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Background—High-throughput profiling of circulating metabolites may improve cardiovascular risk prediction over
established risk factors.

Methods and Results—We applied quantitative nuclear magnetic resonance metabolomics to identify the biomarkers
for incident cardiovascular disease during long-term follow-up. Biomarker discovery was conducted in the National
Finnish FINRISK study (n=7256; 800 events). Replication and incremental risk prediction was assessed in the Southall
and Brent Revisited (SABRE) study (n=2622; 573 events) and British Women’s Health and Heart Study (n=3563; 368
events). In targeted analyses of 68 lipids and metabolites, 33 measures were associated with incident cardiovascular
events at P<0.0007 after adjusting for age, sex, blood pressure, smoking, diabetes mellitus, and medication. When further
adjusting for routine lipids, 4 metabolites were associated with future cardiovascular events in meta-analyses: higher
serum phenylalanine (hazard ratio per standard deviation, 1.18; 95% confidence interval, 1.12-1.24; P=4x10"'%) and
monounsaturated fatty acid levels (1.17; 1.11-1.24; P=1x10"®) were associated with increased cardiovascular risk, while
higher omega-6 fatty acids (0.89; 0.84-0.94; P=6x10~) and docosahexaenoic acid levels (0.90; 0.86-0.95; P=5x107)
were associated with lower risk. A risk score incorporating these 4 biomarkers was derived in FINRISK. Risk prediction
estimates were more accurate in the 2 validation cohorts (relative integrated discrimination improvement, 8.8% and
4.3%), albeit discrimination was not enhanced. Risk classification was particularly improved for persons in the 5% to
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10% risk range (net reclassification, 27.1% and 15.5%). Biomarker associations were further corroborated with mass
spectrometry in FINRISK (n=671) and the Framingham Offspring Study (n=2289).

Conclusions—Metabolite profiling in large prospective cohorts identified phenylalanine, monounsaturated fatty acids, and
polyunsaturated fatty acids as biomarkers for cardiovascular risk. This study substantiates the value of high-throughput
metabolomics for biomarker discovery and improved risk assessment. (Circulation. 2015;131:774-785. DOI: 10.1161/

CIRCULATIONAHA.114.013116.)
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ardiovascular disease (CVD) is the leading cause of mor-

bidity and mortality worldwide. Preventive cardiovascu-
lar risk assessment relies on established risk factors, including
dyslipidemia, hypertension, and diabetes mellitus; however,
the first CVD events often originate from people classified
as being at low or intermediate risk based on current risk
algorithms.'™ Detailed profiling of metabolic status, termed
metabolite profiling or metabolomics, can provide insights
into the molecular mechanisms underlying atherosclerosis.”™
The quantification of large numbers of circulating metabolites
across multiple pathways may also identify metabolic changes
before the onset of overt disease, and thereby potentially lead
to earlier and more accurate identification of individuals at
high cardiovascular risk.!%!?

Clinical Perspective on p 785

Metabolite profiling has successfully been applied to iden-
tify biomarkers for the development of type 2 diabetes mel-
litus*'; however, few metabolite biomarkers have been
consistently associated with future cardiovascular events across
multiple studies.*!*"'>!8 Technological improvements in sample
throughput now allow for metabolite profiling of extensive
epidemiological cohorts, rather than case-control settings, to
enhance biomarker discovery and replication.®'%!¢22 Serum
nuclear magnetic resonance (NMR) metabolomics enables
fast, inexpensive, and reproducible quantification of circulating
lipids and abundant metabolites.®!%1*2-2 Here, we used a high-
throughput NMR platform® for metabolite profiling in 3 large
population-based cohorts with the aim of identifying circulating
biomarkers for cardiovascular risk during long-term follow-up.
First, 68 lipid and metabolite measures from multiple pathways
were tested for association with incident CVD. This hypothe-
sis-generating approach was taken to discover novel biomark-
ers and thereby gain information on disease mechanisms. The
ability to improve cardiovascular risk assessment, beyond that
achieved by established risk factors, was examined by a risk
score including metabolite biomarkers derived in the discovery
study and tested in the 2 validation cohorts. Analytic confirma-
tion of the identified biomarkers was provided by complemen-
tary mass spectrometry and gas chromatography. To examine
the coherence across metabolomics methodologies, the NMR-
based biomarker associations with CVD were further compared
with those obtained from mass spectrometry in the discovery
study and in the Framingham Offspring Study.

Methods
Study Populations

An overview of the study design is shown in Figure 1. This obser-
vational study examined metabolite associations with incident

cardiovascular events in the population-based National Finnish
FINRISK Study as discovery cohort. Metabolite biomarker can-
didates were replicated in 2 additional population-based cohorts.
All participants provided written informed consent, and study pro-
tocols were approved by the local ethical committees. The main
end point was the first incidence of a major cardiovascular event
during follow-up, which includes fatal or nonfatal occurrence of
myocardial infarction, ischemic stroke, cardiac revascularization
(coronary artery bypass graft surgery or percutaneous translumi-
nal coronary angioplasty), or unstable angina.” Individuals with
prevalent CVD at enrolment were omitted from analyses.

The FINRISK 1997 study is a general population survey con-
ducted to monitor the health of the Finnish population among per-
sons aged 25 to 74 at recruitment.?>**?” In total, 8444 individuals
were recruited from 5 study areas across Finland. Participants com-
pleted questionnaires on smoking status, alcohol usage, and medi-
cation. Median fasting time was 5 hours (interquartile range, 4—-6
hours). Serum total cholesterol, high-density lipoprotein (HDL)
cholesterol, and triglycerides were measured with enzymatic meth-
ods. Metabolite profiling by high-throughput NMR was measured
during 2012 for 7602 individuals with available serum samples
collected at baseline in 1997.% Pregnant women and persons miss-
ing risk factor information (n=83) and individuals with prevalent
CVD (n=263) were excluded, leaving 7256 individuals for statis-
tical analyses. Tracking of CVD during follow-up (1997 through
December 2011) was enabled by International Classification of
Diseases, 10th Revision diagnosis codes from the Finnish National
Hospital Discharge Register and Causes-of-Death Register. These
registers cover all cardiovascular events that have led either to hos-
pitalization or death in Finland. The cardiovascular diagnoses in
these registers have been validated.

Replication of biomarker associations with CVD and improve-
ments in risk prediction were examined in 2 population-based
studies from the United Kingdom: fasting serum samples from
the Southall and Brent Revisited study (SABRE, n=2622)%
and the British Women’s Heart and Health Study (BWHHS,
n=3563)% were profiled by the same NMR metabolomics plat-
form as used in FINRISK. Detailed information on the study
populations is provided in the expanded methods in the online-
only Data Supplement.

