

	
	
	Model 2
	0.278
	0.079 (0.070, 0.087)
	17.581
	<0.001

	
	
	Model 3
	0.286
	0.053 (0.042, 0.064)
	9.863
	<0.001

	
	MetS
	Model 1
	0.169
	0.133 (0.122, 0.144)
	23.753
	<0.001

	
	
	Model 2
	0.265
	0.084 (0.072, 0.096)
	13.751
	<0.001

	
	
	Model 3
	0.272
	0.057 (0.042, 0.072)
	7.580
	<0.001

	DWMH
	Total
	Model 1
	0.016
	0.060 (0.048, 0.072)
	9.451
	<0.001

	
	
	Model 2
	0.103
	-0.007 (-0.021, 0.007)
	-0.981
	0.327

	
	
	Model 3
	0.109
	0.020 (0.003, 0.037)
	2.330
	0.020

	
	MetS
	Model 1
	0.013
	0.054 (0.037, 0.072)
	6.178
	<0.001

	
	
	Model 2
	0.090
	-0.005 (-0.024, 0.014)
	-0.504
	0.615

	
	
	Model 3
	0.094
	0.021 (-0.002, 0.045)
	1.764
	0.078

	Total WMH
	Total
	Model 1
	0.131
	0.124 (0.115, 0.132)
	29.004
	<0.001

	
	
	Model 2
	0.249
	0.065 (0.056, 0.074)
	14.011
	<0.001

	
	
	Model 3
	0.253
	0.047 (0.036, 0.058)
	8.298
	<0.001

	
	MetS
	Model 1
	0.131
	0.120 (0.109, 0.132)
	20.448
	<0.001

	
	
	Model 2
	0.231
	0.070 (0.058, 0.083)
	10.926
	<0.001

	
	
	Model 3
	0.234
	0.050 (0.035, 0.066)
	6.347
	<0.001


Model 1: unadjusted. Model 2: adjusted for sex, age, and education. Model 3: adjusted for sex, age, education, smoking, alcohol drinking, ethnic background, Townsend deprivation index, lateral ventricle volume. 
* Dependent variables and CP volume were adjusted for eTIV and log-transformed. 
Abbreviations: CI, confidence interval; MetS, metabolic syndrome; CP volume, choroid plexus volume; PVH, periventricular hyperintensities; DWMH, deep white matter hyperintensities; WMH, white matter hyperintensity; eTIV, estimated total intracranial volume.
Table S7. Longitudinal MRI characteristics in UKB cohort (n = 572).
	Imaging features
	Baseline (mean ± SD)
	Follow-up (mean ± SD)
	P value

	CP
	8.46 ± 2.61
	8.79 ± 2.58
	<0.001

	PVH
	23.99 ± 28.14
	25.33 ± 30.05
	<0.001

	DWMH
	7.26 ± 16.71
	7.10 ± 15.76
	0.162

	WMH (total)
	31.26 ± 42.53
	32.43 ± 42.75
	<0.001

	LVV
	1.28×104 ± 7.25×103
	11.67×104 ± 6.21×103
	<0.001

	eTIV
	15.6×105± 1.62×105
	15.6×105 ± 1.63×105
	<0.001


Abbreviations: CP volume, choroid plexus volume; PVH, periventricular hyperintensities; DWMH, deep white matter hyperintensities; WMH, white matter hyperintensity; LVV, lateral ventricle volume; eTIV, estimated total intracranial volume; SD, Standard Deviation.
Table S8. Generalized estimating equations results of WMH volume* and CP volume in longitudinal study of Jinan cohort.
	Predictor
	Estimate
	Std. Error
	Wald
	P value

	(Intercept)
	-1.900
	2.520
	0.570
	0.451

	CP
	1.110×10⁻²
	5.670×10⁻²
	0.040
	0.845

	year
	-2.320×10⁻¹
	1.600×10⁻¹
	2.110
	0.146

	MetS (yes)
	1.310
	0.466
	7.900
	0.005

	Age
	2.450×10⁻³
	3.620×10⁻²
	0.000
	0.946

	Sex (male)
	-1.570
	0.554
	8.070
	0.005

	Education
	-2.430×10⁻²
	6.760×10⁻²
	0.130
	0.720

	LVV
	1.660×10⁻⁴
	2.720×10⁻⁵
	37.040
	<0.001


*Dependent variables were adjusted for eTIV and log-transformed. 
Abbreviations: MetS, metabolic syndrome; CP volume, choroid plexus volume; WMH, white matter hyperintensity; eTIV, estimated total intracranial volume; LVV, lateral ventricle volume.
Table S9. Generalized estimating equations results of WMH susceptibility and CP volume in longitudinal study of Jinan cohort.
	Predictor
	Estimate
	Std. Error
	Wald
	P value

