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Supplementary Methods 
 
Study populations 
 
Alpha Omega Cohort 
The Alpha Omega Cohort consists of 4,837 Dutch men and women aged 60-80 years with a clinically diagnosed 
myocardial infarction <10 years before study enrollment. Baseline examinations and blood sampling took place 
between 2002 and 2006, after which the cohort has been followed up for cause-specific mortality. During the 
first 3 years of follow-up, patients participated in an intervention study with omega-3 fatty acids (Alpha Omega 
Trial).1, 2 For the present analysis, a random sample of 600 patients was selected, who were followed up through 
Statistics Netherlands (CBS) until the 1st of January 2014. Metabolic biomarkers were successfully quantified in 
EDTA plasma samples of 568 patients. The Alpha Omega Cohort is registered with clinicaltrials.gov (Identifier: 
NCT03192410). 
 
Avon Longitudinal Study of Parents and Children (ALSPAC) 
The Avon Longitudinal Study of Parents and Children (ALSPAC) recruited pregnant women resident in and 
around the City of Bristol, UK, with expected dates of delivery from 1st April 1991 to 31st December 1992. 
Women carrying 14,541 pregnancies were initially recruited from a total eligible sample of 20,248 eligible 
pregnancies and provided a wide range of data (see ALSPAC Data Dictionary: 
http://www.bris.ac.uk/alspac/researchers/data-access/data-dictionary/).3 Ethical approval for the study was 
obtained from the ALSPAC Ethics and Law Committee and the Local Research Ethics Committees. Mortality 
data were sourced from record linkage to the UK mortality register (managed by the National Health Service and 
the Office of National Statistics (ONS). Due to the terms of our data sharing agreement with the ONS, ALSPAC 
does not permit the sharing of mortality records beyond a small group of 'ONS Approved Researcher' staff. 
These staff are directly employed by ALSPAC and operate within a secure research setting (developed using 
Data Safe Haven principles, see Burton et al.).4 To facilitate this investigation, synthetic mortality data was 
created and used to develop analytical syntax, which in turn was run using the real data within the ALSPAC 
secure environment. Aggregate outcomes were checked for disclosure risk prior to circulation to other authors 
and inclusion in this manuscript. Metabolic biomarkers were successfully quantified in fasting serum samples 
collected from 4,531 mothers.  
 
Erasmus Rucphen Family (ERF) study 
The Erasmus Rucphen Family (ERF) study is a family-based study that includes inhabitants of a genetically 
isolated community in the South-West of the Netherlands, ascertained as part of the Genetic Research in Isolated 
Population program.5 The ERF cohort includes approximately 3,000 living descendants of 22 founder couples 
who had at least 6 children baptized in the community church. Individuals who were 18 years or older were 
invited to participate in the study5. Baseline data were collected between 2002 and 2005 and follow-up data 
between 2015 and 2018. In total, 680 individuals were included in this study. Metabolic biomarkers were 
successfully quantified in fasting EDTA plasma samples for all individuals. All-cause mortality information was 
available until the 25th of June 2015. The ERF study was approved by the medical ethics committee of the 
Erasmus Medical Center, Rotterdam, The Netherlands. All participants provided written informed consents and 
all investigations were carried out in accordance with the Declaration of Helsinki. 
 
Estonian Biobank cohort (EGCUT) 
Estonian Biobank (Estonian Genome Center, University of Tartu, http://www.biobank.ee) is a population-based 
biobank that recruited a cohort of 51,830 participants, including adults (minimum age 18 years) from all counties 
in Estonia and accounting for approximately 5% of the Estonian adult population during the main recruitment 
period (2002-2011). At baseline, an extensive phenotype questionnaire was conducted together with a 
measurement panel. Follow-up data for the cohort is available from linkage with national health-related registries 
and the Estonian Health Insurance database.6 The data on cause-specific registry is obtained from the linkage of 
the cohort database with the Estonian Causes of Death Registry (http://www.tai.ee/en/r-and-d/registers/estonian-
causes-of-death-registry). Metabolic biomarkers were successfully quantified in non-fasted plasma samples 
collected from a random subset of 10,988 individuals from the cohort. 
 
