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Method S1. Minimum detectable effect analyses across datasets.
Minimum detectable effect (MDE) analyses were performed using the "pwr.f2.test" function in the "pwr" package in R. For each cohort, the sample size (N) and number of covariates (k) in the final regression models were used to estimate the minimum detectable effect size (Cohen’s f²), partial R², and approximate standardized β. The significance level was set at α = 0.05, and the statistical power was set at 0.8, which is a commonly recommended standard in epidemiological studies.
For the GINIplus and LISA and KORA-Fit cohorts, the minimum detectable effect sizes were small (f² = 0.006–0.007; partial R² = 0.006–0.007; standardized β = 0.08), indicating adequate power to detect small associations. For the KORA-MRI subsample, the detectable effect size was larger (f² = 0.08; partial R² = 0.07; standardized β = 0.27), suggesting that only moderate associations can be reliably detected and the findings should be considered exploratory. The detailed results are presented in the table below.
	Minimum detectable effect sizes for sleep–liver outcome models across datasets.

	Dataset
	N
	Covariates (k)
	Detectable f²
	Partial R²
	Approx. Standardized β
	Interpretation

	[bookmark: _Hlk213416553]GINIplus and LISA
	1132
	9
	0.007
	0.007
	0.08
	Sufficient power to detect small effects

	KORA-Fit
	1318
	8
	0.006
	0.006
	0.08
	Sufficient power to detect small effects

	KORA-MRI
	108
	8
	0.08
	0.07
	0.27
	Only moderate effects detectable

	Note: Detectable effect sizes estimated using "pwr.f2.test" function in the "pwr" package in R. f² was converted to partial R²and standardized β for interpretability.



Method S2. Overview of accelerometry in GINIplus and LISA and KORA cohorts
	Cohort
	Device
	ActiLife Version
	ActiLife Firmware
	Sleep Algorithm 

	GINIplus and LISA 15-year follow-up
	ActiGraph GT3X
	V5.5.5
	V4.4.0
	Sadeh

	KORA-MRI
	ActiGraph GT3X
	V6.8.0
	V4.4.0
	Cole-Kripke

	KORA-FIT
	ActiGraph wGT3XBT
	V6.13.3
	V1.9.2
	Cole-Kripke
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	[bookmark: _Hlk176906287][bookmark: _Hlk178096719]Table S1. Sleep characteristics and elevated liver enzymes in adolescents (GINIplus and LISA cohorts) and adults (KORA-Fit cohort)

	Sleep characteristics (per IQR)
	Elevated ALT
	 
	Elevated AST
	 
	Elevated GGT

	
	Model 1 (Main model)
	Model 2
	
	Model 1 (Main model)
	Model 2
	
	Model 1 (Main model)
	Model 2

	
	OR (95%CI) 
	P
	OR (95%CI) 
	P
	 
	OR (95%CI) 
	P
	OR (95%CI) 
	P
	 
	OR (95%CI) 
	P
	OR (95%CI) 
	P

	Adolescents (GINI and LISA)a
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Total sleep time, hours
	0.89 (0.58, 1.35)
	0.575
	0.96 (0.62, 1.46)
	0.839
	