Metabolite Quantification

A high-throughput NMR metabolomics platform® was used for the
quantification of 68 lipid and abundant metabolite measures from
baseline serum samples of the FINRISK, SABRE, and BWHHS
cohorts. All metabolites were measured in a single experimental
setup that allows for the simultaneous quantification of both rou-
tine lipids, total lipid concentrations of 14 lipoprotein subclasses,
fatty acid composition such as monounsaturated (MUFA) and
polyunsaturated fatty acids (PUFA), various glycolysis precur-
sors, ketone bodies, and amino acids in absolute concentration
units (Table I in the online-only Data Supplement).® The targeted
metabolite profiling therefore includes both known metabolic risk
factors and metabolites from multiple physiological pathways,
which have not previously been examined in relation to CVD
risk in large population studies. The 68 metabolite measures were
assessed for an association with incident CVD events by using
a hypothesis-generating biomarker discovery approach with
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General-population cohorts with NMR metabolite profiling

FINRISK 1997 study
Discovery cohort

SABRE: Southall and Brent REvisited
Replication and validation cohort

BWHHS: British Women's Health and Heart Study
Replication and validation cohort

8444 men and women (51%)
from five representative regions

4857 European, Indian Asian and
Carribbean men and women (24%) in a

4286 randomly selected women
from 23 towns across UK

in Finland community-based cohort from London, UK Baseline age 60-79 (mean 69 yr)
Baseline age 24-74 (mean 48) in 1997 Baseline age 40-69 (mean 52) in 1988-91 in 1999-2001
Y Y L]

n=7256 with NMR metabolomics from
semi-fasting serum samples
800 incident cardiovascular events

n=2622 with NMR metabolomics from
fasting serum and complete follow-up
573 incident cardiovascular events

n=3563 women with NMR metabolomics
from fasting serum samples
368 incident cardiovascular events

-, -
v during 15 year follow-up during 20-23 year follow-up during 11-13 year follow-up
Biomarker discovery and meta-analysis for incident cardiovascular disease
Figure 2: Metabolite biomarker
—— associations with incident CVD;
—— adjustment for non-lab risk factors
- Suppl Fig 2: Consistency for
men & women
faa. : ot Meta-analysis of 19 biomarker candidates in FINRISK, SABRE and BWHHS
Suppl Fig 3: Metabolite associations
s withpi'r)wcidgnt CVD after adjustment for Figure 3: Metabolite biomarkers with P<0.0007 denoted significant ‘
o routine clinical lipids - Suppl Table 2: Biomarker associations in absolute concentration units and quartiles
—— Suppl Fig 6: Nominally significant biomarkers for CVD

Metabolites with P<0.05 to meta-analysis

Suppl Fig 7: Biomarker associations with cardiovascular mortality

Phenyl

alanine as biomarker for cardiovascular risk

+ + [Figure 4: Interaction with age in FINRISK

Hazard ratios in different age groups

Suppl Fig 8: Interaction between phenylalanine and age for incident CVD:
Hazard ratio as function of age at follow-up in the three cohorts
A

A

Figure 5: Meta-analysis of phenylalanine with coronary mortality and death from stroke
in FINRISK, SABRE and BWHHS
A

Incremental risk prediction: Derivation and validation

Derivation of reference score and
biomarker risk scores for CVD prediction

Best model fit by biomarker model with
Phe, MUFA(%), DHA, and omega-6
on top of established risk factors
Suppl Table 3: Risk score coefficients

Evaluation of risk prediction in SABRE
with 15-year follow-up
based on risk score from FINRISK

N Evaluation of risk prediction in BHWWS

Table 2: AUC, NRI and IDI in SABRE and BWHHS
Suppl Table 4: Reclass tables in intermediate risk range
Suppl Figure 9: Calibration of risk scores

with 12-year follow-up
based on risk score from FINRISK

Partial

correlation

p

Analytical confirmation of biomarkers

FINRISK 1997 case-control subset
with both mass spectrometry (Metabolon)
and NMR (n=679, 305 CVD events)

Framingham Offspring Study
with mass spectrometry (Broad Institute)
(n=2289, 466 CVD events)

Cardiovascular Risk in Young Finns Study’
with both gas chromatography
and NMR (n=2193)

L]

¥

metabolites overlapping b
Among the same subset of individuals

L |

Figure 6 (fully adjusted) & Suppi’Fig 10 (age and sex adjusted)::
Consistency of biomarker associations with incident CVD for

etween LC-MS and NMR
Framingham Offspring Study
compared with the present study

Y

phenylalanine and DHA

Suppl Fig 11: Scatter plots of
quantified by mass spec and NMR

Biomarker tracking over time and associations

Suppl Fig 12: Scatter plots of
fatty acid biomarkers quantified by
both gas chromotography and NMR

with dietary data

SABRE study with NMR profiling
twice 20-23 years apart (n=916)

Cardiovascular Risk in Young Finns Study
with NMR profiling twice 6-years apart
and dietary data (n=1754)

¥

Y

Suppl Table 5: Tracking coefficients of
biomarker concentrations over 20-years

Suppl Table 5: Tracking coefficients of
biomarker concentrations over 6-years

¥

Suppl Fig 13: Assaciations of dietary intake
with blood levels of metabolite biomarkers

+

at two time-points (n=960 and n=1699)

Figure 1. Overview of the study design and statistical analyses conducted. AUC indicates area under the curve; CVD, cardiovascular
disease; DHA, docosahexaenoic acid; IDI, integrated discrimination improvement; LC-MS, liquid-chromatography mass spectrometry;
MUFA, monounsaturated fatty acids; NMR, nuclear magnetic resonance; NRI, net reclassification improvement; and Phe, phenylalanine.

subsequent replication in 2 independent cohorts. Spearman corre-
lations of the metabolites are shown in Figure I in the online-only
Data Supplement. The NMR metabolomics platform has previ-
ously been used in various epidemiological studies,’!0-16:17:20-22.31.32
details of the experimentation have been described,’?* and the
method has recently been reviewed.>!"

A subset of 679 serum samples from the FINRISK study were
additionally profiled with liquid-chromatography mass spectrome-
try (LC-MS) using the Metabolon platform* in a case-cohort design
for comparison of biomarker associations with incident CVD

(online-only Data Supplement Methods). The biomarker associa-
tions were further compared with those obtained by LC-MS-based
profiling of the Framingham Offspring Study (fifth examination
cycle, n=2289 fasting plasma samples), as described in detail pre-
viously.!*!* Because several fatty acid biomarkers were not mea-
sured by LC-MS, the quantification was analytically confirmed by
comparing NMR and gas chromatography in the Cardiovascular
Risk in Young Finns Study (YFS, n=2193 fasting serum samples).**
Metabolite profiling data collected at 2 time points in YFS® were
used further to examine the associations of dietary intake with the
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circulating biomarkers, and tracking of concentrations within the
same individuals over 6 years.

Statistical Analyses

All metabolite concentrations were first log-transformed before
analyses to obtain approximately normal distributions. The metab-
olite measures were subsequently scaled to standard deviation
units separately for each cohort. Associations with incident CVD
were analyzed separately for each metabolite by using Cox propor-
tional hazards regression models. In the FINRISK discovery study,
metabolite associations were first adjusted for age (as time scale),
sex, systolic blood pressure, smoking, prevalent diabetes mel-
litus, antihypertensive treatment, lipid treatment, and geographi-
cal region, and subsequently tested with additional adjustment for
routine lipid measures (total cholesterol and HDL-cholesterol).
Metabolites associated with CVD at P<0.05 when adjusting for
routine lipids were then analyzed in the 2 replication cohorts with
full adjustment. Analyses in SABRE were further adjusted for eth-
nicity. The results from individual cohorts were combined by using
inverse variance-weighted fixed-effect meta-analysis. Metabolites
associated with incident CVD at P<0.0007 in meta-analyses were
denoted significant biomarkers (Bonferroni correction of P<0.05
accounting for 68 independent tests). Sensitivity analyses were
conducted in the FINRISK study with additional exclusion criteria
and covariate adjustment. Metabolites that were nominally signifi-
cant in the meta-analysis (P<0.05) were also tested for association
with cardiovascular mortality. Since phenylalanine did not meet
the proportional hazards assumptions by the scaled Schoenfeld
residuals test in the FINRISK study, the association was tested
for interaction with age. Phenylalanine was further examined for
association with death from coronary heart disease and stroke in
meta-analyses.

