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Supplementary methods 

[bookmark: _Hlk213941852]Baseline survival model

Modelbaseline: coxph(Surv(age_blood, age_death, status) ~ sex + age_blood + score + cluster(twin_pair_ID), data)

age_blood: Age at time of blood draw
age_death: Age of death or age on the 15th of February 2024
status: alive or deceased on the 15th of February 2024
sex: female or male 
score: calculated MetaboHealth score
twin_pair_ID: ID of the two twins of a pair 
data: MetaboHealth score for all participants (stratified: female, male, both twins in study, MZ twins, DZ twins, same sex DZ twins, opposite sex DZ twins)

Adjusted survival model

Modeladjusted: coxph(Surv(age_blood, age_death, status) ~ sex + age + score + BMI + Smoking + FI + cluster(twin_pair_ID), data)

age_blood: Age at time of blood draw
age_death: Age of death or age on the 15th of February 2024
status: alive or deceased on the 15th of February 2024
sex: female or male 
score: calculated MetaboHealth score
BMI: BMI score 
Smoking: ever smokers vs never smokers 
FI: Frailty score in Percent 
twin_pair_ID: ID of the two twins of a pair 
data: MetaboHealth score

Stratified survival model 

Modelstratified: coxph(Surv(age_blood, age_death, status) ~ sex + age + score + cluster(twin_pair_ID), dataX)

age_blood: Age at time of blood draw
age_death: Age of death or age on the 15th of February 2024
status: alive or deceased on the 15th of February 2024
sex: female or male 
score: calculated MetaboHealth score
twin_pair_ID: ID of the two twins of a pair 
dataX: MetaboHealth score of only the participants that were stratified as below the age of 65, above the age of 65, underweight, healthy, overweight, obese, smokers, non-smokers, non-frail, pre-frail or frail.

[bookmark: _Hlk209704409]Survival model of the 14 metabolic biomarkers

Modelmetabolic_biomarkers: coxph(Surv(age_blood, age_death, status) ~ sex + age + XXL-VLDL-L + S-HDL-L + VLDLsize + PUFA % + Glucose + Lactate + His + Ile + Leu + Val + Phe + Acetoacetate + Albumin + GlycA + cluster(twin_pair_ID), data)

age_blood: Age at time of blood draw
age_death: Age of death or age on the 15th of February 2024
status: alive or deceased on the 15th of February 2024
sex: female or male 
twin_pair_ID: ID of the two twins of a pair 
data: Values of the 14 metabolic biomarkers

Linear model

Modellinear: lm(Score ~ Sex + Age_blood + Drinking + SEI + Exercise + BMI + Smoking + Education + FI , data)
adjusted using vcovCL to cluster-robust standard error to account for twin pairs

sex: female or male 
age_blood: age at time of blood draw
Drinking: ever alcohol drinker vs never alcohol drinker
SEI: Group 1 of 10 by Socio-Economic Index
Exercise: amount of exercise (from 0: almost no exercise to 6 a lot of exercise) 
BMI: BMI score 
Smoking: ever smokers vs never smokers 
Education: years of Education
FI: Frailty score in Percent 
data: MetaboHealth score for all participants 

Welch’s T-test 

Calculation of correlation in the concordant and discordant twin pairs:

Modelconcordant: <- lm(MZ1 ~ MZ2, dataconcordant)
Modeldiscordant: <- lm(MZ1 ~ MZ2, datadiscordant)

dataconcordant
datadiscordant
MZ1
MZ2

The slope, standard error and the degrees of freedom of the summary statistics were used to compare the two slops and calculate the p-value:

t-statistic: (bconcordant - bdiscordant) / sqrt(seconcordant ^2 + sediscordant ^2)

bconcordant: Slope coefficients of concordant MZ twins 
bdiscordant: Slope coefficients of discordant MZ twins
seconcordant: Standard errors of concordant MZ twins
sediscordant: Standard errors of discordant MZ twins



Supplementary Figures and Tables
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Supplementary Figure 1: Distribution of the MetaboHealth score data in the Swedish TwinGene cohort. Number of individuals = 12,256, mean MetaboHealth score = 1.851469 x 10-15, max MetaboHealth score = 4.054259, min MetaboHealth score = -1.786867, Asymptotic one-sample Kolmogorov-Smirnov test D = 0.044774, p-value ≤ 2.2 x 10-16.
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Supplementary Figure 2: The heritable component of the MetaboHealth score is 40%. Heritability was calculated based on Cholesky decomposition and the ACE model to discern the heritable and environmental components of the MetaboHealth score. The MetaboHealth score is composed of 40% additive genetic effects (blue), 2.5% shared environmental effects (yellow), and 57.5% unique environmental effects (purple). 