	0.96 (0.72, 1.27)
	0.771
	0.98 (0.74, 1.30)
	0.893
	
	0.82 (0.64, 1.05)
	0.118
	0.85 (0.66, 1.09)
	0.195

	Sleep efficiency, %
	0.64 (0.42, 0.96)
	0.031
	0.77 (0.50, 1.18)
	0.228
	
	0.97 (0.72, 1.29)
	0.812
	1.04 (0.77, 1.40)
	0.812
	
	0.80 (0.63, 1.03)
	0.083
	0.88 (0.68, 1.13)
	0.326

	Sleep latency, mins
	0.90 (0.62, 1.31)
	0.589
	0.77 (0.52, 1.14)
	0.189
	
	0.96 (0.75, 1.22)
	0.721
	0.91 (0.71, 1.17)
	0.484
	
	1.16 (0.96, 1.41)
	0.120
	1.11 (0.91, 1.35)
	0.320

	Sleep onset timing, hours
	0.94 (0.62, 1.44)
	0.782
	1.06 (0.68, 1.64)
	0.800
	
	1.00 (0.74, 1.34)
	0.979
	1.03 (0.76, 1.38)
	0.857
	
	1.13 (0.88, 1.45)
	0.333
	1.20 (0.93, 1.55)
	0.168

	WASO, mins
	1.64 (1.12, 2.41)
	0.011
	1.42 (0.95, 2.12)
	0.088
	
	1.01 (0.76, 1.34)
	0.943
	0.95 (0.71, 1.26)
	0.714
	
	1.16 (0.91, 1.47)
	0.227
	1.07 (0.84, 1.36)
	0.595

	WASO/h, mins/h
	1.73 (1.16, 2.58)
	0.008
	1.49 (0.98, 2.27)
	0.065
	
	1.06 (0.79, 1.41)
	0.717
	0.99 (0.74, 1.33)
	0.949
	
	1.20 (0.94, 1.54)
	0.142
	1.11 (0.86, 1.43)
	0.424

	Awakenings, num
	1.32 (0.86, 2.03)
	0.202
	1.31 (0.84, 2.05)
	0.236
	
	1.00 (0.75, 1.34)
	0.995
	0.99 (0.74, 1.34)
	0.958
	
	1.03 (0.8, 1.32)
	0.828
	1.01 (0.78, 1.30)
	0.937

	Awakenings/h, num/h
	1.22 (0.79, 1.87)
	0.365
	1.22 (0.79, 1.91)
	0.373
	
	1.02 (0.76, 1.37)
	0.894
	1.02 (0.76, 1.37)
	0.898
	
	1.05 (0.82, 1.35)
	0.678
	1.04 (0.81, 1.34)
	0.740

	Adults (KORA-Fit)b
	
	
	
	
	
	
	
	
	
	
	
	
	

	Total sleep time, hours
	1.29 (1.05, 1.57)
	0.013
	1.31 (1.07, 1.60)
	0.010
	
	1.11 (0.88, 1.42)
	0.376
	1.12 (0.88, 1.42)
	0.363
	
	1.20 (1.00, 1.44)
	0.053
	1.21 (1.00, 1.46)
	0.045

	Sleep efficiency, %
	0.97 (0.80, 1.17)
	0.749
	1.09 (0.89, 1.33)
	0.389
	
	0.99 (0.80, 1.24)
	0.958
	1.04 (0.83, 1.31)
	0.748
	
	0.87 (0.73, 1.02)
	0.089
	0.92 (0.78, 1.09)
	0.341

	Sleep latency, mins
	0.92 (0.76, 1.11)
	0.376
	0.88 (0.73, 1.07)
	0.198
	
	0.87 (0.69, 1.10)
	0.246
	0.86 (0.68, 1.08)
	0.193
	
	0.92 (0.78, 1.10)
	0.358
	0.90 (0.76, 1.07)
	0.240

	Sleep onset timing, hours
	0.80 (0.66, 0.98)
	0.032
	0.82 (0.67, 1.00)
	0.055
	
	0.79 (0.62, 1.01)
	0.065
	0.80 (0.62, 1.02)
	0.072
	
	0.91 (0.76, 1.09)
	0.310
	0.92 (0.77, 1.11)
	0.393

	WASO, mins
	1.11 (0.93, 1.34)
	0.244
	1.00 (0.82, 1.21)
	0.963
	
	1.06 (0.85, 1.31)
	0.621
	1.01 (0.81, 1.27)
	0.911
	
	1.24 (1.06, 1.47)
	0.009
	1.17 (0.99, 1.39)
	0.064

	WASO/h, mins/h
	1.04 (0.87, 1.25)
	0.659
	0.93 (0.77, 1.13)
	0.471
	
	1.02 (0.82, 1.27)
	0.832
	0.98 (0.79, 1.23)
	0.880
	
	1.17 (1.00, 1.38)
	0.056
	1.11 (0.94, 1.31)
	0.237

	Awakenings, num
	1.04 (0.85, 1.28)
	0.700
	0.99 (0.80, 1.23)
	0.956
	
	0.97 (0.76, 1.25)
	0.811
	0.95 (0.74, 1.23)
	0.716
	
	1.06 (0.88, 1.29)
	0.524
	1.04 (0.85, 1.25)
	0.721

	Awakenings/h, num/h
	0.93 (0.75, 1.16)
	0.512
	0.89 (0.71, 1.12)
	0.320
	
	0.91 (0.70, 1.18)
	0.468
	0.90 (0.69, 1.17)
	0.417
	
	0.96 (0.78, 1.17)
	0.662
	0.94 (0.77, 1.14)
	0.520

	Movement index 
	1.06 (0.89, 1.27)
	0.518
	0.98 (0.81, 1.19)
	0.872
	
	0.93 (0.74, 1.16)
	0.521
	0.9 (0.71, 1.13)
	0.359
	
	1.24 (1.06, 1.45)
	0.009
	1.19 (1.01, 1.40)
	0.033

	Fragmentation index 
	1.06 (0.87, 1.29)
	0.551
	1.00 (0.82, 1.23)
	0.997
	
	1.04 (0.82, 1.32)
	0.737
	1.02 (0.8, 1.29)
	0.888
	
	1.12 (0.93, 1.34)
	0.222
	1.08 (0.90, 1.30)
	0.405

	Sleep fragmentation index 
	1.07 (0.88, 1.31)
	0.479
	0.99 (0.81, 1.21)
	0.929
	
	0.98 (0.77, 1.24)
	0.863
	0.95 (0.74, 1.21)
	0.660
	
	1.22 (1.02, 1.45)
	0.028
	1.17 (0.98, 1.40)
	0.091

	a: Model 1: Adjusted for sex, age, study, study center, season, parental highest education, sedentary behavior, moderate-to-vigorous physical activity, and fasting status; Model 2: Model 1 + BMI. Elevated ALT, AST, GGT were categorized by published 90th age- and sex-specific percentiles of liver enzyme serum levels in German pediatric population.

