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Fig. S1 Flow chart of participant recruitment and exclusion. Abbreviations: CM, chronic migraine; EM, episodic migraine; HC, healthy control; MRI, magnetic resonance imaging.
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Fig. S2 Cross-correlation analyses between gBOLD and CSF signals. (A) Cross-correlation between gBOLD and CSF signals. (B) Cross-correlation between the negative derivative of gBOLD and CSF signals. The x-axis shows time lag (seconds), and the y-axis shows correlation coefficient (r). Thick red lines represent group means (N = 123), and thin green lines represent individual subjects. (C) The mean gBOLD-CSF cross-correlation function was characterized by a positive peak (r = 0.16, P < 0.001, permutation test with n = 10, 000, 95% CI [−0.01, 0.03]) at a lag of 0s and a negative peak (r = −0.09, P < 0.001, permutation test with n = 10, 000, 95% CI [−0.01, 0.02]) at a lag of 8s. (D) The cross-correlation function between the CSF signal and the zero-threshold negative derivative of the gBOLD signal was also calculated. Grey shaded areas indicate 95% confidence intervals derived from shuffled signals, and the red circle marks the negative peak correlation at + 8 s. Abbreviations: CI: confidence interval; gBOLD-CSF coupling, coupling between global blood oxygen level-dependent and cerebrospinal fluid signals. 


[image: VBOLD图2压缩0914]Fig. S3 The coupling strength and time lags between voxel-wise BOLD and CSF signals. (A) Averaged strength map of voxel-wise BOLD-CSF coupling across patients with EM, CM, and HC. (B) Averaged time lag map of voxel-wise BOLD-CSF coupling across patients with EM, CM, and HC. Abbreviations: BOLD, blood oxygen level-dependent; CM, chronic migraine; CSF, cerebrospinal fluid signals; EM, episodic migraine; HC, healthy control.


[image: 森林图4]Fig. S4 Regression analysis between glymphatic-related MRI measures and clinical scales. Forest plots show the results in the EM group (N = 34), and CM group (N = 40). Points indicate the standardized β, and error bars represent 95% CI. All models were adjusted for age, sex, and years of education. P values were adjusted for multiple comparisons using the FDR procedure (all P FDR > 0.05, 68 regression models). Abbreviations: CI, confidence intervals; CM, chronic migraine; DTI-ALPS index, diffusion tensor image analysis along the perivascular space index; EM, episodic migraine; gBOLD-CSF coupling, coupling between global blood oxygen level-dependent and cerebrospinal fluid signals; NCPV, normalized choroid plexus volume; L, left; R, right; M, mean; T, total.
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Fig. S5 Distribution of Dice coefficients between automated (ChP-Seg) and manual segmentation of the choroid plexus in the manually traced subset (n = 21). The boxplot shows the median and interquartile range, and red dots represent individual participants. 

Table S1 Group comparisons of MD, Fazekas score, FD, and tSNR across the EM, CM, and HCs
	
	HC
(N = 39)
	EM
(N = 38)
	CM
(N = 46)
	Statistics test

	Left ALPS-ROI MD (×10-3)
	0.77 ± 0.05
	0.77 ± 0.03
	0.77 ± 0.03
	F = 0.55, P = 0.58

	Right ALPS-ROI MD (×10-3)
	0.71 ± 0.04
	0.70 ± 0.02
	0.71 ± 0.02
	F = 1.90, P = 0.15

	Mean ALPS-ROI MD (×10-3)
	0.74 ± 0.04
	0.73 ± 0.02
	0.74 ± 0.02
	F = 1.29, P = 0.28

	Fazekas score (Grade 0/1)
	38/1
	30/8
	36/10
	Χ2 = 7.26, P = 0.03

	FD (mm)
(mean/max)
	0.13 ± 0.07
(0.12/0.31)
	0.11 ± 0.06
(0.11/0.39)
	0.14 ± 0.09
(0.14/0.42)
	F = 1.10, P = 0.34

	tSNR
	82.68 ± 20.87
	91.45 ± 18.54
	85.24 ± 19.09
	F = 2.07, P = 0.13


Data are presented as mean ± SD or numbers of patients. Abbreviations: ALPS, analysis along the perivascular space; CM, chronic migraine; EM, episodic migraine; FD, framewise displacement; HC, healthy control; MD, mean diffusivity; ROI, region of interest; SD, standard deviation; tSNR, temporal signal to noise ratio; WMH, white matter hyperintensity.