	(Intercept)
	9.979
	11.866
	0.710
	0.400

	CP
	-1.872
	0.418
	20.110
	<0.001

	year
	0.811
	0.866
	0.880
	0.349

	MetS (yes)
	10.580
	2.623
	16.270
	<0.001

	Age
	0.065
	0.167
	0.150
	0.698

	Sex (male)
	-3.029
	2.718
	1.240
	0.265

	Education
	-0.969
	0.348
	7.730
	<0.001

	LVV
	-1.310×10⁻⁴
	2.200×10⁻⁴
	0.350
	0.553


Abbreviations: MetS, metabolic syndrome; CP volume, choroid plexus volume; WMH, white matter hyperintensity; LVV, lateral ventricle volume.
Table S10. Generalized estimating equations results of DWMH volume* in longitudinal study of UKB.
	Predictor
	Estimate
	Std. Error
	Wald
	P value

	(Intercept)
	-1.57×10¹
	6.84
	5.270
	0.0217

	CP
	5.48×10⁻¹
	3.87×10⁻¹
	2.000
	0.157

	year
	-9.85×10⁻¹
	1.13
	0.760
	0.382

	MetS (yes)
	3.74
	1.31
	8.200
	<0.001

	Age
	3.52×10⁻¹
	1.03×10⁻¹
	11.70
	<0.001

	Sex (male)
	-4.47×10⁻¹
	1.49
	0.090
	0.764

	Ethnic (white)
	-4.19×10⁻¹
	2.28
	0.030
	0.854

	Education levels (high)
	-2.01
	2.04
	0.970
	0.324

	Education levels (middle)
	-2.75
	2.04
	1.820
	0.177

	LVV
	-4.45×10⁻⁵
	8.41×10⁻⁵
	0.280
	0.597


*Dependent variables were adjusted for eTIV and log-transformed. 
Abbreviations: MetS, metabolic syndrome; CP volume, choroid plexus volume; DWMH, deep white matter hyperintensities; eTIV, estimated total intracranial volume; LVV, lateral ventricle volume.

Table S11. Generalized estimating equations results of PVH volume* in longitudinal study of UKB.
	Predictor
	Estimate
	Std. Error
	Wald
	P value

	(Intercept)
	-5.47×10¹
	12.9
	18.030
	<0.001

	CP
	2.04
	0.516
	15.630
	<0.001

	year
	-3.25
	2.19
	2.210
	0.138

	MetS (yes)
	7.22
	2.10
	11.870
	<0.001

	Age
	1.15
	0.176
	42.970
	<0.001

	Sex (male)
	1.45×10⁻¹
	2.23
	0.000
	0.948

	Ethnic (white)
	-4.96
	5.60
	0.790
	0.376

	Education levels (high)
	-2.01
	3.40
	0.350
	0.553

	Education levels (middle)
	-4.63
	3.37
	1.890
	0.169

	LVV
	1.56×10⁻⁴
	1.60×10⁻⁴
	0.950
	0.330


*Dependent variables were adjusted for eTIV and log-transformed. 
Abbreviations: MetS, metabolic syndrome; CP volume, choroid plexus volume; PVH, periventricular hyperintensities; eTIV, estimated total intracranial volume; LVV, lateral ventricle volume.

Table S12. Generalized estimating equations results of total WMH volume* in longitudinal study of UKB.
	Predictor
	Estimate
	Std. Error
	Wald
	P value

	(Intercept)
	-7.01×10¹
	18.8
	13.840
	<0.001

	CP
	2.59
	0.865
	8.980
	0.003

	year
	-4.22
	3.14
	1.810
	0.179

	MetS (yes)
	1.10×10¹
	3.19
	11.830
	<0.001

	Age
	1.49
	0.266
	31.640
	<0.001

	Sex (male)
	-4.09×10⁻¹
	3.52
	0.010
	0.908

	Ethnic (white)
	-5.46
	7.61
	0.510
	0.474

	Education levels (high)
	-4.07
	5.20
	0.610
	0.434

	Education levels (middle)
	-7.41
	5.15
	2.070
	0.150

	LVV
	1.40×10⁻⁴
	2.31×10⁻⁴
	0.370
	0.545


*Dependent variables were adjusted for eTIV and log-transformed. 
Abbreviations: MetS, metabolic syndrome; CP volume, choroid plexus volume; WMH, white matter hyperintensity; eTIV, estimated total intracranial volume; LVV, lateral ventricle volume.
Table S13. Mediation analysis demonstrated that total WMH volume* partially mediated the effect of MetS Score on cognitive function.
	Outcome
	Path
	Estimate
	95% CI
	P value#