FINRISK 1997 cohort + Dietary, Lifestyle and Genetic Predictors of Obesity and Metabolic Syndrome 
(DILGOM) study 
The National FINRISK study is a Finnish population-based chronic disease risk factor monitoring survey carried 
out at 5-year intervals since 1972.7 For each survey, a representative random sample was selected from 25- to 
74-year-old inhabitants of different regions in Finland. The survey included a questionnaire and a clinical 
examination, at which a blood sample was drawn, with linkage to national registers of cardiovascular and other 
health outcomes. This study included all participants available from FINRISK 1997 clinical examination. For 
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FINRISK 2007, a total of 6,258 subjects participated and returned the questionnaire. All FINRISK 2007 
participants were invited to the Dietary, Lifestyle and Genetic Predictors of Obesity and Metabolic Syndrome 
(DILGOM) study that was used here.8 Of the invited, 5,024 subjects (participation rate: 84%) participated in the 
DILGOM study visit in April–June 2007. During the study visit subjects completed a FFQ and other 
questionnaires on health-related behavior. Fasting blood samples were drawn as a part of DILGOM visit. 
Metabolic biomarkers were successfully quantified in 7,603 individuals from FINRISK 1997 and 4,816 from 
DILGOM. 
 
Cooperative Health Research in the Region of Augsburg (KORA) study 
Cooperative Health Research in the Region of Augsburg (KORA) is a research platform for population-based 
surveys and follow-up studies of adult residents in the city of Augsburg and the two adjacent counties in 
Southern Germany.9 In the present work, we used data from the KORA F4 study, which was conducted between 
2006 and 2008 as a follow-up of the fourth KORA survey (KORA S4). 3,080 of the 4,261 subjects who were 
recruited between 1999 and 2001 (S4) at the age of 25-74 years participated in the KORA F4 follow-up. These 
subjects were further followed up for all-cause mortality until 2015. For a total of 1,790 participants, metabolic 
biomarkers were quantified in fasting serum samples drawn at the KORA F4 visit. 
 
Leiden Longevity Study (LLS) 
The Leiden Longevity Study (LLS) consists of 421 long-lived families of European descent. Families were 
included if at least two long-lived siblings were alive and fulfilled the age criterion of 89 years or older for males 
and 91 years or older for females, representing <0.5% of the Dutch population in 2001.10 In total, 944 long-lived 
proband siblings (mean age = 94 years, range = 89-104), 1,671 offspring (mean age = 61 years, range = 39-81) 
and 744 spouses thereof (mean age = 60 years, range = 36-79) were included. Registry-based follow-up until the 
27th of October 2016 was available for all participants. Metabolic biomarkers were successfully quantified in 843 
nonagenarians, 1,157 of their offspring and 684 controls using non-fasted EDTA plasma samples. 
 
PROspective Study of Pravastatin in the Elderly at Risk (PROSPER) 
The PROspective Study of Pravastatin in the Elderly at Risk (PROSPER) trial design has been published.11 In 
brief, 5,804 elderly adults (70-82 years old) were enrolled. This was a double-blind, randomised placebo 
controlled trial investigating the benefit of pravastatin (40 mg/day) in elderly individuals at risk of CVD. 
Participants were identified in the primary care setting from 3 centres: Glasgow, Scotland; Cork, Ireland or 
Leiden, the Netherlands. All participants had high-normal to high cholesterol (4.0-9.0 mmol/L) at baseline. 
Additionally 50% of patients had evidence of vascular disease (physician diagnosed stable angina, stroke, 
transient ischaemic attack (TIA) or myocardial infarction (MI)) and the remaining 50% of patients had high risk 
of vascular disease as they had either hypertension, diabetes or were smokers. The primary outcome measure of 
PROSPER was a composite CVD outcome. In the current study the endpoint of interest was all-cause mortality. 
Patients were recruited between December 1997 and May 1999 and the mean follow-up period was 3.2 years. 
Fasting venous blood samples were collected at baseline and at 3-month intervals and biobanked at -80°C. For 
the present study previously unthawed 6-month post-randomisation samples were used, employing the study as a 
cohort study and adjusting for randomised treatment in the analyses. Metabolic biomarkers were successfully 
quantified in 5,329 individuals. 
 