The potential to improve cardiovascular risk prediction was
evaluated by risk scores derived based on established factors with
and without the significant metabolite biomarkers in the models.
A multibiomarker risk score was derived in the FINRISK dis-
covery cohort; all combinations of the 5 significant biomarkers
were tested, with established risk factors always included in the
model. The model giving rise to the best fit based on the Akaike
Information Criterion was selected. The logarithm of the hazard
ratios in the multivariable model were used as the linear predic-
tor for the biomarker risk score. A reference risk score was also
derived in the FINRISK study by using only the conventional risk
factors to define the linear predictor. Because of differences in
hazard depending on age and geographical regions, the baseline
hazard term was derived within each validation cohort. The pre-
dictive utility of the biomarker risk score was examined in the 2
validation cohorts in terms of risk discrimination and reclassifi-
cation. Prediction estimates were calculated as 15-year absolute
risk in SABRE (matching the FINRISK follow-up) and as 12-year
absolute risk in BWHHS. Discrimination was assessed by the cor-
related censored C-statistic approach with the use of jackknife esti-
mation accounting for censoring® and integrated discrimination
improvement (IDI). IDI is the difference of mean predicted prob-
abilities (absolute risk estimates) between the biomarker score and
the reference score for events minus the corresponding difference
in predicted probabilities for nonevents.***” IDI thus denotes the
average increase in absolute risk estimates by the biomarker risk
score for individuals who experienced a CVD event plus the aver-
age decrease in absolute risk estimates for those who did not have
a CVD event. Because the absolute risk estimates are generally
low in the study populations, the relative IDI offers a more intui-
tive understanding of the average improvement in risk prediction
accuracy achieved by the biomarker model.* Net reclassification
improvement (NRI) was examined to determine the extent to which
the biomarker risk score reassigned individuals to risk categories
that more correctly reflected whether or not they experienced a
CVD event during follow-up. NRI was assessed in 2 risk category
ranges: (1) only for individuals in the intermediate risk range of
5% to 10% based on the reference score (clinical NRI),>*3 and (2)

Metabolite Profiling and Cardiovascular Event Risk 777

for the whole study population by using the risk categories <5%,
5% to 10%, and >10% (categorical NRI).* In addition, we assessed
the continuous NRI, which deems any change in predicted risk in
the correct direction as appropriate without dependence on risk
categories.’” All reclassification metrics were examined separately
for events and nonevents, and net reclassification denotes the
unweighted sum of the 2. Model calibration within risk deciles was
assessed by the Hosmer-Lemeshow goodness-of-fit test.?

Assessment of the consistency of biomarker associations between
NMR and mass spectrometry and analytic confirmation of the bio-
marker quantification is described in online-only Data Supplement
Methods. Details of the biomarker associations with dietary data and
tracking of metabolite concentrations over time can also be found in
online-only Data Supplement Methods.

Results

The discovery study included 7256 individuals from the
FINRISK general-population cohort, free of CVD at baseline.
During a follow-up of 15 years, 800 persons experienced an
incident cardiovascular event. Metabolite biomarker candi-
dates for CVD were replicated in the 2 United Kingdom—based
population-based cohorts: 2622 individuals from SABRE and
3563 women from BWHHS, with a total of 941 incident car-
diovascular events during 12- to 23-year follow-up. Baseline
characteristics and cardiovascular event numbers are summa-
rized in Table 1.

Table 1. Baseline Characteristics of the Study Populations

Southall and British Women’s

FINRISK Brent Revisited  Heart and Health
Clinical 1997 Study Study (SABRE)  Study (BWHHS)
Characteristics (n=7256) (n=2622) (n=3563)
Women, n (%) 3678 (51) 386 (21) 3563 (100)
Location 6 regions in London, UK 23 British towns

Finland

Age, y 48+13 52+7 69+5
Body mass index, 26.6+4.5 26.1+3.7 27.5+4.9
kg/m?
Systolic blood 136+20 124+18 147+25
pressure, mmHg
Total cholesterol, 5.5+1.1 6.0+1.1 6.7+1.2
mmol/L
HDL cholesterol, 1.4+04 1.3+0.4 1.7+0.5
mmol/L
Triglycerides, 1.5+1.0 1.8+1.2 1.8+1.0
mmol/L
Lipid-lowering 185 (2.6) 5(0.4) 249 (7)
medication, n (%)
Antihypertensive 908 (13) 294 (11) 1033 (29)
medication, n (%)
Current smoking, n (%) 1736 (24) 592 (23) 392 (11)
Diabetes 393 (5.4) 314 (12) 356 (10)
prevalence, n (%)
Follow-up time, 15 20-23 11-13
y, range
Incident 800 573 368
cardiovascular
events

Data are number (%) or mean=standard deviation when appropriate. HDL
indicates high-density lipoprotein.
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Metabolite Associations With Incident
Cardiovascular Events

To generate hypotheses on the roles of the metabolite mea-
sures in cardiovascular pathophysiology, we first examined
each metabolite for association with incident CVD in the
FINRISK discovery study with adjustment only for estab-
lished nonlaboratory risk factors: age as time-scale, sex,
systolic blood pressure, smoking, prevalent diabetes melli-
tus, geographical region, lipid medication, and antihyperten-
sive treatment.>* Associations of the 68 lipid and metabolite
measures with incident cardiovascular events are illustrated
in Figure 2. Hazard ratios are scaled to 1-standard devia-
tion increments in log-transformed metabolite concentra-
tions to facilitate comparison across metabolites. Overall,
33 metabolite measures were associated with future cardio-
vascular events at P<0.0007 (Bonferroni correction for 68

Amino acids
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Glutamine o8ty
Glycine — 105
Histidine 0.974,
Branched-chain amino acids
Isoleucine =i
Leucine — ol09
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Significance Fluid balance

tests). Prominent associations with increased CVD risk were
observed for higher circulating concentrations of aromatic
amino acids, glycolysis metabolites, MUFA relative to total
fatty acids (MUFA%), glycoprotein acetyls, as well as the
lipid concentrations within medium and small very-low-den-
sity lipoproteins, intermediate-density lipoprotein, and low-
density lipoproteins. The strongest inverse associations with
cardiovascular risk were found for lower concentrations of
lipids within large HDL particles and for HDL-cholesterol.
Noticeably inverse associations were also observed for
ketone bodies, and ratios of omega-3 and omega-6 relative
to total fatty acids, as well. The metabolite associations were
broadly consistent between men and women (Figure II in the
online-only Data Supplement).