	b: Model 1: Adjusted for sex, age, season, education, sedentary behavior, moderate-to-vigorous physical activity, smoking, and alcohol consumption; Model 2: Model 1 + BMI. Elevated liver enzymes in adults were categorized by published cutoffs: ALT: male ≥ 40 U/L; female ≥ 31 U/L; AST: male ≥ 37 U/L; female ≥ 31 U/L; GGT: male ≥ 50 U/L; female ≥ 35 U/L. P < 0.05 are highlighted in bold.

	Abbreviations: ALT, Alanine Aminotransferase; AST, Aspartate Aminotransferase; GGT, Gamma-Glutamyl Transferase; OR (95%CI), odds ratio (95% confidence interval); GINIplus, German Infant Study on the influence of Nutrition Intervention PLUS environmental and genetic influences on allergy development; LISA, Influence of Lifestyle factors on the development of the Immune System and Allergies in East and West Germany; KORA-Fit, a follow-up examination of participants conducted in 2018-2019, building on four cross-sectional baseline surveys (S1: 1984-1985, S2:1989-1990, S3: 1994-1995, and S4: 1999-2001) from the Cooperative Health Research in the Region of Augsburg (KORA) cohort study; WASO, time awake after sleep onset; WASO/h, time awake per hour after sleep onset.





	[bookmark: _Hlk176906300]Table S2. Sensitivity analyses of sleep characteristics and liver enzymes in adolescents (GINIplus and LISA cohorts) 

