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Figure S1 Pearson’s correlation matrix among ln-transformed PFAS.
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[bookmark: _Hlk119878602][image: ] Figure S2 Weighted values of PFAS for vitamin D concentrations and sex subgroup in WQS model and qgcomp model. (A-C) WQS. (D-F) qgcomp. Models were adjusted for age, sex, race, marital status, education, BMI, PIR, serum cotinine, vitamin D supplement use, milk product consumption, activity and six-month examination period.

Figure S3 Effects of PFAS mixtures on vitamin D concentrations estimated by the BKMR model, and the impact of a single PFAS on vitamin D concentrations while all other PFASs remain at their corresponding percentiles. (A) Total. (B) Male. (C) Female. Models were adjusted for age, sex, race, marital status, education, BMI, PIR, serum cotinine, vitamin D supplement use, milk product consumption, activity and six-month examination period.
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Table S1 The distributions of perfluoroalkyl and polyfluoroalkyl substances and total 25(OH)D in the NHANES 2003-2018 cycles.
	Chemicals 
	Detection
rates (%)
	GM
	Mean
	Min
	P5
	P25
	P50
	P75
	P95
	Max

	PFAS (ng/mL)

	PFOA
	100.00
	2.73
	3.58
	0.07
	0.75
	1.80
	2.80
	4.50
	8.50
	59.40

	PFOS
	100.00
	11.33
	17.31
	0.14
	2.57
	6.54
	11.90
	21.10
	45.87
	1403.00

	PFHxS
	99.02
	1.84
	2.59
	0.07
	0.50
	1.20
	1.90
	3.00
	7.00
	47.80

	PFNA
	98.67
	0.99
	1.34
	0.06
	0.30
	0.66
	1.00
	1.56
	3.38
	19.35

	PFDeA
	83.65
	0.27
	0.41
	0.07
	0.07
	0.14
	0.30
	0.40
	1.20
	17.80

	MeFOSAA
	71.63
	0.23
	0.41
	0.06
	0.06
	0.06
	0.20
	0.41
	1.40
	6.80

	Total 25(OH)D (nmol/L)

	25(OH)D
	100.00
	64.53
	70.42
	9.00
	29.16
	50.40
	68.13
	86.90
	122.00
	249.00


GM, geometric mean



Table S2 Selected predictors of main effects of PFAS for vitamin D concentrations in adaptive elastic net and ridge regression in NHANES 2003–2018.
	Variables
	Adaptive Elastic Net
	Ridge Regression

	
	Total
	Male
	Female
	Total
	Male
	Female

	PFOA
	0.015
	0.038
	0
	0.028
	0.030
	0.011

	PFOS
	-0.074
	-0.043
	-0.099
	-0.082
	-0.031
	-0.108

	PFHxS
	0.061
	0.019
	0.096
	0.066
	0.017
	0.105

	PFNA
	0
	0
	-0.002
	-0.013
	0.001
	-0.023

	PFDeA
	0
	-0.004
	0
	0.010
	-0.010
	0.019

	MeFOSAA
	-0.015
	-0.011
	-0.023
	-0.018
	-0.012
	-0.028


Models were adjusted for age, sex, race, marital status, education, BMI, PIR, serum cotinine, vitamin D supplement use, milk product consumption, activity and six-month examination period.








[bookmark: OLE_LINK1]Table S3. Basic characteristics of participants of different ages, NHANES 2003–2018.
	[bookmark: _Hlk109852930]Characteristics
	Participants
	P value

	
	Total
	< 60 years
	≥ 60 years
	

	Total participants, n (%)
	11434
	7581 (66.3)
	3853 (33.7)
	

	Age, mean (SD)
	49.5 (18.1)
	38.9 (11.4)
	70.4 (7.3)
	<0.001

	Sex, n (%)
	
	
	
	0.018

	Male
	5518 (48.3)
	3599 (47.5)
	1919 (49.8)
	

	Female
	5916 (51.7)
	3982 (52.5)
	1934 (50.2)
	

	Race, n (%)
	
	
	
	<0.001

	Mexican American
	1791 (15.7)
	1263 (16.7)
	528 (13.7)
	

	Other Hispanic
	958 (8.4)
	649 (8.6)
	309 (8.0)
	

	[bookmark: _Hlk112007048]Non-Hispanic white
	5149 (45.0)
	3149 (41.5)
	2000 (51.9)
	