To discover metabolite biomarkers for incident CVD inde-
pendent of routine lipids, analyses were further adjusted for

Significance
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Figure 2. Metabolite associations with future cardiovascular events. Hazard ratios of 68 metabolite measures with incident cardiovascular
disease during 15-year follow-up in the FINRISK study (n=7256, 800 events). Hazard ratios are per 1-SD log-transformed metabolite
concentration and adjusted for age, sex, blood pressure, smoking, diabetes mellitus, geographical region, and cardiovascular medication.
Error bars denote 95% confidence intervals. *P<0.0007 (multiple testing correction). C indicates cholesterol; Cl, confidence interval;

DHA, docosahexaenoic acid; HDL, high-density lipoprotein; LDL, low-density lipoprotein; MUFA, monounsaturated fatty acids; PUFA,
polyunsaturated fatty acids; SD, standard deviation; and VLDL, very low density lipoprotein.
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total- and HDL-cholesterol. In the FINRISK discovery study,
19 metabolite measures were associated with cardiovascu-
lar events at P<0.05 when adjusting for routine lipids in the
model (Figure III in the online-only Data Supplement). These
biomarker candidates were then further analyzed in the 2 rep-
lication cohorts. In meta-analyses, 5 metabolite measures
were significantly associated with cardiovascular events
(P<0.0007; Figure 3). Higher phenylalanine and MUFA%
levels were associated with increased cardiovascular event

Hazard ratio (95% CI) per 1-SD higher phenylalanine
I
I
1
I
I
i
I
I
I
I

24745 4550 50-55 5560 60-65 65-70 70-75
Baseline age

Persons 3126 915 735 945 748 497 287
Events 55 68 64 161 180 164 107

Figure 4. Phenylalanine interaction with age. Hazard ratios of
phenylalanine with incident cardiovascular disease in different
baseline age groups for the FINRISK study. Analyses were
adjusted for age, sex, blood pressure, smoking, diabetes
mellitus, geographical region, cardiovascular medication, as well
as total and HDL cholesterol. Hazard ratios are per 1-SD higher
log-transformed phenylalanine concentration (approximately
corresponding to 14 pmol/L). Error bars denote 95% confidence
intervals. The dashed line denotes the hazard ratio for the full
age range. The continuous interaction of phenylalanine with age
is shown for all 3 cohorts in Figure VIl in the online-only Data
Supplement. Cl indicates confidence interval; and HDL, high-
density lipoprotein.
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Figure 3. Meta-analysis of metabolite biomarkers
for future cardiovascular events. Hazard ratios

of biomarkers with incident cardiovascular

events in 3 population-based studies and meta-
analysis (n=13 441; 1741 events during 12-23
years follow-up). Analyses are adjusted for age,
sex, blood pressure, smoking, diabetes mellitus,
geographical region, cardiovascular medication, as
well as total and HDL cholesterol. Hazard ratios are
per 1-SD log-transformed metabolite concentration
and error bars denote 95% confidence intervals.

I? indicates heterogeneity of meta-analysis.
Metabolites associated with cardiovascular events
at P<0.0007 (multiple testing correction) are shown
here; associations with P<0.05 are listed in Figure
VI in the online-only Data Supplement. The 4
biomarkers highlighted in bold are independent of
each other and were included in the risk prediction
score. Cl indicates confidence interval; HDL, high-
density lipoprotein; MUFA, monounsaturated fatty
acids; PUFA, polyunsaturated fatty acids; and SD,
standard deviation.

1x10%  13%

1x10° 0%

5x10° 0%

risk. Higher concentrations of omega-6 fatty acids, total
concentrations of PUFA, and docosahexaenoic acid (DHA;
an omega-3 fatty acid) were associated with lower risk. The
biomarker associations with CVD in absolute concentration
units (without log-transform and standard deviation scaling),
and for upper versus lower quartiles, as well, are listed in
Table II in the online-only Data Supplement. The biomarker
associations remained similar with additional subject exclu-
sion criteria and adjustment factors (Figure IV in the online-
only Data Supplement). In particular, associations were
stronger with further adjustment for serum triglycerides. The
magnitudes of the biomarker associations were comparable to
those of routine lipid measures (Figure V in the online-only
Data Supplement). Metabolite measures displaying nominal
association with incident CVD are listed in Figure VI in the
online-only Data Supplement. The metabolite associations
were similar or stronger with cardiovascular mortality as out-
come (Figure VII in the online-only Data Supplement).

Although the fatty acid measures displayed coherent
associations with incident CVD in each cohort, some study
heterogeneity was evident in the case of phenylalanine (meta-
analysis heterogeneity statistic ’=63%, P=0.07; Figure 3). A
potential reason may be the interaction of phenylalanine with
age at the end of follow-up (P=0.001 in FINRISK), indicat-
ing stronger associations of phenylalanine with cardiovascu-
lar events at a younger age (Figure 4). This interaction, with
~1% weaker association per year, was consistent in SABRE
but did not replicate in the older population, with narrower age
range (60-79 years at baseline) from BWHHS (Figure VIII
in the online-only Data Supplement). Although phenylala-
nine was only weakly associated with incident cardiovascular
events in BWHHS, the amino acid was consistently associated
with death from coronary heart disease across all 3 cohorts
(Figure 5). In contrast, no association was observed for phe-
nylalanine with death from stroke.

Cardiovascular Risk Score Validation and
Reclassification

A risk prediction score including metabolite biomarkers was
derived in the FINRISK discovery study. The best model
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fit was obtained by incorporating 4 of the 5 biomarkers
(Figure 3) in the score along with established risk factors:
phenylalanine, MUFA%, omega-6 fatty acids, and DHA.
Coefficients for calculating the risk prediction scores with
and without these biomarkers are listed in Table III in the
online-only Data Supplement. The potential of the biomarker
score to improve risk discrimination and reclassification
was tested in the SABRE and BWHHS cohorts (Table 2).
Although discrimination assessed by using the C-statistic
was not enhanced, the risk prediction estimates were on aver-
age more accurate in the 2 validation cohorts, both for those
who had a CVD event during follow-up (mean improve-
ment in risk prediction accuracy, ie, relative IDI 4.5% for
SABRE and 3.2% for BWHHS) and for those who did not
(relative IDI 4.4% for SABRE and 1.1% for BWHHS). The
model calibration was modest (Figure IX in the online-only
Data Supplement), in particular, for the older women from
BWWHS, where both the reference and biomarker risk
scores provided mediocre discrimination. The continuous
risk reclassification was improved by the biomarker risk
score among individuals who did not experience a cardio-
vascular event (26.8% for SABRE and 15.6% for BWHHYS).
The net categorical NRI for the whole study population was
7.6% for SABRE and 5.3% for BWHHS. Most notably, for
persons classified in the intermediate risk range (5%—10%)
based on the reference risk score there was a substantial
upclassification by the biomarker score to >10% risk among
individuals who actually developed CVD (clinical NRI
among events 20.5% for SABRE and 9.8% for BWHHS).
Similarly, there was a significant downclassification by the
biomarker score to <5% for those who remained free of
CVD during follow-up (clinical NRI among nonevents 6.6%
for SABRE and 5.7% for BWHHS). Reclassification tables
for the intermediate risk range are shown in Table IV in the
online-only Data Supplement.