	Sleep characteristics (per IQR)
	ALT
	 
	AST
	 
	GGT

	
	Model 1 
	Model 2
	
	Model 1 
	Model 2
	
	Model 1 
	Model 2

	
	%change (95%CI) 
	P
	%change (95%CI) 
	P
	 
	%change (95%CI) 
	P
	%change (95%CI) 
	P
	 
	%change (95%CI) 
	P
	%change (95%CI) 
	P

	Total sleep time, hours
	-2.65 (-5.82, 0.63)
	0.113
	-2.50 (-6.52, 1.69)
	0.238
	
	-0.91 (-3.11, 1.35)
	0.428
	-0.89 (-3.45, 1.75)
	0.506
	
	-2.7 (-5.6, 0.29)
	0.077
	-2.91 (-6.56, 0.88)
	0.131

	Sleep efficiency, %
	-3.94 (-7.25, -0.50)
	0.025
	-5.92 (-10.06, -1.58)
	0.008
	
	-0.22 (-2.57, 2.19)
	0.855
	-1.07 (-3.82, 1.77)
	0.457
	
	-1.94 (-5.04, 1.26)
	0.233
	-2.07 (-6.03, 2.06)
	0.321

	Sleep latency, mins
	0.28 (-2.53, 3.16)
	0.850
	-0.37 (-4.08, 3.48)
	0.846
	
	0.43 (-1.49, 2.38)
	0.664
	0.03 (-2.31, 2.42)
	0.983
	
	1.14 (-1.45, 3.80)
	0.392
	1.45 (-1.99, 5.02)
	0.413

	Sleep onset timing, hours
	0.16 (-3.26, 3.70)
	0.929
	-1.95 (-6.42, 2.73)
	0.408
	
	1.28 (-1.07, 3.69)
	0.290
	-0.16 (-3.02, 2.79)
	0.916
	
	1.34 (-1.82, 4.61)
	0.410
	2.87 (-1.40, 7.33)
	0.191

	WASO, mins
	3.90 (0.40, 7.52)
	0.029
	7.00 (2.33, 11.87)
	0.003
	
	-0.69 (-2.98, 1.64)
	0.557
	0.57 (-2.21, 3.43)
	0.690
	
	0.76 (-2.36, 3.97)
	0.637
	0.97 (-3.08, 5.19)
	0.644

	WASO/h, mins/h
	4.45 (0.83, 8.20)
	0.016
	7.30 (2.55, 12.27)
	0.002
	
	-0.01 (-2.38, 2.42)
	0.996
	1.14 (-1.70, 4.05)
	0.436
	
	1.61 (-1.62, 4.95)
	0.332
	1.58 (-2.56, 5.89)
	0.461

	Awakenings, num
	2.04 (-1.45, 5.66)
	0.256
	5.89 (1.55, 10.41)
	0.008
	
	-0.69 (-3.01, 1.68)
	0.563
	1.09 (-1.52, 3.77)
	0.417
	
	0.30 (-2.85, 3.55)
	0.853
	-1.69 (-5.38, 2.15)
	0.383

	Awakenings/h, num/h
	2.17 (-1.28, 5.74)
	0.221
	5.71 (1.13, 10.49)
	0.014
	
	-0.09 (-2.39, 2.26)
	0.938
	1.22 (-1.54, 4.07)
	0.390
	
	1.17 (-1.95, 4.4)
	0.466
	-1.42 (-5.33, 2.66)
	0.490

	Model 1: Adjusted for sex, age, study, study center, season, parental highest education, sedentary behavior, moderate-to-vigorous physical activity, and fasting status, pubertal stage and total energy intake. N=774

	Model 2:  Exclude participants with non-fasting blood. N=529

	Abbreviations: ALT, Alanine Aminotransferase; AST, Aspartate Aminotransferase; GGT, Gamma-Glutamyl Transferase; CI, confidence interval; GINIplus, German Infant Study on the influence of Nutrition Intervention PLUS environmental and genetic influences on allergy development; LISA, Influence of Lifestyle factors on the development of the Immune System and Allergies in East and West Germany; WASO, time awake after sleep onset; WASO/h, time awake per hour after sleep onset. P < 0.05 are highlighted in bold.





	[bookmark: _Hlk176906309]Table S3. Sensitivity analyses of sleep characteristics and liver enzymes in adults (KORA-Fit cohort)

	Sleep characteristics (per IQR)
	ALT
	 
	AST
	 
	GGT

	
	Model 1 
	Model 2
	
	Model 1 
	Model 2
	
	Model 1 
	Model 2

	
	%change (95%CI) 
	P
	%change (95%CI) 
	P
	 
	%change (95%CI) 
	P
	%change (95%CI) 
	P
	 
	%change (95%CI) 
	P
	%change (95%CI) 
	P

	Total sleep time, hours
	3.63 (0.37, 6.99)
	0.029
	4.01 (0.66, 7.48)
	0.019
	
	2.02 (-0.14, 4.22)
	0.068
	1.99 (-0.28, 4.32)
	0.087
	
	1.47 (-3.17, 6.34)
	0.541
	1.62 (-3.15, 6.63)
	0.513

	Sleep efficiency, %
	-3.3 (-6.20, -0.31)
	0.031
	-3.17 (-6.19, -0.06)
	0.046
	
	-0.38 (-2.39, 1.68)
	0.718
	-0.33 (-2.48, 1.86)
	0.764
	
	-5.16 (-9.29, -0.84)
	0.020
	-6.55 (-10.76, -2.13)
	0.004

	Sleep latency, mins
	1.32 (-1.59, 4.33)
	0.378
	0.47 (-2.34, 3.37)
	0.746
	
	0.96 (-0.99, 2.96)
	0.337
	0.14 (-1.80, 2.12)
	0.888
	
	-0.74 (-4.89, 3.60)
	0.734
	-0.35 (-4.41, 3.88)
	0.867

	Sleep onset timing, hours
	-2.96 (-5.98, 0.16)
	0.063
	-3.96 (-7.01, -0.81)
	0.014
	