[bookmark: _Hlk206060573]Supplementary Table 1: Association of the 14 metabolic biomarkers that are part of the MetaboHealth score with all-cause mortality.
	Analysis of the 14 metabolites in TwinGene
	
	Adapted from Table 2 Deelen et al., 2019

	
	HR
	95% CI
	P-value
	
	HR
	95% CI
	P-value

	XXL-VLDL-L
	1.03
	0.95
	-
	1.11
	0.479
	
	0.80
	0.75–0.85
	1.53 × 10-13

	S-HDL-L
	0.88
	0.85
	-
	0.92
	2.15 x 10-8
	
	0.87
	0.84–0.90
	5.98 × 10-19

	VLDL size
	0.81
	0.75
	-
	0.87
	5.25 x 10-9
	
	0.85
	0.80–0.90
	8.51 × 10-8

	PUFA %
	0.79
	0.74
	-
	0.85
	8.97 x 10-13
	
	0.78
	0.75–0.80
	1.06 × 10-47

	Glucose
	1.13
	1.09
	-
	1.17
	8.95 x 10-11
	
	1.16
	1.13–1.19
	2.22 × 10-29

	Lactate
	1.08
	1.04
	-
	1.12
	1.79 x 10-4
	
	1.06
	1.03–1.10
	6.24 × 10-5

	His
	0.98
	0.93
	-
	1.02
	0.281
	
	0.93
	0.90–0.96
	1.15 × 10-5

	Ile
	1.16
	1.07
	-
	1.26
	1.65 x 10-4
	
	1.23
	1.14–1.32
	2.14 × 10-8

	Leu
	0.83
	0.75
	-
	0.91
	1.31 x 10-4
	
	0.82
	0.76–0.89
	7.34 × 10-7

	Val
	0.93
	0.87
	-
	1.01
	0.080
	
	0.87
	0.82–0.92
	1.04 × 10-6

	Phe
	1.07
	1.02
	-
	1.13
	0.008
	
	1.13
	1.09–1.17
	2.39 × 10-12

	Acetoacetate
	1.05
	1
	-
	1.1
	0.037
	
	1.08
	1.05–1.11
	1.73 × 10-8

	Albumin
	0.94
	0.9
	-
	0.98
	0.004
	
	0.89
	0.87–0.92
	9.96 × 10-13

	GlycA
	1.15
	1.1
	-
	1.21
	5.01 x 10-9
	
	1.32
	1.27–1.38
	7.45 × 10-41


HR, hazard ratio; CI, confidence interval.


[bookmark: _Hlk206060588]Supplementary Table 2: Heritability estimate of the 14 metabolic biomarkers that are part of the MetaboHealth score.
	
	Additive Genetic (A)
	Shared Environment (C)
	Unique Environment (E)

	Val
	0.67
	0
	0.33

	Leu
	0.67
	0
	0.33

	VLDL size
	0.64
	0
	0.36

	S-HDL-L
	0.56
	0
	0.44

	Ile
	0.54
	0
	0.47

	GlycA
	0.52
	0
	0.49

	PUFA
	0.52
	0
	0.48

	Glucose
	0.52
	0
	0.48

	XXL-VLDL-L
	0.5
	0
	0.5

	His
	0.47
	0
	0.53

	Phe
	0.42
	0
	0.58

	Albumin
	0.37
	0.01
	0.62

	Lactate
	0.31
	0
	0.69

	Acetoacetate
	0.06
	0.13
	0.81





[bookmark: _Hlk206060639]Supplementary Table 3: Association of the MetaboHealth score with lifestyle factors and health outcomes.
	Variable
	HR
	95% CI
	P-value

	Score:Age at blood draw
	0.98
	0.968
	-
	0.986
	3.99 × 10-7

	Score:Sex
	1.05
	0.901
	-
	1.219
	0.543

	Score:Smoking
	1.18
	1.018
	-
	1.355
	0.027

	Score:BMI
	0.99
	0.966
	-
	1.004
	0.111

	Score:Years of education
	1.00
	0.979
	-
	1.021
	0.998

	Score:Frailty score
	1.54
	0.661
	-
	3.568
	0.319


HR, hazard ratio; CI, confidence interval.



Supplementary Table 4: Characteristics of participants in the TwinGene cohort stratified by lifestyle exposures and health outcomes.
	