Cross-Platform Biomarker Confirmation

To verify the biomarker associations across metabolomics
methods, we tested metabolites that were overlapping
between the NMR platform and LC-MS for association
with incident CVD. In the Framingham Offspring Study
(n=2289, 466 events during 12-year follow-up), the bio-
marker associations were consistent with those obtained
from NMR, albeit phenylalanine was weaker (Figure 6). The

160 considered all causes of death written in the death

certificate. Cl indicates confidence interval; and
HDL, high-density lipoprotein.

biomarker associations were also consistent between NMR
and LC-MS in comparison within the same set of individu-
als in a case-cohort subset of the FINRISK study (n=679,
305 incident events; Figure 6). Comparisons of biomarker
associations across metabolomics platforms with adjust-
ment for age and sex only are shown in Figure X in the
online-only Data Supplement. The correspondence between
phenylalanine (Pearson correlation r=0.62) and DHA
(r=0.77) quantified by NMR and LC-MS is shown in Figure
XI in the online-only Data Supplement. The MUFA ratio,
relative to total fatty acids, and omega-6 fatty acids were
not measured by mass spectrometry; quantification of these
biomarkers was instead confirmed by comparison with gas
chromatography in 2193 participants from the YFS cohort
(Figure XII in the online-only Data Supplement). The fatty
acid quantification was highly consistent between methods:
r=0.92 for MUFA%, r=0.97 for omega-6 fatty acids and
r=0.95 for DHA.

Biomarker Tracking and Dietary Associations

The metabolite biomarker levels were consistent over
6-year follow in YFS (tracking correlations, 0.41-0.47) and
only slightly weaker over 20-year follow-up in the SABRE
study (Table V in the online-only Data Supplement). We
further examined the associations of dietary intake with
the circulating biomarker concentrations at 2 time points
in YFS. Dietary DHA was robustly associated with serum
DHA levels (P<0.0001 at both time points), whereas dietary
measures of phenylalanine, omega-6, and MUFA% were
not strongly associated with the corresponding circulating
levels (Figure XIII in the online-only Data Supplement).
Circulating phenylalanine levels were not associated with
aspartame in the 652 individuals from FINRISK with data
available on this artificial sweetener (Spearman correlation
-0.06, P=0.14).

Discussion
Using high-throughput metabolite profiling in 3 general-
population studies, we identified phenylalanine and 3 mea-
sures of fatty acids as independent biomarkers for future
cardiovascular events. The circulating metabolites were as
strongly predictive of cardiovascular risk as the conventional
lipid risk factors, and were markers of CVD onset during
more than a decade follow-up. The biomarker associations
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Table 2. Discrimination and Reclassification of Cardiovascular Risk in Validation Cohorts With and Without Metabolic Biomarkers
in the Risk Prediction Score

Prediction C-Statistic Model Clinical NRI* Categorical NRIt Continuous NRI Relative IDI
Model (95% Cl) Calibration  Reclassification (95% Cl) (95% Cl) (95% CI) IDI (95% CI) (95% Cl)
Southall and Brent Revisited study (SABRE, n=2478); 379 events during 15-y follow-up
Reference 0.712 P=0.14 CVD events 20.5% —2.4% -3.7% 0.95% 4.5%
risk score  (0.695-0.745) (3.2%1t037.8%) (-5.3%100.59%) (-13.7%106.4%) (0.17%1t01.72%) (1.3%107.7%)
P=0.02 P=0.12 P=0.47 P=0.02 P=0.006
Biomarker 0.720 P=0.03 Nonevents 6.6% 10.0% 26.8% 0.43% 4.4%
risk score  (0.687-0.738) (1.7%t0 11.5%)  (8.0%1t012.0%) (22.5%1t031.1%) (0.20% t0 0.65%)  (3.0% t0 5.7%)
P=0.18% P=0.008 P=2x102 P=1x10"% P=0.0002 P=8x10"
Net 27.1% 7.6% 23.1% 1.37% 8.8%
(9.1%t045.0%) (41%1t011.2%) (12.2%1034.0%) (0.57%102.2%)  (5.4% to 12.3%)
P=0.003 P=2x10"° P=3x10"° P=0.008 P=6x1077
British Women’s Health and Heart Study (BWHHS, n=3348); 354 events during 12-y follow-up
Reference 0.665 P=0.02 CVD events 9.8% 0.28% —6.8% 0.64% 3.2%
risk score  (0.636-0.695) (-1.3%1020.9%) (-3.7%104.3%) (-17.2%103.6%) (0.12%101.17%)  (0.2% to0 6.2%)
P=0.08 P=0.89 P=0.20 P=0.02 P=0.04
Biomarker 0.666 P=0.0003 Nonevents 5.7% 5.0% 15.6% —0.004% 1.1%
risk score  (0.637-0.694) (2.4% 10 9.0%) (3.4%1t06.6%) (121%1019.2%) (-0.11%100.12%) (0.12% t0 2.1%)
P=0.97% P=0.0007 P=2x10"° P=3x107"® P=0.94 P=0.03
Net 15.5% 5.3% 8.9% 0.64% 4.3%
(3.9%1t027.0%) (0.94%109.6%) (-2.1%1t019.8%) (0.10%1t01.17%)  (1.2% t0 7.5%)
P=0.009 P=0.02 P=0.11 P=0.02 P=0.007

Risk assessment was evaluated in the SABRE (15-year absolute risk) and BWHHS (12-year absolute risk) validation cohorts based on the risk prediction scores derived
in the FINRISK study (Table Il in the online-only Data Supplement). The reference risk score included age, sex, smoking, diabetes mellitus, lipid and blood pressure
treatment, blood pressure, total cholesterol, and HDL cholesterol. The biomarker risk score additionally included log-transformed phenylalanine, the ratio of MUFA to
total fatty acids, omega-6 fatty acids, and DHA. The interpretations of NRI and IDI metrics are explained in Methods. Calibration of the models within risk deciles is shown
in Figure IX in the online-only Data Supplement. Cl indicates confidence interval; CVD, cardiovascular disease; DHA, docosahexaenoic acid; HDL, high-density lipoprotein;
IDI, integrated discrimination improvement; MUFA, monounsaturated fatty acids; and NRI, net reclassification improvement.

*Reclassification of individuals in the 5% to 10% intermediate risk range based on the reference risk score (650 in SABRE and 1288 in BWHHS) to risk classes <5%
and >10%. Reclassification tables for this intermediate risk range are shown in Table IV in the online-only Data Supplement.

TReclassification among all study participants to risk classes <5%, 5% to 10%, and >10%.

FP value for difference from reference model.

replicated in independent cohorts with varying baseline
characteristics including age and ethnicity, and were consis-
tent across different metabolite profiling platforms. Whereas
higher circulating levels of DHA and omega-6 fatty acids
have been linked with lower CVD event risk in some stud-
ies,***! the blood levels of MUFA and phenylalanine have
not previously been associated with higher risk for future
CVD in large epidemiological studies. These results dem-
onstrate the power of detailed metabolite profiling for bio-
marker discovery in large prospective cohorts, which can
yield improved molecular understanding of disease mecha-
nisms. In combination, the 4 biomarkers indicated improved
cardiovascular risk assessment for people in the interme-
diate risk range, where clinical decision making remains
ambiguous.