	-2.31 (-4.35, -0.22)
	0.031
	-2.85 (-4.98, -0.67)
	0.011
	
	-1.94 (-6.38, 2.71)
	0.408
	-4.24 (-8.66, 0.40)
	0.073

	WASO, mins
	4.78 (1.66, 7.99)
	0.003
	4.62 (1.49, 7.85)
	0.004
	
	1.02 (-1.01, 3.09)
	0.327
	1.05 (-1.05, 3.20)
	0.329
	
	6.72 (2.11, 11.55)
	0.004
	8.31 (3.61, 13.22)
	<0.001

	WASO/h, mins/h
	3.30 (0.27, 6.42)
	0.033
	3.25 (0.14, 6.47)
	0.041
	
	0.30 (-1.68, 2.32)
	0.769
	0.36 (-1.74, 2.50)
	0.741
	
	5.71 (1.21, 10.41)
	0.013
	7.09 (2.41, 11.99)
	0.003

	Awakenings, num
	3.55 (0, 7.23)
	0.050
	3.25 (-0.25, 6.87)
	0.069
	
	-0.20 (-2.51, 2.17)
	0.870
	-0.01 (-2.36, 2.39)
	0.990
	
	1.55 (-3.51, 6.88)
	0.556
	4.31 (-0.81, 9.71)
	0.101

	Awakenings/h, num/h
	1.53 (-2.07, 5.26)
	0.411
	1.30 (-2.18, 4.90)
	0.470
	
	-1.35 (-3.71, 1.06)
	0.271
	-1.02 (-3.37, 1.38)
	0.402
	
	-0.4 (-5.52, 5.01)
	0.883
	2.25 (-2.84, 7.61)
	0.393

	Movement index 
	3.16 (0.10, 6.32)
	0.043
	3.67 (0.61, 6.81)
	0.018
	
	0 (-2.00, 2.04)
	0.998
	0.16 (-1.88, 2.25)
	0.878
	
	7.26 (2.64, 12.08)
	0.002
	10.69 (5.99, 15.60)
	<0.001

	Fragmentation index 
	2.67 (-0.59, 6.03)
	0.109
	2.23 (-0.95, 5.51)
	0.172
	
	-0.59 (-2.71, 1.59)
	0.594
	-0.27 (-2.41, 1.92)
	0.808
	
	5.87 (1.00, 10.97)
	0.018
	6.89 (2.08, 11.93)
	0.005

	Sleep fragmentation index 
	3.51 (0.20, 6.93)
	0.038
	3.56 (0.27, 6.96)
	0.034
	
	-0.34 (-2.50, 1.86)
	0.758
	-0.06 (-2.26, 2.19)
	0.958
	
	7.94 (2.93, 13.18)
	0.002
	10.66 (5.59, 15.97)
	<0.001

	Model 1: Exclude participants with excessive alcohol intake (≥30g/day in males and ≥20g/day in females). N=1035

	Model 2: Exclude participants with liver disease, HIV or hepatitis, and those with lipid-lowering, systemic corticosteroids, or antiarrhythmic drugs. N=984

	Model 1 and 2 adjusted for sex, age, study, study center, season, parental highest education, sedentary behavior, moderate-to-vigorous physical activity, and fasting status.

	Abbreviations: ALT, Alanine Aminotransferase; AST, Aspartate Aminotransferase; GGT, Gamma-Glutamyl Transferase; CI, confidence interval; KORA-FIT, a follow-up examination of participants conducted in 2018-2019, building on four cross-sectional baseline surveys from the Cooperative Health Research in the Region of Augsburg (KORA) cohort study; WASO, time awake after sleep onset; WASO/h, time awake per hour after sleep onset. P < 0.05 are highlighted in bold.






	[bookmark: _Hlk176906351]Table S4. Sensitivity analyses of sleep characteristics and SLD-FLI in adults (KORA-Fit cohort)

	Sleep characteristics (per IQR)
	OR (95%CI)
	P

	Total sleep time, hours
	1.06 (0.88, 1.29)
	0.525

	Sleep efficiency, %
	0.63 (0.52, 0.76)
	<0.001

	Sleep latency, mins
	1.23 (1.05, 1.46)
	0.012

	Sleep onset timing, hours
	0.99 (0.82, 1.19)
	0.929

	WASO, mins
	1.64 (1.36, 1.98)
	<0.001

	WASO/h, mins/h
	1.55 (1.29, 1.87)
	<0.001

	Awakenings, num
	1.19 (0.98, 1.45)
	0.086

	Awakenings/h, num/h
	1.08 (0.88, 1.32)
	0.471

	Movement index 
	1.54 (1.28, 1.84)
	<0.001

	Fragmentation index 
	1.25 (1.05, 1.5)
	0.015

	Sleep fragmentation index 
	1.48 (1.22, 1.78)
	<0.001

	Exclude participants with liver disease, HIV or hepatitis, and those with lipid-lowering, systemic corticosteroids, or antiarrhythmic drugs. N=984
Adjusted for sex, age, season, education, sedentary behavior, moderate-to-vigorous physical activity, smoking, and alcohol consumption.
Abbreviations: CI, confidence interval; FLI: fatty liver index; IQR, interquartile range; OR, odds ratio; SLD, steatotic liver disease; WASO, time awake after sleep onset; WASO/h, time awake per hour after sleep onset. KORA-FIT, a follow-up examination of participants conducted in 2018-2019, building on four cross-sectional baseline surveys from the Cooperative Health Research in the Region of Augsburg (KORA) cohort study.
SLD-FLI was defined as FLI ≥ 60. P < 0.05 are highlighted in bold.