	Processing speed
	Indirect (ACME)
	−6.93 × 10⁻³
	[−9.9 × 10⁻³, −4.1 × 10⁻³]
	<0.001

	
	Direct (ADE)
	−3.18 × 10⁻²
	[−4.90 × 10⁻², −1.38 × 10⁻²]
	<0.001

	
	Total Effect
	−3.87 × 10⁻²
	[−5.57 × 10⁻², −2.03 × 10⁻²]
	<0.001

	
	Proportion Mediated
	1.79 × 10⁻¹
	[9.70 × 10⁻², 3.51 × 10⁻¹]
	

	Global cognition
	Indirect (ACME)
	−4.17 × 10⁻³
	[−5.9 × 10⁻³, −2.5 × 10⁻³]
	<0.001

	
	Direct (ADE)
	−3.09 × 10⁻²
	[−4.34 × 10⁻², −1.93 × 10⁻²]
	<0.001

	
	Total Effect
	−3.51 × 10⁻²
	[−4.71 × 10⁻², −2.40 × 10⁻²]
	<0.001

	
	Proportion Mediated
	1.19 × 10⁻¹
	[6.26 × 10⁻², 1.98 × 10⁻¹]
	


[bookmark: OLE_LINK24]Note: Mediation models were adjusted for age, sex, education, and ethnicity. *total WMH volume was correlated with eTIV and log-transformed. #The FDR (False Discovery Rate) method was used for results correction. Abbreviations: Mets, metabolic syndrome; WMH, white matter hyperintensity; eTIV, estimated total intracranial volume; CI, confidence interval; ACME, Average Causal Mediation Effect; ADE, Average Direct Effect.
PVH, periventricular hyperintensities; DWMH, deep white matter hyperintensities; WMH, white matter hyperintensity; eTIV, estimated total intracranial volume.
Table S14. Mediation analysis demonstrated that DWMH volume* partially mediated the effect of MetS Score on cognitive function.
	 Outcome
	Path
	Estimate
	95% CI
	P value#

	Processing speed
	Indirect (ACME)
	−4.89 × 10⁻³
	[−7.5 × 10⁻³, −3.0 × 10⁻³]
	<0.001

	
	Direct (ADE)
	−3.42 × 10⁻²
	[−5.35 × 10⁻², −1.96 × 10⁻²]
	<0.001

	
	Total Effect
	−3.91 × 10⁻²
	[−5.77 × 10⁻², −2.61 × 10⁻²]
	<0.001

	
	Proportion Mediated
	1.25 × 10⁻¹
	[5.88 × 10⁻², 2.61 × 10⁻¹]
	

	Global cognition
	Indirect (ACME)
	−3.27 × 10⁻³
	[−5.0 × 10⁻³, −2.0 × 10⁻³]
	<0.001

	
	Direct (ADE)
	−3.23 × 10⁻²
	[−4.46 × 10⁻², −1.96 × 10⁻²]
	<0.001

	
	Total Effect
	−3.56 × 10⁻²
	[−4.75 × 10⁻², −2.40 × 10⁻²]
	<0.001

	
	Proportion Mediated
	9.21 × 10⁻²
	[4.31 × 10⁻², 1.69 × 10⁻¹]
	


Note: Mediation models were adjusted for age, sex, education, and ethnicity. *DWMH volume was correlated with eTIV and log-transformed. #The FDR (False Discovery Rate) method was used for results correction. Abbreviations: Mets, metabolic syndrome; DWMH, deep white matter hyperintensities; eTIV, estimated total intracranial volume; CI, confidence interval; ACME, Average Causal Mediation Effect; ADE, Average Direct Effect.

Table S15. Mediation analysis demonstrated that PVH volume* partially mediated the effect of MetS Score on cognitive function.
	Outcome
	Path
	Estimate
	95% CI
	P value#

	Processing speed
	Indirect (ACME)
	−6.58 × 10⁻³
	[−9.4 × 10⁻³, −4.0 × 10⁻³]
	<0.001

	
	Direct (ADE)
	−3.21 × 10⁻²
	[−5.02 × 10⁻², −1.54 × 10⁻²]
	<0.001

	
	Total Effect
	−3.87 × 10⁻²
	[−5.69 × 10⁻², −2.23 × 10⁻²]
	<0.001

	
	Proportion Mediated
	1.70 × 10⁻¹
	[8.87 × 10⁻², 3.32 × 10⁻¹]
	