Phenylalanine is an essential aromatic amino acid and
the precursor for tyrosine and dopamine-related neurotrans-
mitters. The mechanisms by which blood levels of phe-
nylalanine relate to cardiovascular risk remain unknown.
Phenylalanine has been associated with insulin resistance
and the risk for diabetes mellitus,'*'¢ but the association
with CVD remained similar after adjustment for glucose
and insulin. A small case-control study using LC-MS sug-
gested that an amino acid score including phenylalanine is

associated with CVD.** Although phenylalanine alone was
not statistically significant in that study, the hazard ratio
(1.25; P=0.11) matched the magnitude observed in the pres-
ent study. The ratio of phenylalanine to tyrosine has been
suggested as a proxy of phenylalanine hydroxylase activ-
ity*; however, this ratio was not associated with CVD
event risk in the present study (hazard ratio=1.03; P=0.47).
Phenylalanine was more strongly associated with CVD
before 60 years of age. This amino acid therefore represents
a promising biomarker for the early identification of cardio-
vascular risk.

Dietary recommendations support MUFA intake replac-
ing saturated fatty acid to lower cardiovascular risk.* In
this study, high blood levels of MUFAs, relative to total
fatty acids, were associated with higher cardiovascular
risk. Similar results have been found for the risk of type 2
diabetes.!” However, circulating MUFA concentrations do not
directly reflect dietary intake, because MUFAs constitute the
major fatty acids stored in adipose tissue and can be synthe-
sized de novo. A potential explanation for the positive associ-
ation with CVD may be that the MUFA levels originate from
the desaturation of dietary saturated fatty acids.'”*> As such,
MUFA% could potentially act as a blood biomarker reflecting
long-term dietary quality.

Downloaded from http://circ.ahajournals.org/ at GSF FORSCHUNGSZENTRUM F on March 10, 2015


http://circ.ahajournals.org/

782 Circulation March 3, 2015

NMR- and LC-MS-based biomarker associations
in a case-cohort subset of the FINRISK study

NMR- and LC-MS-based biomarker associations
in the present study (meta-analysis)

and in the Framingham Offspring Study P-value Povalug
: 1.18 10 E al.21
Phenylalanine : | = —= 3"1180' —.—.; s
i 1.07 H 1.07 ; '
1.07 i 1.06 :
; —{OH— 0012 — e - 0.41
Tyrosine —_— 0.33 T e Oes
1.05 : 104 H
Pyruvate _%1 22 0.04 — 27 0.30
H - 0.41 —t 033
H [ 706 :
108 1.14:
—O= 0.003 i — e 0.04
Lactate 7‘? : 059 : 74.? 008
ome g0 T =1 | 092
i 0.93 : : 093
0.94 : i 0.91
Glutarnine o : o008 — S— i
0.96 : 028 : T 17
i 089 i s : i
Omega6 , 40*. LPC-inoleic acid Tt —— S i 045
iy EetE 0.93 T11 ™ CEinoleic acid 005 0.93 Linoleic acid i s
DHA (%), : : 093 :
ratio to total 02— i 0.001 — i 024
fatty acidst : : ToT® : )
0.90 : - g i
oHal g 1eclora i Y —lg——— : 017
. —— s i 08
i D82 709 CE-DHA  00¢ T 0.89 : 0.09
r T T T T T v T r v
0.80 0.90 1.00 110 120 1.30 0.80 0.90 1.00 110 1.20 1.30

Hazard ratio (95% CI) per 1-SD metabolite concentration Hazard ratio (95% CI) per 1-SD metabolite concentration

NMR = LC-MS in Framingham

‘ > ° NMR in ® LC-MS in
meta-analysis Offspring Study FINRISK subset FINRISK subset

Figure 6. Consistency between NMR and LC-MS for biomarker associations with incident cardiovascular disease. Metabolites
overlapping between metabolomics platforms and nominally associated with incident CVD in the present study (P<0.05, Figure VI in the
online-only Data Supplement) are shown. Left, Biomarker associations with CVD risk observed in the present study based on NMR (open
diamonds) in comparison with those obtained in the Framingham Offspring Study based on LC-MS (red squares; n=2289, 466 events).
Right, Biomarker associations with CVD risk in a case-cohort subset of the FINRISK study (n=679, 305 events) profiled both by NMR
(black circles) and LC-MS (red circles). Hazard ratios are per 1-SD higher log-transformed metabolite concentration. Error bars denote
95% confidence intervals. All associations were adjusted for age, sex, blood pressure, smoking, diabetes mellitus status, geographical
region, cardiovascular medication, and total and HDL cholesterol. LC-MS-based associations were further adjusted for batch. The
corresponding age- and sex-adjusted biomarker associations are shown in Figure X in the online-only Data Supplement. *Associations of
omega-6 fatty acids were compared with lysophosphatidylcholine- and cholesterol ester-linoleic acid in the Framingham Offspring Study,
and with total linoleic acid in the FINRISK subset. TAssociations of DHA were compared with lysophosphatidylcholine- and cholesterol
ester-DHA in the Framingham Offspring Study. "DHA ratio was scaled to the total fatty acid concentration quantified by NMR for both
platforms. The DHA ratio was not measured in the Framingham Offspring Study. Cl indicates confidence interval; CVD, cardiovascular
disease; DHA, docosahexaenoic acid; HDL, high-density lipoprotein; LC-MS, liquid-chromatography mass spectrometry; NMR, nuclear
magnetic resonance; and SD, standard deviation.

The role of PUFAs in CVD pathogenesis remains con-
troversial.¥#1464% Intervention trials do not suggest risk
reduction by omega-3 supplementation.*>*’ Trials on
omega-6 fatty acid consumption are less clear, because
most studies evaluate e effects of replacing saturated fatty
acids.*®* We observed consistent associations of higher
blood levels of both DHA and omega-6 fatty acids with
lower CVD risk, in agreement with some prospective
studies on circulating PUFAs.*-*! These findings contrast
the results on the risk for incident type 2 diabetes, where
only omega-6 fatty acids display inverse associations.!”
Circulating PUFAs might serve as more reliable markers
of therapeutic target and cardiovascular risk than conven-
tional dietary assessments.!®**#! Regardless of the thera-
peutic benefit, DHA and omega-6 fatty acid quantification
could potentially augment risk assessment on top of estab-
lished risk factors.