 

	[bookmark: _Hlk176906325]Table S5. Interaction and stratified analysis of sleep characteristics and SLD-FLI in adults (KORA-Fit cohort)

	Sleep characteristics 
(per IQR)
	Sex groups
	 
	Obesity groups
	 
	Age groups

	
	Male (n=606)
	Female (n=712)
	P-interaction
	
	No (n=957)
	Yes (n=361)
	P-interaction
	
	< 65 years (n=804)
	≥ 65 years (n=514)
	P-interaction

	Total sleep time, hours
	1.08 (0.87, 1.34)
	0.99 (0.79, 1.24)
	0.209
	
	1.25 (0.99, 1.58)
	0.93 (0.58, 1.49)
	0.162
	
	1.01 (0.83, 1.23)
	1.10 (0.84, 1.44)
	0.889

	Sleep efficiency, %
	0.78 (0.63, 0.96)
	0.58 (0.46, 0.73)
	0.061
	
	0.94 (0.76, 1.17)
	0.55 (0.33, 0.93)
	0.045
	
	0.66 (0.54, 0.81)
	0.69 (0.53, 0.90)
	0.346

	Sleep latency, mins
	1.18 (0.96, 1.45)
	1.18 (0.96, 1.46)
	0.887
	
	1.07 (0.84, 1.35)
	1.12 (0.77, 1.64)
	0.774
	
	1.22 (1.02, 1.46)
	1.17 (0.92, 1.49)
	0.577

	Sleep onset timing, hours
	0.98 (0.81, 1.20)
	0.9 (0.71, 1.14)
	0.846
	
	0.93 (0.75, 1.16)
	1.06 (0.65, 1.71)
	0.457
	
	0.90 (0.74, 1.08)
	1.08 (0.84, 1.40)
	0.052

	WASO, mins
	1.30 (1.06, 1.60)
	1.82 (1.43, 2.30)
	0.086
	
	1.12 (0.90, 1.39)
	1.95 (1.14, 3.36)
	0.064
	
	1.57 (1.28, 1.93)
	1.46 (1.15, 1.86)
	0.280

	WASO/h, mins/h
	1.26 (1.02, 1.55)
	1.70 (1.36, 2.14)
	0.050
	
	1.06 (0.85, 1.31)
	1.83 (1.08, 3.09)
	0.045
	
	1.48 (1.22, 1.80)
	1.40 (1.09, 1.79)
	0.335

	Awakenings, num
	1.05 (0.84, 1.33)
	1.24 (0.97, 1.58)
	0.329
	
	0.93 (0.73, 1.18)
	1.36 (0.82, 2.24)
	0.108
	
	1.05 (0.85, 1.28)
	1.35 (1.02, 1.78)
	0.404

	Awakenings/h, num/h
	0.99 (0.78, 1.27)
	1.15 (0.89, 1.48)
	0.270
	
	0.84 (0.66, 1.08)
	1.32 (0.76, 2.31)
	0.064
	
	0.97 (0.79, 1.20)
	1.25 (0.95, 1.64)
	0.288

	Movement index 
	1.18 (0.96, 1.45)
	1.63 (1.32, 2.03)
	0.026
	
	1.13 (0.92, 1.37)
	1.83 (1.05, 3.19)
	0.089
	
	1.37 (1.13, 1.66)
	1.41 (1.09, 1.81)
	0.687

	Fragmentation index 
	1.40 (1.11, 1.76)
	1.15 (0.92, 1.44)
	0.377
	
	1.21 (0.97, 1.51)
	1.22 (0.73, 2.05)
	0.716
	
	1.27 (1.04, 1.56)
	1.27 (0.98, 1.65)
	0.797

	Sleep fragmentation index
	1.34 (1.06, 1.70)
	1.49 (1.17, 1.88)
	0.352
	
	1.19 (0.96, 1.47)
	1.58 (0.93, 2.68)
	0.223
	
	1.38 (1.13, 1.68)
	1.45 (1.09, 1.92)
	0.780

	The results were shown as odds ratio (95% confidence interval). P < 0.05 are highlighted in bold.

	Adjusted for sex (not for sex groups), age (not for age groups), season, education, sedentary behavior, moderate-to-vigorous physical activity, smoking, and alcohol consumption.

	[bookmark: _Hlk179463447]Abbreviations: KORA-FIT, a follow-up examination of participants conducted in 2018-2019, building on four cross-sectional baseline surveys from the Cooperative Health Research in the Region of Augsburg (KORA) cohort study. IQR, interquartile range; WASO, time awake after sleep onset; WASO/h: time awake per hour after sleep onset.






	Table S6. Associations of sleep characteristics with MRI-derived PDFF (KORA-MRI cohort)  

	Sleep characteristics (per IQR)
	Model 1 (Main model)
	