	Non-Hispanic black
	2374 (20.8)
	1636 (21.6)
	738 (19.2)
	

	Other race
	1162 (10.2)
	884 (11.7)
	278 (7.2)
	

	Marital status, n (%)
	
	
	
	<0.001

	Unmarried or separated
	5442 (47.6)
	3272 (43.2)
	2170 (56.3)
	

	Married
	5992 (52.4)
	4309 (56.8)
	1683 (43.7)
	

	Education, n (%)
	
	
	
	<0.001

	High school and below
	5442 (47.6)
	3272 (43.2)
	2170 (56.3)
	

	Above high school
	5992 (52.4)
	4309 (56.8)
	1683 (43.7)
	

	PIR, n (%)
	
	
	
	<0.001

	≤1.30
	3567 (31.2)
	2425 (32.0)
	1142 (29.6)
	

	1.31-3.50
	4328 (37.9)
	2720 (35.9)
	1608 (41.7)
	

	>3.50
	3539 (31.0)
	2436 (32.1)
	1103 (28.6)
	

	BMI (kg/m3), mean (SD)
	29.2 (7.0)
	29.3 (7.4)
	28.9 (6.2)
	0.009

	Cotinine (ng/ml), mean (SD)
	56.9 (127.1)
	65.0 (132.7)
	41.1 (113.7)
	<0.001

	Vitamin D Supplement Use, n (%)
	
	
	
	<0.001

	Yes
	3398 (29.7)
	1844 (24.3)
	1554 (40.3)
	

	No
	8036 (70.3)
	5737 (75.7)
	2299 (59.7)
	

	Milk product consumption, n (%)
	
	
	
	<0.001

	Never
	1974 (17.3)
	1324 (17.5)
	650 (16.9)
	

	Rarely
	1880 (16.4)
	1358 (17.9)
	522 (13.5)
	

	Sometimes
	3239 (28.3)
	2256 (29.8)
	983 (25.5)
	

	Often
	4341 (38.0)
	2643 (34.9)
	1698 (44.1)
	

	Activity level, n (%)
	
	
	
	<0.001

	Vigorous or moderate
	5253 (45.9)
	3798 (50.1)
	1455 (37.8)
	

	Low or none
	6181 (54.1)
	3783 (49.9)
	2398 (62.2)
	

	Six-month examination period, n (%)
	
	
	
	0.313

	Nov-Apr
	5340 (46.7)
	3566 (47.0)
	1774 (46.0)
	

	May-Oct
	6094 (53.3)
	4015 (53.0)
	2079 (54.0)
	

	Serum Vitamin D (nmol/L), mean (SD)
	64.1 (26.6)
	60.8 (24.8)
	70.4 (28.8)
	<0.001

	Serum PFAS (ng/mL), mean (SD)
	
	
	
	

	PFOA
	3.2 (3.2)
	3.0 (3.0)
	3.7 (3.4)
	<0.001

	PFOS
	14.1 (21.3)
	11.6 (14.5)
	18.8 (29.8)
	<0.001

	PFHxS
	2.2 (2.7)
	2.0 (2.6)
	2.6 (2.8)
	<0.001

	PFNA
	1.2 (1.4)
	1.1 (1.0)
	1.3 (1.9)
	<0.001

	PFDeA
	0.3 (0.7)
	0.3 (0.7)
	0.4 (0.6)
	<0.001

	MeFOSAA
	0.4 (0.8)
	0.3 (0.9)
	0.4 (0.6)
	<0.001


Notes: Continuous variables were expressed as mean (SD); Categorical variables were presented as n (%). n, numbers of subjects; %, percentage; SD: standard deviation; BMI: body mass index; PIR: income-to-poverty ratio.
PFOA, perfluorooctanoic acid; PFOS, perfluorooctane sulfonic acid; PFHxS, perfluorohexane sulfonic acid; PFNA, perfluorononanoic acid; PFDeA, perfluorodecanoic acid; MeFOSAA, 2-(N-methylperfluorooctane sulfonamido) acetate;
Bold: P<0.05








Table S4 Associations of PFAS with Vitamin D concentrations: across various age groups
	Variables
	Continuous
	P value for interaction
	Q1
	Q2
	Q3
	Q4
	P for
 trend

	
	β (95% CI)
	
	-
	β (95% CI)
	β (95% CI)
	β (95% CI)
	

	Serum PFAS
	
	
	
	
	
	
	

	PFOA
	
	<0.001
	
	
	