Individual biomarkers rarely improve risk prediction.!
The biomarkers identified here were quantified by a single
analytic platform, which also features the measurement of
routine lipid risk factors.®920243132 The combination of 4
biomarkers yielded improvements in risk prediction accu-
racy when evaluated in 2 independent cohorts. The average

improvement in risk prediction accuracy (relative IDI) was
=4.5% in SABRE for both individuals who developed CVD
and those who did not, and 1% to 3% in BWHHS. This
modest improvement might relate to differences in age and
sex distributions, population sampling, ethnicity, and geo-
graphical region between derivation and validation cohorts.
The poor model calibration and lower reclassification rates
in BWHHS may potentially be explained by the female-
only composition, and the higher baseline age of this study
cohort. Novel biomarkers for risk prediction are primar-
ily needed for persons in the intermediate risk range, for
whom treatment decisions are most challenging.'* The 4
biomarkers proved particularly helpful in correctly reclas-
sifying individuals in the 5% to 10% risk gray zone (net
27% and 15% in the 2 validation cohorts). Although there
are no widely accepted definitions of intermediate risk for
the composite CVD end point studied here, the continuous
reclassification metrics were improved in both validation
studies. Nonetheless, additional investigations should fur-
ther evaluate the clinical utility of these biomarkers. In par-
ticular, metabolite profiling in clinical trials could inform on
the feasibility of using the biomarkers to improve cardiovas-
cular risk assessment. The throughput of the metabolomics

Downloaded from http://circ.ahajournals.org/ at GSF FORSCHUNGSZENTRUM F on March 10, 2015


http://circ.ahajournals.org/

Wiirtz et al

platform used now allows for profiling all samples collected
in even the largest CVD prevention trials.® This would elu-
cidate the role of detailed metabolite profiling in high-risk
individuals and patients with prevalent disease, and address
the value for risk assessment among patients already on
statin medication.

Our study has several strengths, including the large num-
ber of individuals studied, biomarker replication, assessment
of risk prediction in independent cohorts, and confirmation
of biomarker associations across metabolomics methodolo-
gies. Some limitations should also be considered. First, the
metabolite coverage by NMR is limited in comparison with
that afforded by mass spectrometry, which might further
improve risk prediction.>'? Second, blood sample collec-
tions were done before the widespread use of lipid-lowering
medication, and the benefit of modern preventive treatment
based on risk classification by the highlighted biomarkers
remains uncertain.

Conclusion

Using NMR metabolomics profiling of 13 441 individuals
with long-term follow-up, we have identified phenylalanine
and MUFA as novel biomarkers of higher CVD event risk, and
corroborated omega-6 fatty acids and DHA as biomarkers of
lower CVD risk. The combination of the 4 independent bio-
markers indicated improved prediction of cardiovascular risk
for persons classified with intermediate risk based on estab-
lished risk factors. Further studies are needed to elucidate the
biological mechanisms underlying the associations with CVD
and to clarify the clinical utility of these biomarkers to guide
cardiovascular risk assessment. Overall, our investigation
underscores the value of high-throughput metabolite profiling
in the discovery of new and emerging biomarkers for CVD
risk and their potentially cost-effective use for cardiovascular
prevention.
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CLINICAL PERSPECTIVE

Metabolite profiling allows the capture of an individual’s metabolic status across multiple molecular pathways. Technological
advances have made metabolite profiling of blood samples feasible and affordable for large epidemiological cohorts and
biobanks. The quantification of amino acids, fatty acid composition, glycolysis metabolites, and lipoprotein subclasses is
hereby possible simultaneously along with the standard clinical lipids. The examination of all these metabolic measures in
relation to cardiovascular disease incidence in large study collections can identify novel biomarkers and improve the under-
standing of the underlying mechanisms. The wide metabolic coverage also has the potential to improve the prediction of
cardiovascular risk above established risk factors. We conducted high-throughput nuclear magnetic resonance profiling in
3 population-based cohorts of 13 441 individuals with 12 to 23 years of follow-up. Thirty-three of the 68 metabolic mea-
sures analyzed were associated with incident cardiovascular disease. In analyses adjusted for standard lipids, we identified
circulating phenylalanine and monounsaturated fatty acids as novel biomarkers of higher cardiovascular risk. Omega-3 and
omega-6 fatty acids were associated with lower cardiovascular disease risk. In combination, the 4 biomarkers improved
cardiovascular risk assessment, in particular for persons classified with intermediate risk based on established risk factors.
Thus, high-throughput metabolite profiling is a powerful method to uncover novel cardiovascular biomarkers and enhance
risk prediction. Further studies with more detailed patient stratification and more specific end points are needed to evaluate
the prospects for clinical use. Because the metabolite profiling platform quantifies amino acids and fatty acids simultane-
ously with the standard lipids, these novel biomarkers could be implemented to augment risk prediction without a need for
additional clinical chemistry.
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Supplemental Methods.

Study populations

FINRISK

The FINRISK 1997 study was conducted to monitor the health of the Finnish population among
persons aged 2574 at recruitment.” The study was approved by the ethical committee of the
National Public Health Institute, Helsinki, Finland. In total, 8444 individuals were recruited to
represent the working age population of five study locations across Finland. Standard
laboratory measures including blood pressure and body mass index were measured, and
participants completed questionnaires on smoking status and medication. Information on
medication was complemented by national reimbursement records. Alcohol usage was
assessed by questionnaires on beverage-specific consumption in the past week. Geographical
region was defined as Eastern versus Western Finland.' Family history of CVD was defined as
myocardial infarction or stroke in a first degree relative prior to the age of 60. Blood samples
were stored at —=70°C for later biomarker analyses. Samples were semi-fasting: participants
were asked not to eat 4 hours prior to giving blood. High-sensitivity C-reactive protein, plasma
glucose and insulin were measured by standard assays." NMR metabolomics was measured
during 2012 for 7610 individuals with serum samples stored. Pregnant women (n=75), persons
missing risk factor information (n=8), and individuals with prevalent CVD defined as for the
incident events (n=263, tracked by registries back to 1970) were excluded, leaving 7256
individuals for the analyses of incident CVD.

Tracking of incident CVD events during follow-up (spring 1997 through Dec 2011) was
enabled by data obtained from the Finnish National Hospital Discharge Register and the
National Causes-of-Death Register. These registers cover all cardiovascular events that have led
either to hospitalization or death in Finland. The cardiovascular diagnoses in these registers
have been validated.”* The cardiovascular outcomes were linked to study subjects using their
social security ID, which is assigned to every permanent resident of Finland. The endpoint was
the first occurrence of a major cardiovascular event during follow-up, which includes fatal or
nonfatal occurrence of myocardial infarction, ischemic stroke, cardiac revascularization
(coronary artery bypass graft surgery or percutaneous transluminal coronary angioplasty), or
unstable angina. Consistency analyses of the biomarker associations were conducted with
cardiovascular mortality as outcome. In the FINRISK study, sensitivity analyses of the biomarker
associations were also conducted with the exclusion of CVD events occuring during the first
year of follow-up, and omission of individuals using lipid-lowering medication (n=185) at
baseline (Supplemental Figure S4). Furthermore, the biomarker associations were tested with
additional covariate adjustment for fasting duration, family history of CVD, habitual alcohol
intake, body mass index, C-reactive protein, plasma glucose and insulin as well as serum
triglycerides (Supplemental Figure S4).

In addition to NMR-based metabolite profiling, LC-MS-based metabolite profiling was
performed for a case-cohort subset of the FINRISK study (n=679 with 305 incident CVD events
during 15-year follow-up). The LC-MS profiling was measured at the Helmholtz Institute,
Munich, Germany, with metabolite quantification in units of ion count obtained by the
Metabolon platform.* Metabolites measured by both NMR and LC-MS, and nominally
significant in the meta-analysis, were verified for consistency of biomarker association with
CVD in the case-cohort subset (Figure 6). Due to the limited number of cardiovascular events in
the subset, associations were also tested with adjustment for age and sex only (Supplemental
Figure 10), in addition to the fully adjusted model. The correspondence between the significant
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biomarkers quantified by both LC-MS and NMR was illustrated by scatter plots and Pearson’s
correlation coefficients estimated (Supplemental Figure 11).