	Model 2

	
	%change (95%CI)
	P
	
	%change (95%CI)
	P

	Total sleep time, hours
	-8.04 (-27.86, 17.22)
	0.500
	
	-9.04 (-25.13, 10.51)
	0.343

	Sleep efficiency, %
	-17.13 (-31.58, 0.37)
	0.058
	
	-6.12 (-20.03, 10.20)
	0.442

	Sleep latency, mins
	20.71 (1.59, 43.43)
	0.035
	
	20.08 (4.71, 37.72)
	0.010

	Sleep onset timing, hours
	3.60 (-19.44, 33.22)
	0.783
	
	11.83 (-8.62, 36.86)
	0.281

	WASO, mins
	13.86 (-6.05, 37.99)
	0.189
	
	-0.97 (-15.65, 16.28)
	0.906

	WASO/h, mins/h
	15.69 (-3.75, 39.05)
	0.124
	
	1.24 (-13.23, 18.12)
	0.876

	Awakenings, num
	4.18 (-17.89, 32.19)
	0.737
	
	-6.82 (-23.2, 13.04)
	0.475

	Awakenings/h, num/h
	2.99 (-15.52, 25.56)
	0.771
	
	-3.46 (-17.74, 13.31)
	0.668

	Model 1: Adjusted for sex, age, season, education, sedentary behavior, moderate-to-vigorous physical activity, smoking, and alcohol consumption;
Model 2: Model 1 + BMI.
Abbreviations: BMI, body mass index; CI, confidence interval; IQR, interquartile range; MRI, Magnetic Resonance Imaging; PDFF, proton density fat fraction; WASO, time awake after sleep onset; WASO/h, time awake per hour after sleep onset; KORA-MRI, a sub-study where participants underwent whole-body 3T-Magnetic Resonance Imaging (MRI) conducted in 2013-2014, shortly after second follow-up examination of the KORA S4 survey (1999-2001).




	[bookmark: _Hlk196399024]Table S7. Associations of sleep characteristics with SLD-FLI and MASLD-FLI (KORA-MRI cohort)

	Sleep characteristics (per IQR)
	SLD-FLI (N=108)
	
	MASLD-FLI (N=80)

	
	OR (95%CI)
	P
	
	OR (95%CI)
	P

	Total sleep time, hours
	0.83 (0.44, 1.56)
	0.567
	
	0.93 (0.48, 1.81)
	0.832

	Sleep efficiency, %
	0.46 (0.25, 0.84)
	0.011
	
	0.26 (0.11, 0.64)
	0.003

	Sleep latency, mins
	1.59 (0.96, 2.62)
	0.070
	
	1.86 (0.99, 3.49)
	0.054

	Sleep onset timing, hours
	0.88 (0.46, 1.68)
	0.706
	
	0.90 (0.38, 2.11)
	0.808

	WASO, mins
	1.97 (1.10, 3.52)
	0.023
	
	3.82 (1.51, 9.64)
	0.005

	WASO/h, mins/h
	1.96 (1.13, 3.43)
	0.018
	
	3.36 (1.47, 7.67)
	0.004

	Awakenings, num
	1.22 (0.66, 2.27)
	0.526
	
	1.76 (0.86, 3.61)
	0.125

	Awakenings/h, num/h
	1.09 (0.65, 1.81)
	0.752
	
	1.38 (0.78, 2.44)
	0.272

	Adjusted for sex, age, season, education, sedentary behavior, moderate-to-vigorous physical activity, smoking, and alcohol consumption. 
Abbreviations: CI, confidence interval; IQR, interquartile range; OR, odds ratio; WASO, time awake after sleep onset; WASO/h, time awake per hour after sleep onset. KORA-MRI, a sub-study where participants underwent whole-body 3T-Magnetic Resonance Imaging (MRI) conducted in 2013-2014, shortly after second follow-up examination of the KORA S4 survey (1999-2001).
SLD-FLI was defined as FLI ≥ 60. MASLD-FLI was defined as FLI ≥ 60 with at least one of five metabolic risk factors among participants without excessive alcohol intake, systemic corticosteroids or antiarrhythmic drugs (N=80). P < 0.05 are highlighted in bold.






	Table S8. Sensitivity analyses of sleep characteristics and MRI-derived SLD-PDFF in adults (KORA-MRI cohort)