Table S2. Group differences of glymphatic-related MRI measures across the EM, CM, and HCs (N = 123)
	
	HC
(N = 39)
	EM
(N = 38)
	CM
(N = 46)
	Statistics test
	Post hoc analysis
(P Bon)

	
	
	
	
	
	HC vs. EM
	HC vs. CM
	EM vs. CM

	L_DTI-ALPS index
	1.36 (1.31, 1.47)
	1.30 (1.23, 1.40)
	1.26 (1.20, 1.37)
	H = 9.14,
P = 0.01
	0.12
	0.01
	1

	R_DTI-ALPS index
	1.48 (1.38, 1.59)
	1.44 (1.26, 1.47)
	1.37 (1.28, 1.47)
	H = 11.81,
P < 0.01
	0.04
	< 0.01
	1.00

	M_DTI-ALPS index
	1.42 (1.37, 1.51)
	1.34 (1.27, 1.45)
	1.32 (1.24, 1.46)
	H = 13.44,
P < 0.01
	0.01
	< 0.01
	1.00

	gBOLD-CSF coupling
	-0.15 ± 0.11
	-0.07 ± 0.15
	-0.05 ± 0.18
	F = 5.84,
P < 0.01
	0.06
	< 0.01
	1.00

	vBOLD-CSF coupling
	
	
	
	
	
	
	

	visual
	-0.07 (-0.09, 0.04)
	-0.07 (-0.09, 0.04)
	-0.07 (-0.08, 0.03)
	H = 1.50,
P = 0.47,
	1.00
	0.84
	0.94

	somatomotor
	-0.07 (-0.08, 0.05)
	-0.07 (-0.09, 0.05)
	-0.07 (-0.08, 0.03)
	H = 1.69,
P = 0.43
	1.00
	1.00
	0.60

	dorsal attention
	-0.07 ± 0.03
	-0.06 ± 0.03
	-0.05 ± 0.04
	F = 4.46,
P = 0.01
	0.69
	0.01
	0.28

	ventral attention
	-0.08 ± 0.03
	-0.07 ± 0.03
	-0.07 ± 0.04
	F = 0.97,
P = 0.38
	1.00
	0.50
	1.00

	limbic
	-0.07 ± 0.03
	-0.07 ± 0.04
	-0.07 ± 0.03
	F = 0.73,
P = 0.48
	1.00
	0.72
	1.00

	frontoparietal
	-0.07 ± 0.02
	-0.05 ± 0.03
	-0.05 ± 0.03
	F = 3.10,
P = 0.05
	0.24
	0.05
	1.00

	default
	-0.07 ± 0.03
	-0.06 ± 0.03
	-0.06 ± 0.04
	F = 0.71,
P = 0.49
	0.71
	1.00
	1.00

	Low order
	-0.06 (-0.09, 0.05)
	-0.07 (-0.09, 0.05)
	-0.06 (-0.09, 0.03)
	H = 2.00,
P = 0.37
	1.00
	0.91
	0.55

	High order
	-0.07 ± 0.03
	-0.06 ± 0.03
	-0.06 ± 0.03
	F = 1.56,
P = 0.22
	0.40
	0.37
	1.00

	L_CPV (cm3)
	0.72 (0.65, 0.82)
	0.70 (0.61, 0.80)
	0.72 (0.60, 0.80)
	H = 1.05,
P = 0.59
	1.00
	0.94
	1.00

	R_CPV (cm3)
	0.68 (0.58, 0.83)
	0.72 (0.62, 0.79)
	0.69 (0.55, 0.77)
	H = 1.34,
P = 0.51
	1.00
	1.00
	0.84

	T_CPV (cm3)
	1.40 (1.27, 1.68)
	1.41 (1.28, 1.55)
	1.41(1.12, 1.58)
	H = 1.09,
P = 0.58
	1.00
	0.93
	1.00

	NCPV
(ratio of ICV×103)
	0.99 ± 0.22
	0.99 ± 0.24
	0.93 ± 0.25
	F = 0.86,
P = 0.43
	1.00
	0.83
	0.76