	Global cognition
	Indirect (ACME)
	−3.91 × 10⁻³
	[−5.7 × 10⁻³, −2.2 × 10⁻³]
	<0.001

	
	Direct (ADE)
	−3.12 × 10⁻²
	[−4.35 × 10⁻², −1.96 × 10⁻²]
	<0.001

	
	Total Effect
	−3.51 × 10⁻²
	[−4.65 × 10⁻², −2.33 × 10⁻²]
	<0.001

	
	Proportion Mediated
	1.11 × 10⁻¹
	[6.01 × 10⁻², 1.86 × 10⁻¹]
	


Note: Mediation models were adjusted for age, sex, education, and ethnicity. *PVH volume was correlated with eTIV and log-transformed. #The FDR (False Discovery Rate) method was used for results correction. Abbreviations: Mets, metabolic syndrome; PVH, periventricular hyperintensities; eTIV, estimated total intracranial volume; CI, confidence interval; ACME, Average Causal Mediation Effect; ADE, Average Direct Effect.
Table S16. Serial mediation effects of TyG index on cognitive domains via DWMH volume and CP volume.
	Cognitive domain
	Pathway
	Estimate
	95% CI
	Raw P
	FDR _P

	Processing speed
	TyG→CP→DWMH→Cognition
	0.000
	[-0.000, 0.001]
	0.153
	0.204

	
	TyG→DWMH→Cognition
	-0.018
	[-0.028, -0.009]
	<0.001
	<0.001

	
	Total effect
	-0.056
	[-0.138, 0.030]
	0.199
	0.265

	Executive function
	TyG→CP→DWMH→Cognition
	0.000
	[-0.000, 0.000]
	0.161
	0.215

	
	TyG→DWMH→Cognition
	-0.012
	[-0.019, -0.006]
	<0.001
	<0.001

	
	Total effect
	0.006
	[-0.055, 0.069]
	0.853
	0.853

	Memory
	TyG→CP→DWMH→Cognition
	0.000
	[-0.000, 0.000]
	0.285
	0.380

	
	TyG→DWMH→Cognition
	-0.007
	[-0.016, 0.001]
	0.106
	0.141

	
	Total effect
	-0.163
	[-0.255, -0.080]
	<0.001
	<0.001

	Global cognition
	TyG→CP→DWMH→Cognition
	0.000
	[-0.000, 0.000]
	0.150
	0.200

	
	TyG→DWMH→Cognition
	-0.012
	[-0.019, -0.007]
	<0.001
	<0.001

	
	Total effect
	-0.071
	[-0.128, -0.011]
	0.016
	0.021


Note: Mediation models were adjusted for age, sex, educational levels, ethnicity, smoking, alcohol, and Townsend deprivation index. DWMH volume and CP volume was correlated with eTIV and log-transformed. The FDR (False Discovery Rate) method was used for results correction. Abbreviations: Mets, metabolic syndrome; DWMH, deep white matter hyperintensities; eTIV, estimated total intracranial volume; CI, confidence interval; TyG index, triglyceride-glucose index.

Table S17. Serial mediation effects of TyG index on cognitive domains via PVH volume and CP volume.
	Cognitive domain
	Pathway
	Estimate
	95% CI
	Raw P
	FDR _P

	Processing speed
	TyG→CP→PVH→Cognition
	-0.002
	[-0.004, -0.001]
	0.006
	0.010

	
	TyG→PVH→Cognition
	-0.019
	[-0.030, -0.011]
	<0.001
	<0.001

	
	Total effect
	-0.054
	[-0.142, 0.027]
	0.218
	0.262

	Executive function
	TyG→CP→PVH→Cognition
	-0.001
	[-0.003, -0.001]
	0.010
	0.015

	
	TyG→PVH→Cognition
	-0.011
	[-0.018, -0.006]
	<0.001
	<0.001

	
	Total effect
	0.008
	[-0.059, 0.078]
	0.817
	0.817

	Memory
	TyG→CP→PVH→Cognition
	-0.001
	[-0.002, 0.000]
	0.214
	0.257

	
	TyG→PVH→Cognition
	-0.005
	[-0.012, 0.002]
	0.177
	0.212

	
	Total effect
	-0.160
	[-0.254, -0.065]
	0.001
	0.002

	Global cognition
	TyG→CP→PVH→Cognition
	-0.001
	[-0.003, -0.001]
	0.007
	0.011

	
	TyG→PVH→Cognition
	-0.012
	[-0.018, -0.007]
	<0.001
	<0.001

	
	Total effect
	-0.069
	[-0.129, -0.013]
	0.018
	0.027


Note: Mediation models were adjusted for age, sex, educational levels, ethnicity, smoking, alcohol, and Townsend deprivation index. PVH volume and CP volume was correlated with eTIV and log-transformed. The FDR (False Discovery Rate) method was used for results correction. Abbreviations: Mets, metabolic syndrome; PVH, periventricular hyperintensities; eTIV, estimated total intracranial volume; CI, confidence interval; TyG index, triglyceride-glucose index.