	
	Age: 65 years
	Smoker
	Alcohol drinker
	BMI: weight
	Years of education
	Frail
	Exercise amount
	Socioeconomic index (SEI)

	Participants
	All
	Younger
	Older
	Yes
	No
	Yes
	No
	Underweight
	Healthy
	Overweight
	Obese
	less than 10
	13 or more
	No
	Pre
	Yes
	None (0)
	Very little (1)
	Little (2)
	Some (3)
	Much (4)
	Quite a lot (5)
	A lot (6)
	1
	2
	3
	4
	5
	6
	7
	8
	9

	TwinGene participants 
Blood collection: 2004 to 2008
	12,256
	6,453
	5,803
	6,865
	5,330
	758
	715
	108
	6,512
	4,553
	914
	5,303
	3,324
	4,562
	6,676
	965
	456
	504
	1,571
	3,002
	4,834
	1,080
	170
	2,904
	1,828
	1,903
	2,871
	1,504
	532
	282
	0
	228

	Mean Age at blood draw (SD)
	64.8 (± 8.1)
	58.8 (± 4.5)
	71.6 (± 5.4)
	64.0 (± 7.7)
	65.8 (± 8.4)
	67.9 (± 8.5)
	70.3 (± 8.1)
	63.4 (± 8.3)
	64.2 (± 8.2)
	65.5 (± 7.8)
	64.7 (± 8.0)
	66.7 (± 7.9)
	63.0 (± 7.8)
	63.6 (± 7.7)
	65.4 (± 7.7)
	66.5 (± 8.5)
	62.2 (± 6.8)
	62.7 (± 7.0)
	63.1 (± 7.1)
	63.6 (± 6.8)
	64.5 (± 7.3)
	65.0 (± 7.8)
	63.6 (± 7.9)
	65.0 (± 7.9)
	64.6 (± 8.1)
	65.1 (± 8.0)
	63.7 (± 7.7)
	63.9 (± 7.8)
	65.7 (± 8.4)
	69.9 (± 8.8)
	0
	64.9 (± 8.1)

	Age at blood draw (min - max)
	47.4 - 93.9
	47.4 - 65.0
	65.0 -93.9
	47.4 - 92.2
	47.8 - 93.9
	48.7 - 93.9
	48.8 - 93.3
	48.8 - 83.2
	47.5 - 93.9
	48.1 - 93.3
	47.4 - 91.4
	48.6 - 93.9
	47.6 - 90.9
	47.8 - 93.3
	47.4 - 93.9
	48.3 - 91.4
	47.9 - 79.7
	48.6 - 79.9
	47.4 - 80.1
	47.5 - 80.2
	47.8 - 80.3
	48.1 - 80.1
	48.8 - 78.5
	47.5 - 93.9
	47.4 - 93.3
	47.8 - 92.2
	47.9 - 90.9
	47.6 - 90.1
	48.1 - 90.6
	49.1 - 90.8
	0
	47.6 - 87.2

	Participant with age at blood draw
	12,256
	6,453
	5,803
	6,865
	5,330
	758
	715
	108
	6,512
	4,553
	914
	5,303
	3,324
	4,562
	6,676
	965
	456
	504
	1,571
	3,002
	4,834
	1,080
	170
	2,904
	1,828
	1,903
	2,871
	1,504
	532
	282
	0
	228

	Mean Age at questionnaire (SD)
	58.2 (± 8.0)
	52.3 (± 4.1)
	64.8 (± 5.7)
	57.4 (± 7.5)
	59.2 (± 8.3)
	61.2 (± 8.4)
	63.7 (± 8.3)
	56.8 (± 8.0)
	57.6 (± 8.0)
	58.9 (± 7.7)
	58.2 (± 7.8)
	60.1 (± 7.8)
	56.5 (± 7.6)
	57.0 (± 7.5)
	58.7 (± 8.0)
	60.0 (± 8.5)
	55.5 (± 6.5)
	56.1 (± 6.7)
	56.5 (± 6.9)
	57.0 (± 6.6)
	57.9 (± 7.1)
	58.4 (± 7.7)
	57.0 (± 7.7)
	58.4 (± 7.8)
	58.0 (± 8.0)
	58.5 (± 7.9)
	57.1 (± 7.5)
	57.3 (± 7.6)
	59.1 (± 8.4)
	63.4 (± 8.9)
	0
	58.2 (± 7.7)

	Age at questionnaire (min - max)
	41 - 87
	41 - 60
	56 - 87
	41 - 85
	41 - 87
	42 - 86
	41 - 87
	42 - 78
	41 - 86
	42 - 87
	42 - 85
	41 - 86
	41 - 85
	41 - 87
	41 - 86
	42 - 86
	42 - 73
	42 - 74
	42 - 74
	42 - 74
	41 - 74
	41 - 74
	42 - 72
	41 - 86
	41 - 87
	42 - 85
	41 - 85
	42 - 84
	42 - 85
	42 - 84
	0
	42 - 80