Data are presented as mean ± SD or median (IQR). Group comparisons were performed using one-way ANOVA for normally distributed variables, followed by Bonferroni-corrected pairwise t-tests, and the Kruskal-Wallis test for non-normally distributed variables, followed by Dunn’s post hoc pairwise comparisons with Bonferroni correction. Abbreviations: CM, chronic migraine; CPV, choroid plexus volume; DTI-ALPS, diffusion tensor image analysis along the perivascular space; EM, episodic migraine; gBOLD-CSF and vBOLD-CSF coupling, global and voxel-wise coupling between blood oxygen level-dependent and cerebrospinal fluid signals; HC, healthy control; IQR, interquartile range; NCPV, normalized choroid plexus volume (defined as CPV/ICV); SD, standard deviation; L, left; R, right; M, mean; T, total.



Table S3. Group differences of DTI-ALPS index across the EM, CM, and HC groups using different spherical ROIs and the tensor-reoriented pipeline (N = 123)
	
	HC
(N = 39)
	EM
(N = 38)
	CM
(N = 46)
	Statistics test
	Post hoc analysis
(Mean_Difference, 95% CI, Cohen’ s d, P Bon)

	
	
	
	
	
	HC vs. EM
	HC vs. CM
	EM vs. CM

	6mm diameter spherical ROI

	L_DTI-ALPS index
	1.40 ± 0.18
	1.32 ± 0.12
	1.30 ± 0.15
	F = 6.91,
Pajusted1 < 0.01
	0.10, (0.04, 0.17), 0.54, ＜ 0.01
	0.11, (0.05, 0.18), 0.63, ＜ 0.01
	0.01, (-0.05, 0.07), 0.15, 1.00

	R_DTI-ALPS index
	1.52 ± 0.24
	1.39 ± 0.15
	1.37 ± 0.16
	F = 11.61,
Pajusted2 < 0.001
	0.17, (0.09, 0.24), 0.65,
＜ 0.001
	0.15, (0.08, 0.22), 0.76, ＜ 0.001
	-0.02, (-0.09, 0.05), 0.13, 1.00

	M_DTI-ALPS index
	1.46 ± 0.19
	1.35 ± 0.12
	1.33 ± 0.15
	F = 10.85,
Pajusted3 < 0.001
	0.13, (0.07, 0.20), 0.66,
＜ 0.001
	0.13, (0.07, 0.19), 0.75,
＜ 0.001
	-0.00, (-0.07, 0.06), 0.15, 1.00

	5mm diameter spherical ROI

	L_DTI-ALPS index
	1.43 ± 0.19
	1.34	± 0.12
	1.33 ± 0.15
	F = 6.85,
Pajusted1 < 0.01
	0.11, (0.04, 0.18), 0.56, ＜ 0.01
	0.11, (0.05, 0.18), 0.60,
＜ 0.01
	0.00, (-0.06, 0.07), 0.09, 1.00

	R_DTI-ALPS index
	1.54	± 0.26
	1.40 ± 0.16
	1.38	± 0.16
	F = 11.92,
Pajusted2 < 0.001
	0.18, (0.10, 0.26), 0.64,
＜ 0.001
	0.15, (0.08, 0.23), 0.74,
＜ 0.001
	-0.03, (-0.10, 0.05), 0.12, 1.00

	M_DTI-ALPS index
	1.48	± 0.20
	1.37 ± 0.13
	1.35	± 0.15
	F = 11.01,
Pajusted3 < 0.001
	0.14, (0.07, 0.21), 0.66,
＜ 0.001
	0.13, (0.07, 0.20), 0.73, ＜ 0.001
	-0.01, (-0.07, 0.05), 0.11, 1.00

	tensor-reoriented pipeline

	ro-L_DTI-ALPS index
	1.49	± 0.14
	1.45	± 0.12
	1.41	± 0.11
	F = 5.05,
Pajusted1 < 0.01
	0.05, (-0.00, 0.11), 0.37, 0.17
	0.08, (0.03, 0.14), 0.69, ＜ 0.01
	0.03, (-0.02, 0.08), 0.32, 0.69

	ro-R_DTI-ALPS index
	1.55	± 0.21
	1.47	± 0.15
	1.45 ± 0.12
	F = 6.02,
Pajusted2 < 0.01
	0.11, (0.04, 0.17), 0.41, ＜ 0.01
	0.09, (0.03, 0.16), 0.56, 0.02
	-0.02, (-0.08, 0.05), 0.13, 1.00

	ro-M_DTI-ALPS index
	1.52	± 0.15
	1.46	± 0.12
	1.43	± 0.10
	F = 6.56,
Pajusted3 < 0.01
	0.08, (0.02, 0.13), 0.45, 0.01
	0.09, (0.04, 0.14), 0.70, ＜ 0.01
	0.01, (-0.04, 0.06), 0.24, 1.00