Table S18. Serial mediation effects of TyG index on cognitive domains via total WMH volume and CP volume.
	Cognitive domain
	Pathway
	Estimate
	95% CI
	Raw P
	FDR _P

	Processing speed
	TyG→CP→WMH→Cognition
	-0.002
	[-0.004, -0.001]
	0.007
	0.011

	
	TyG→WMH→Cognition
	-0.021
	[-0.032, -0.012]
	<0.001
	<0.001

	
	Total effect
	-0.054
	[-0.142, 0.027]
	0.218
	0.262

	Executive function
	TyG→CP→WMH→Cognition
	-0.001
	[-0.002, -0.000]
	0.010
	0.015

	
	TyG→WMH→Cognition
	-0.013
	[-0.020, -0.007]
	<0.001
	<0.001

	
	Total effect
	0.008
	[-0.059, 0.078]
	0.817
	0.817

	Memory
	TyG→CP→WMH→Cognition
	-0.001
	[-0.001, 0.000]
	0.203
	0.244

	
	TyG→WMH→Cognition
	-0.005
	[-0.013, 0.002]
	0.165
	0.198

	
	Total effect
	-0.160
	[-0.254, -0.065]
	0.001
	0.002

	Global cognition
	TyG→CP→WMH→Cognition
	-0.001
	[-0.002, -0.000]
	0.007
	0.011

	
	TyG→WMH→Cognition
	-0.013
	[-0.020, -0.007]
	<0.001
	<0.001

	
	Total effect
	-0.069
	[-0.129, -0.013]
	0.018
	0.027


Note: Mediation models were adjusted for age, sex, educational levels, ethnicity, smoking, alcohol, and Townsend deprivation index. WMH volume and CP volume was correlated with eTIV and log-transformed. The FDR (False Discovery Rate) method was used for results correction. Abbreviations: Mets, metabolic syndrome; WMH, white matter hyperintensities; eTIV, estimated total intracranial volume; CI, confidence interval; TyG index, triglyceride-glucose index.


[image: Fig.3]
Figure S1. Acquisition of white matter hyperintensity characteristics in Jinan cohort. 
To generate WMH masks, we employed the deep learning approach proposed by Andermatt et al., which is based on Multidimensional Gated Recurrent Units and incorporates several optimizations such as residual learning, DropConnect regularization within the recurrent unit, selective sampling, and extensive data augmentation. This model used both T1-weighted and FLAIR sequences as inputs and produced WMH masks in each participant’s native T1 space. Moreover, GM/WM/CSF masks was performed using the Computational Anatomy Toolbox (CAT12, version 12.8_1977) implemented in SPM12 (r7771; Wellcome Centre for Human Neuroimaging, University College London). The resulting WMH and WM masks were subsequently applied to compute the mean magnetic susceptibility values within WMH regions and normal-appearing WM voxels.
Abbreviations: WMH, white matter hyperintensity; GM, gray matter; WM, white matter; CSF, cerebrospinal fluid. 

[image: RCS]
Figure S2. Construction of restricted cubic spline (RCS) model of WMH susceptibility and CP volume in Jinan cohort. In subgroups of gender, MetS, hypertension, diabetes, hyperlipidaemia and anomalous BMI, we explored the association between CP volume and WMH characteristic excluded from multiple covariants. We systematically evaluated models with 3, 4, and 5 knots and selected the optimal configuration using the Akaike Information Criterion (AIC), where lower values indicate superior model parsimony. 

[image: WMH亚组分析]
(a)
[image: PVH森林图]
(b)
[bookmark: _Hlk204589322]Figure S3. Subgroup analysis of the association between the CP volume and WMH volume in UKB (N=5594) adjusted for age, sex, ethnic, smoking, alcohol status, and education levels (if not stratified). 
Dependent variables and CP volume were adjusted for eTIV and log-transformed. 
(a) shows the correlation between CP volume and total WMH volume in subgroups. (b) shows the correlation between CP volume and PVH volume in subgroups. 
Abbreviations: CP volume, choroid plexus volume; CI, confidence interval; BMI, Body Mass Index; PVH, periventricular hyperintensities; WMH, white matter hyperintensity; eTIV, estimated total intracranial volume.
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