Rotterdam Study 
The Rotterdam Study (RS) is a prospective population-based study designed to investigate the determinants of 
disease occurrence and progression in the elderly.12 The RS cohort was initially defined in 1990 among 7,983 
persons living in the well-defined Ommoord district in Rotterdam, The Netherlands. All participants underwent a 
home interview and extensive physical examination at baseline and during follow-up examinations occurring 
every 3–4 years (RS-I). The cohort was further extended in 2000 (RS-II) and 2006 (RS-III), establishing a total 
of 14,926 participants aged 45 years or over.12 In total, 2,963 individuals were included in this study. Metabolic 
biomarkers were successfully quantified in fasting EDTA plasma samples for all individuals. All-cause mortality 
information was available until the 5th of March 2015. The RS has been approved by the Medical Ethics 
Committee of the Erasmus MC (registration number MEC 02.1015) and by the Dutch Ministry of Health, 
Welfare and Sport (Population Screening Act WBO, license number 1071272-159521-PG). The RS has been 
entered into the Netherlands National Trial Register (NTR; www.trialregister.nl) and into the WHO International 
Clinical Trials Registry Platform (ICTRP; www.who.int/ictrp/network/primary/en/) under shared catalogue 
number NTR6831. All participants provided written informed consent to participate in the study and to have 
their information obtained from treating physicians. 
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TwinsUK 
TwinsUK is a UK register of 12,000 twins. Participants are continuously recruited from the general population 
since 1992 through media campaigns.13 For this study, 1,996 individuals (mean age 64.58± 8.53) were used in 
which metabolic biomarkers were successfully quantified using fasted serum samples. 
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Supplementary Figures 
 

Supplementary Figure 1. Study-specific examples of the distribution of the metabolic biomarker score. 
Histograms depicting the distribution of the score in the Alpha Omega Cohort (A), Leiden Longevity Study 
(LLS) offspring and partners (B) and LLS nonagenarians (C). 
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Supplementary Figure 2. Forest plot for the total lipids in chylomicrons and extremely large very low 
density lipoprotein based on the fully adjusted model. 
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Supplementary Figure 3. Forest plot for the total lipids in small high-density lipoprotein based on the fully 
adjusted model. 
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Supplementary Figure 4. Forest plot for the mean diameter for very low density lipoprotein based on the 
fully adjusted model. 
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Supplementary Figure 5. Forest plot for the ratio of polyunsaturated fatty acids to total fatty acids based 
on the fully adjusted model. 
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Supplementary Figure 6. Forest plot for glucose based on the fully adjusted model. 
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Supplementary Figure 7. Forest plot for lactate based on the fully adjusted model. 
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Supplementary Figure 8. Forest plot for histidine based on the fully adjusted model. 
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Supplementary Figure 9. Forest plot for isoleucine based on the fully adjusted model. 
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Supplementary Figure 10. Forest plot for leucine based on the fully adjusted model. 
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Supplementary Figure 11. Forest plot for valine based on the fully adjusted model. 
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Supplementary Figure 12. Forest plot for phenylalanine based on the fully adjusted model. 
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Supplementary Figure 13. Forest plot for acetoacetate based on the fully adjusted model. 
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Supplementary Figure 14. Forest plot for albumin based on the fully adjusted model. 
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Supplementary Figure 15. Forest plot for glycoprotein acetyls based on the fully adjusted model. 
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Supplementary Figure 16. Forest plot for the metabolic biomarker score based on the fully adjusted 
model. 
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Supplementary Figure 17. Forest plot the metabolic biomarker score, stratified by age. 
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Supplementary Figure 18. Correlations between the conventional risk factors and 14 metabolic 
biomarkers. The conventional risk factors are depicted with an *. 
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Supplementary Figure 19. Reproducibility of the quantification of some of the identified metabolic 
biomarkers. Comparison of the metabolic biomarkers glucose (A and D), lactate (B and E), isoleucine (C and 
F), leucine (G and J), valine (H and K) and phenylalanine (I and L) as measured with in-house NMR (x-axis) and 
the Nightingale Health platform (y-axis) in the Leiden Longevity Study offspring and partners (n = 2,164, 
A,B,C,G,H, and I) and nonagenarians (n = 802, D,E,F,J,K, and L). 
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Supplementary Tables 
 
Supplementary Table 1. Results of the discrimination and reclassification analyses for all-cause mortality in the FINRISK 1997 cohort comparing the two metabolic 
biomarker scores. 
Follow-up time Age Metabolic biomarker score Fischer C-statistic Metabolic biomarker score C-statistic Difference in C-statistic IDI 