	Sleep characteristics (per IQR)
	OR (95%CI)
	P

	Total sleep time, hours
	0.75 (0.37, 1.54)
	0.436

	Sleep efficiency, %
	0.48 (0.25, 0.90)
	0.021

	Sleep latency, mins
	1.75 (0.99, 3.09)
	0.053

	Sleep onset timing, hours
	1.11 (0.51, 2.43)
	0.799

	WASO, mins
	1.82 (0.96, 3.42)
	0.065

	WASO/h, mins/h
	1.84 (1.03, 3.31)
	0.041

	Awakenings, num
	1.12 (0.58, 2.19)
	0.733

	Awakenings/h, num/h
	1.04 (0.59, 1.81)
	0.899

	[bookmark: _Hlk180407692]Exclude participants with lipid-lowering, systemic corticosteroids, or antiarrhythmic drugs. N=95
Adjusted for sex, age, season, education, sedentary behavior, moderate-to-vigorous physical activity, smoking, and alcohol consumption.
Abbreviations: CI, confidence interval; IQR, interquartile range; OR, odds ratio; SLD, steatotic liver disease; PDFF, proton density fat fraction; WASO, time awake after sleep onset; WASO/h, time awake per hour after sleep onset. KORA-MRI, a sub-study where participants underwent whole-body 3T-Magnetic Resonance Imaging (MRI) conducted in 2013-2014, shortly after second follow-up examination of the KORA S4 survey (1999-2001).
SLD-PDFF was defined as PDFF ≥ 5%. P < 0.05 are highlighted in bold.
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Figure S1. Flow chart of study participants. 
a: Inclusion: 1), at least three valid weekdays and one valid weekend day; 2), 2 hours ≤ daily total sleep time ≤ 15 hours; 3), daily sleep efficiency ≥ 20%; 4), daily sleep onset timing between 17:00 and 08:00.
[bookmark: _Hlk179463542]Abbreviations: AST: Aspartate Aminotransferase; GINIplus, German Infant Study on the influence of Nutrition Intervention PLUS environmental and genetic influences on allergy development; LISA, Influence of Lifestyle factors on the development of the Immune System and Allergies in East and West Germany; KORA-Fit, a follow-up examination of participants conducted in 2018-2019, building on four cross-sectional baseline surveys (S1: 1984-1985, S2:1989-1990, S3: 1994-1995, and S4: 1999-2001) from the Cooperative Health Research in the Region of Augsburg (KORA) cohort study. KORA-MRI, a sub-study where participants underwent whole-body 3T-Magnetic Resonance Imaging (MRI) conducted in 2013-2014, during the second follow-up examination of the KORA S4 survey (1999-2001); MASLD: Metabolic Dysfunction-Associated Steatotic Liver Disease.
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Figure S2. Correlations within sleep characteristics and within liver enzymes. 
The correlation relationships were examined by Spearman correlation. * means statistically significant. Abbreviations: ALT, Alanine Aminotransferase; AST, Aspartate Aminotransferase; GGT, Gamma-Glutamyl Transferase; GINIplus, German Infant Study on the influence of Nutrition Intervention PLUS environmental and genetic influences on allergy development; LISA, Influence of Lifestyle factors on the development of the Immune System and Allergies in East and West Germany; KORA-Fit, a follow-up examination of participants conducted in 2018-2019, building on four cross-sectional baseline surveys from the Cooperative Health Research in the Region of Augsburg (KORA) cohort study.
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[bookmark: _Hlk176906370]Figure S3. Sex-interaction and stratified analysis of sleep characteristics and liver enzymes in adolescents (GINIplus and LISA cohorts) and adults (KORA-Fit cohort). 
Abbreviations: ALT, Alanine Aminotransferase; AST, Aspartate Aminotransferase; GGT, Gamma-Glutamyl Transferase; GINIplus, German Infant Study on the influence of Nutrition Intervention PLUS environmental and genetic influences on allergy development; LISA, Influence of Lifestyle factors on the development of the Immune System and Allergies in East and West Germany; KORA-Fit, a follow-up examination of participants conducted in 2018-2019, building on four cross-sectional baseline surveys from the Cooperative Health Research in the Region of Augsburg (KORA) cohort study; IQR, interquartile range; WASO, time awake after sleep onset; WASO/h: time awake per hour after sleep onset; *p-int: p values of sex interaction.
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[bookmark: _Hlk180244917][bookmark: _Hlk176906381]Figure S4. BMI groups-interaction and stratified analysis of sleep characteristics and liver enzymes in adolescents (GINIplus and LISA cohorts) and adults (KORA-Fit cohort). 
Abbreviations: ALT, Alanine Aminotransferase; AST, Aspartate Aminotransferase; BMI, body mass index; GGT, Gamma-Glutamyl Transferase; GINIplus, German Infant Study on the influence of Nutrition Intervention PLUS environmental and genetic influences on allergy development; LISA, Influence of Lifestyle factors on the development of the Immune System and Allergies in East and West Germany; KORA-Fit, a follow-up examination of participants conducted in 2018-2019, building on four cross-sectional baseline surveys from the Cooperative Health Research in the Region of Augsburg (KORA) cohort study; IQR, interquartile range; WASO, time awake after sleep onset; WASO/h: time awake per hour after sleep onset; *p-int: p values of BMI groups interaction.
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[bookmark: _Hlk176906401]Figure S5. Age groups-interaction and stratified analysis of sleep characteristics and liver enzymes in adults (KORA-Fit cohort). 
Abbreviations: ALT, Alanine Aminotransferase; AST, Aspartate Aminotransferase; GGT, Gamma-Glutamyl Transferase; KORA-Fit, a follow-up examination of participants conducted in 2018-2019, building on four cross-sectional baseline surveys from the Cooperative Health Research in the Region of Augsburg (KORA) cohort study; IQR, interquartile range; WASO, time awake after sleep onset; WASO/h: time awake per hour after sleep onset; *p-int: p values of age groups interaction.
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