[bookmark: OLE_LINK12]Data are presented as mean ± SD. Group comparisons: GLMs with post-hoc pairwise comparisons using Bonferroni correction. Padjusted1–3: GLMs adjusted for age, sex, and years of education, with additional covariates: left ALPS-ROI MD and Fazekas score (1), right ALPS-ROI MD and Fazekas score (2), mean ALPS-ROI MD and Fazekas score (3). P Bon: Bonferroni-corrected P values for post hoc pairwise comparisons (m = 3). Abbreviations:CI, confidence interval; CM, chronic migraine; DTI-ALPS, diffusion tensor image analysis along the perivascular space; EM, episodic migraine; GLM, general linear model; HC, healthy control; MD, mean diffusivity; ROI, region of interest; ro, tensor-reoriented (using FSL vecreg); SD, standard deviation; L, left; R, right; M, mean.






Table S4. Group comparisons of gBOLD-CSF coupling using alternative lag selections (N = 123)
	Lag selection
	HC
(N = 39)
	EM
(N = 38)
	CM
(N = 46)
	Statistics test
	Post hoc analysis
(Mean_Difference, 95% CI, Cohen’ s d, P Bon)

	
	
	
	
	
	HC vs. EM
	HC vs. CM
	EM vs. CM

	+ 4 s
	-0.03 ± 0.16
	0.00 ± 0.18
	0.06 ± 0.20
	F = 2.24, Padjusted = 0.11
	-0.02, (-0.11, 0.06), -0.18, 1.00
	-0.09, (-0.17, -0.00), -0.49, 0.13
	-0.06, (-0.15, 0.02), -0.30, 0.42

	+ 6 s
	-0.13 ± 0.14
	-0.06 ± 0.16
	-0.01 ± 0.18
	F = 5.11, Padjusted = 0.01
	-0.06, (-0.14, 0.01), -0.45, 0.32
	-0.12, (-0.19, -0.05), -0.74, 0.01
	-0.06, (-0.13, 0.02), -0.29, 0.37

	+ 8 s
	-0.15 ± 0.11
	-0.07 ± 0.15
	-0.05 ± 0.18
	F =5.05, Padjusted = 0.01
	-0.07, (-0.14, -0.01), -0.61, 0.10
	-0.11, (-0.17, -0.04), -0.72, 0.01
	-0.03, (-0.10, 0.04), -0.17, 1.00

	Subject‑specific
	-0.23 ± 0.11
	-0.18 ± 0.11
	-0.19 ± 0.14
	F = 1.67, Padjusted = 0.19
	-0.05, (-0.11, 0.00), -0.51, 0.22
	-0.03, (-0.09, 0.02), -0.34, 0.73
	0.02, (-0.04, 0.07), 0.11, 1.00


The data are shown as the mean ± SD. Group comparisons: GLMs with post-hoc pairwise comparisons using Bonferroni correction. Padjusted: GLMs adjusted for age, sex, and years of education, and FD. P Bon: Bonferroni-corrected P values for post hoc pairwise comparisons (m = 3). Lag selections: + 4 s and + 6 s were prespecified based on previously reported lags in the literature; + 8 s was derived from the current cohort and used as the main analysis; subject‑specific lags were determined by the individual negative peak of the cross‑correlation function. P Bon: Bonferroni-corrected P values for post hoc pairwise comparisons (m = 3). Abbreviations: CI, confidence interval; CM, chronic migraine; EM, episodic migraine; FD, framewise displacement; gBOLD-CSF coupling, global coupling between blood oxygen level-dependent and cerebrospinal fluid signals; GLM, general linear model; HC, healthy control; SD, standard deviation.
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