5 years All 0.811 0.837 0.026±0.011, P=0.017 1.9±1.3%, P=0.13 

5 years >60 0.685 0.732 0.048±0.019, P=0.013 2.0±1.7%, P=0.25 

10 years All 0.802 0.830 0.028±0.006, P=1.23 x 10-6 2.3±0.8%, P=0.006 

10 years >60 0.667 0.715 0.048±0.011, P=2.34 x 10-5 3.0±1.2%, P=0.018 

The estimates for the risk scores were derived from the Estonian Biobank cohort. The Metabolic biomarker score Fischer included very low density lipoprotein (VLDL) 

diameter, albumin, glycoprotein acetyls (GlycA), citrate, and sex. The Metabolic biomarker score included total lipids in chylomicrons and extremely large VLDL, total lipids in 

small high-density lipoprotein, VLDL diameter, ratio of polyunsaturated fatty acids to total fatty acids, glucose, lactate, histidine, isoleucine, leucine, valine, phenylalanine, 

acetoacetate, albumin, GlycA, and sex. IDI; integrated discrimination improvement. 
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Supplementary Table 2. Results of the discrimination and reclassification analyses for all-cause mortality in the FINRISK 1997 cohort comparing the metabolic 
biomarker score with a score combining the biomarkers and conventional risk factors. 
Follow-up time Age Metabolic biomarker score C-statistic Combined score C-statistic Difference in C-statistic IDI 

5 years All 0.837 0.783 -0.05±0.018, P=0.002 -2.3±1.1%, P=0.03 

5 years >60 0.732 0.695 -0.038±0.021, P=0.07 -1.6±1.1%, P=0.16 

10 years All 0.830 0.783 -0.047±0.009, P=1.56 x 10-6 -0.9±0.7%, P=0.23 

10 years >60 0.715 0.700 -0.015±0.011, P=0.19 -0.5±1.0%, P=0.58 

The estimates for the risk scores were derived from the Estonian Biobank cohort. The Metabolic biomarker score included total lipids in chylomicrons and extremely large very 

low density lipoprotein (VLDL), total lipids in small high-density lipoprotein (HDL), VLDL diameter, ratio of polyunsaturated fatty acids to total fatty acids, glucose, lactate, 

histidine, isoleucine, leucine, valine, phenylalanine, acetoacetate, albumin, glycoprotein acetyls (GlycA), and sex. The Combined score included total lipids in chylomicrons and 

extremely large VLDL, total lipids in small HDL, VLDL diameter, ratio of polyunsaturated fatty acids to total fatty acids, glucose, lactate, histidine, isoleucine, leucine, valine, 

phenylalanine, acetoacetate, albumin, GlycA, sex, body mass index, systolic blood pressure, smoking status, alcohol consumption, and prevalent diabetes, cardiovascular disease, 

and cancer. IDI; integrated discrimination improvement. 
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Supplementary Table 3. Correlations of the identified metabolic biomarkers associated with mortality as 
measured with different commercially available metabolomics platforms. 
Platform Metabolon Biocrates p150 

Study FINRISK 1997 cohort LLS offspring + partners 

Samples 681 654 

Glc 0.82 0.85 

Lac 0.76 NA 

His 0.42 0.52 

Ile 0.71 NA 

Leu 0.66 0.78 

Val 0.71 0.74 

Phe 0.63 0.60 

NA; not available. 
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Supplementary Table 4. Weights used for the risk scores tested in the FINRISK 1997 cohort (based on the 
Estonian Biobank cohort). 

Parameter 
Conventional 
risk factors 

Metabolic 
biomarkers 

Metabolic 
biomarkers 

Fischer et al. 

Conventional 
risk factors + 

metabolic 
biomarkers 

Systolic blood pressure 0.002  0.004  

Body mass index 0.001  0.006 

Total cholesterol 0.003   

High density lipoprotein cholesterol -0.389   

Triglycerides -0.098   

Creatinine 4.139   

Smoking status 0.942  0.734 

Alcohol consumption 0.023  -0.016 

Prevalent diabetes 0.519  0.355 

Prevalent cardiovascular disease 0.247  0.202 

Prevalent cancer 0.474  0.402 

Sex -0.402 -0.685 -0.776 -0.561 

XXL-VLDL-L 0.022  0.032 

S-HDL-L -0.123  -0.141 

VLDL-D -0.245 -0.360 -0.290 

PUFA/FA -0.253  -0.222 

Glc 0.246  0.175 

Lac 0.130  0.092 

His -0.067  -0.061 

Ile 0.056  0.083 

Leu -0.318  -0.256 

Val -0.035  -0.101 

Phe 0.115  0.141 

AcAce 0.100  0.081 

Alb -0.149 -0.384 -0.127 

GlycA 0.272 0.525 0.246 

Cit   0.289  
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