	Participant with age at questionnaire
	12,231
	6,453
	5,778
	6,865
	5,330
	758
	715
	108
	6,512
	4,553
	914
	5,303
	3,324
	4,562
	6,676
	965
	456
	504
	1,571
	3,002
	4,834
	1,080
	170
	2,904
	1,828
	1,903
	2,871
	1,504
	532
	282
	0
	228

	Females (%)
	55
	56
	53
	51
	59
	65
	69
	90
	61
	44
	56
	51
	57
	50
	55
	71
	49
	46
	54
	53
	57
	56
	46
	66
	40
	71
	55
	38
	36
	39
	0
	31

	All Twins with zygosity reported
	12,224
	6,439
	5,785
	6,850
	5,313
	755
	712
	107
	6,498
	4,537
	914
	5,287
	3,316
	4,554
	6,654
	963
	120
	139
	399
	782
	1,228
	290
	49
	710
	446
	521
	779
	390
	132
	55
	0
	65

	All MZ twins
	3,144
	1,717
	1,427
	1,666
	1,473
	181
	172
	29
	1,701
	1,135
	250
	1,305
	936
	1,184
	1,723
	232
	334
	364
	1,165
	2,214
	3,593
	787
	121
	2,186
	1,375
	1,378
	2,085
	1,111
	399
	226
	0
	162

	All DZ twins same sex
	4,559
	2,360
	2,199
	2,535
	1,993
	284
	298
	33
	2,474
	1,660
	314
	2,028
	1,132
	1,739
	2,417
	375
	158
	188
	610
	1,075
	1,768
	394
	57
	1,128
	660
	720
	1,022
	539
	203
	114
	0
	85

	All DZ twins opposite sex
	4,521
	2,362
	2,159
	2,649
	1,847
	290
	242
	45
	2,323
	1,742
	350
	1,954
	1,248
	1,631
	2,514
	356
	176
	176
	555
	1,139
	1,825
	393
	64
	1,058
	715
	658
	1,063
	572
	196
	112
	0
	77

	Deaths reported
by 15th of February 2024
	3,649
	691
	2,958
	2,038
	1,565
	335
	327
	37
	1,720
	1,447
	349
	1,974
	723
	1,074
	2,128
	406
	135
	152
	392
	742
	1,290
	317
	46
	917
	567
	561
	691
	384
	181
	132
	0
	71


N, number of participants; SD, standard deviation; (min – max), individual with the lowest and highest value for a given trait; (%), Percentage of participants with a given trait or behaviour; BMI, Body-Mass-Index; SEI, socioeconomic index.




Supplementary Table 5: Characteristics of monozygotic twins in the TwinGene cohort stratified by shared and non-shared lifestyle exposures and health outcomes.
	
	Smoking
	BMI
	Non-frail vs frail
	Non-frail vs pre-frail

	
	Discordant
	Concordant
	Discordant
	Concordant
	Discordant
	Concordant
	Discordant
	Concordant

	Number of MZ twins in group
	618
	2,114
	550
	2,688
	44
	610
	898
	1,498

	Mean Age at blood draw (SD)
	65.0 (± 8.2)
	64.7 (± 7.7)
	65.6 (± 7.7)
	64.7 (± 7.8)
	66.3 (± 6.4)
	63.7 (± 7.5)
	64.1 (± 7.3)
	64.8 (± 7.9)

	Age at blood draw (min - max)
	48 - 86
	48 - 91
	49 - 88
	48 - 91
	55 - 78
	49 - 91
	48 - 85
	48 - 90

	Mean Age at questionnaire (SD)
	58.2 (± 7.9)
	57.8 (± 7.5)
	58.7 (± 7.4)
	57.9 (± 7.6)
	59.5 (± 6.2)
	56.9 (± 7.3)
	57.3 (± 7.0)
	57.9 (± 7.7)

	Age at questionnaire (min - max)
	42 - 79
	42 - 85
	42 - 83
	42 - 85
	49 - 72
	42 - 85
	42 - 77
	42 - 84

	Females, N (%)
	378 (61)
	1,230 (58)
	380 (69)
	1,574 (59)
	30 (68)
	300 (49)
	532 (59)
	830 (55)

	Deaths reported
by 15th of February 2024
	183
	542
	168
	716
	12
	148
	211
	397


N, number of participants; SD, standard deviation; (min – max), individual with the lowest and highest value for a given trait; (%), Percentage of participants with a given trait or behaviour; BMI, Body mass index.
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