	
	

	< 60 years
	0.04 (0.02, 0.05)
	-
	Ref
	0.03 (0.00, 0.06)
	0.04 (0.01, 0.07)
	0.06 (0.03, 0.09)
	<0.001

	≥60 years
	-0.03 (-0.05, -0.01)
	-
	Ref
	-0.02 (-0.06, 0.03)
	-0.07 (-0.11, -0.03)
	-0.08 (-0.12, -0.06)
	<0.001

	PFOS
	
	<0.001
	
	
	
	
	

	< 60 years
	0.02 (0.00, 0.03)
	-
	Ref
	0.04 (0.01, 0.06)
	0.02 (-0.01, 0.05)
	0.02 (-0.01, 0.05)
	0.083

	≥60 years
	-0.03 (-0.05, -0.02)
	-
	Ref
	-0.05 (-0.10, 0.01)
	-0.06 (-0.10, -0.02)
	-0.09 (-0.14, -0.05)
	<0.001

	PFHxS
	
	0.001
	
	
	
	
	

	< 60 years
	0.04 (0.02, 0.05)
	-
	Ref
	0.04 (0.01, 0.07)
	0.07 (0.04, 0.10)
	0.08 (0.05, 0.12)
	<0.001

	≥60 years
	0.00 (-0.02, 0.02)
	-
	Ref
	-0.02 (-0.06, 0.02)
	-0.02 (-0.06, 0.03)
	0.01 (-0.03, 0.05)
	0.472

	PFNA
	
	<0.001
	
	
	
	
	

	< 60 years
	0.01 (-0.00, 0.02)
	-
	Ref
	0.00 (-0.02, 0.03)
	0.00 (-0.03, 0.03)
	0.00 (-0.03, 0.03)
	0.994

	≥60 years
	-0.03 (-0.05, -0.01)
	-
	Ref
	-0.04 (-0.08, 0.00)
	-0.02 (-0.07, 0.02)
	-0.06 (-0.10, -0.02)
	0.036

	PFDeA
	
	0.002
	
	
	
	
	

	< 60 years
	0.02 (0.01, 0.03)
	-
	Ref
	0.00 (-0.03, 0.03)
	0.01 (-0.01, 0.04)
	0.04 (0.01, 0.07)
	0.073

	≥60 years
	-0.01 (-0.03, 0.01)
	-
	Ref
	-0.02 (-0.06, 0.02)
	0.02 (-0.03, 0.06)
	-0.04 (-0.09, 0.01)
	0.053

	MeFOSAA
	
	<0.001
	
	
	
	
	

	< 60 years
	0.01 (-0.00, 0.02)
	-
	Ref
	0.03 (0.01, 0.06)
	0.01 (-0.02, 0.03)
	0.04 (0.02, 0.07)
	0.004

	≥60 years
	-0.03 (-0.04, -0.01)
	-
	Ref
	-0.02 (-0.06, 0.02)
	-0.10 (-0.14, -0.05)
	-0.06 (-0.10, -0.02)
	<0.001


Models were adjusted for age, sex, race, marital status, education, BMI, PIR, serum cotinine, vitamin D supplement use, milk product consumption, activity, and six-month examination period. 
P for trend: the P value for trend test. 
Bold: P<0.05














Table S5 Relationship between PFAS and Vitamin D concentrations in females: subgroup analyses based on obesity levels
	Variables
	β (95% CI)
	P value for interaction

	
	BMI < 30 
	BMI ≥ 30
	

	Serum PFAS
	
	
	

	PFOA
	-0.04 (-0.08, -0.01)
	-0.07 (-0.12, -0.03)
	0.088

	PFOS
	-0.05 (-0.08, -0.02)
	-0.07 (-0.11, -0.03)
	0.079

	PFHxS
	0.02 (-0.01, 0.05)
	-0.01 (-0.05, 0.04)
	0.108

	PFNA
	-0.05 (-0.08, -0.02)
	-0.05 (-0.09, -0.03)
	0.094

	PFDeA
	-0.02 (-0.06, 0.01)
	-0.06 (-0.11, -0.02)
	<0.001

	MeFOSAA
	-0.04 (-0.07, -0.01)
	-0.05 (-0.09, -0.01)
	0.116


Models were adjusted for age, sex, race, marital status, education, BMI, PIR, serum cotinine, vitamin D supplement use, milk product consumption, activity, and six-month examination period. 
Bold: P<0.05
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