SABRE: Southall and Brent Revisited
The SABRE (Southall and Brent Revisited) study examined 4857 individuals in a tri-ethnic
community-based cohort from North and West London. All participants gave written informed
consent. The study protocols were approved by the University College London and St. Mary’s
Hospital research ethics committees. Details of the cohort have been published.*® Briefly,
participants aged 40 to 69 at baseline (1988 through 1991) were selected randomly from 5-year
age- and sex-stratified primary care physician lists. Participants included Europeans (48%),
Indian Asians (47%) and a small fraction of African Caribbeans (5%). Statistical analyses in the
SABRE study were adjusted for ethnicity. Participants attended a baseline clinic after an
overnight fast. Fasting blood samples were drawn for Southall participants, and stored at -80°C
for biomarker measurements. Study participants were invited for a follow-up clinic visit during
2008 through 2011.* NMR metabolomics was measured during 2013 for 3309 baseline serum
samples with available stored aliquots. Fasting serum samples at follow-up were available for
NMR metabolomics from 1419 individuals, of whom 916 were matched to baseline samples
with NMR metabolomics data. The tracking of the metabolite biomarker concentrations within
the same individuals 20 years apart was evaluated by partial correlations adjusted for age and
sex (Supplemental Table 5).

Baseline metabolite data and complete data on established risk factors were available for
3236 individuals. Among these, 227 had prevalent CVD and therefore omitted in the present
analysis. Prospective data on CVD incidence during 1988 through 2011 were available for 2622
individuals through linkage with general practitioner records as well as Hospital Episode
Statistics. General practitioner data were reviewed independently by two senior physicians
blinded to participant identity. A CVD event was identified if both physicians agreed on definite
diagnosis of myocardial infarction, acute coronary syndrome, exercise-test confirmed angina,
coronary interventions (coronary artery bypass graft, percutaneous transluminal coronary
angioplasty, stenting), or stroke as described previously.* Follow-up coverage was complete for
fatal events. However, hospitalization data tracking was incomplete in the period from 1988
through 1997 since the UK guidelines did not emphasize the need for hospital admission for all
CVD cases at the period; classification of non-fatal event in this period relies on the adjudicated
review of general practitioner records.

BWHHS: British Women’s Heart and Health Study

The British Women'’s Heart and Health Study (BWHHS) recruited 4286 females between 1999
and 2001, who were randomly selected from 23 British towns and were aged between 60 and
79 years at baseline assessment.” Local ethics committee approvals were obtained for the
BWHHS. All women provided informed written consent. Baseline data collection took place
between April 1999 and March 2001. Methods used at baseline have been described in detail
previously.7 Briefly, clinical examination included blood pressure and anthropometric
measurements, the collection of blood samples for biochemical analysis, the completion of
medical questionnaires, and detailed reviews of medical records. Blood samples were drawn
after a minimum 8-hour fast and stored at -80°C. NMR metabolomics was measured for 3822
serum samples available during 2012. Metabolite profiling and complete data on established
risk factors and prospective follow-up for CVD through 2012 were available for 3719 study
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participants. Of these, 156 women had prevalent CVD and were therefore omitted from the
present analysis. CVD outcome is a composite of the following: myocardial infarction, ischemic
or hemorrhagic stroke, unstable angina, death due to CVD or revascularization procedures
including percutaneous transluminal coronary angioplasty or coronary artery bypass surgery,
with information on these obtained from reviewing medical records. The prospective follow-up
included all events from beginning of the study to October 2012. Only events obtained from
medical records and validated by the BWHHS investigators were included.

Additional population studies analyzed for biomarker validation

Framingham Offspring Cohort

The Framingham Heart Study Offspring Cohort was formed in 1971 with the enroliment of 5124
individuals in a community-based longitudinal cohort study.8 Study protocols were approved by
the Institutional Review boards of Boston University Medical Center, Massachusetts General
Hospital. All study participants provided written informed consent. Of the 2413 attendees who
were free of CVD at the fifth examination cycle (1991-1995), 2289 had metabolite and lipid
profiling performed from fasting plasma samples by LC-MS. The Framingham metabolomics
platform differs from the commercial MS profiling platform used in the FINRISK case-cohort
study; the methodology have been described previously.>*° All study participants also
underwent a standardized physical examination and routine laboratory tests in addition to
longitudinal surveillance for CVD at every Framingham offspring visit during 12 year follow-up
(myocardial infarction, unstable angina pectoris, ischemic stroke, death due to CVD, or
revascularization procedures including percutaneous transluminal coronary angioplasty,
coronary artery bypass surgery, carotid surgery and femoral surgery).

Since the mass spectrometry platform used in the Framingham Offspring Study measures
slightly different lipid species than the fatty acids quantified by NMR, we used the levels of
lysophosphatidylcholine and cholesterol-ester DHA (22:6) for comparison with DHA, and lyso-
phosphatidylcholine and cholesterol-ester linoleic acid (18:2) for comparison with total
omega-6 fatty acids quantified by NMR. Composite measures of MUFA%, omega-3 fatty acids,
PUFA and glycoprotein acetyls were not determined by mass spectrometry. All analyses of
mass spectrometry data were adjusted for batch, in addition to the established cardiovascular
risk factors.

Cardiovascular Risk in Young Finns Study

The Cardiovascular Risk in Young Finns Study is an ongoing population-based study on
atherosclerosis risk factors from childhood to adulthood.™* All participants gave written
informed consent and the study was approved by the local Ethics Committees. In the first
survey (1980), children and adolescents aged 3—18 years were chosen randomly from the
national population register from all five Finnish university cities with medical schools and their
rural surroundings (n=3596). Study participants were invited for adulthood follow-up studies in
2001 (n=2283) and 2007 (n=2204). Attendees were representative of the original cohort.*** All
participants underwent physical examination and assessment of standard risk factors. NMR
metabolomics was measured by the high-throughput platform'? from fasting serum samples
from both adulthood follow-up surveys.'® Tracking of metabolite biomarker concentrations
over time within the same individuals were assessed by partial correlations adjusted for age
and sex. Due to the low number of CVD events (<20), the Cardiovascular Risk in Young Finns
Study was not included in the meta-analysis of biomarkers for CVD. Instead, the study was used
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to confirm the quantification of fatty acid biomarkers, and examine the associations of the
circulating biomarker concentrations with corresponding dietary data.

Fatty acid concentrations, relative to total fatty acids, were determined by gas
chromatography (GC) using a flame ionization detector (Varian CP-3800; Varian Inc., Walnut
Creek, CA, USA) for the serum samples from the 2001 field survey as described previously.***>
Composite measures of omega-6 fatty acids, MUFA, and PUFA were derived.™ Absolute
concentrations in mmol/L were calculated by scaling the fatty acid ratios to the amount of total
fatty acids quantified by NMR. The correspondence between fatty acid concentrations
guantified by GC and NMR was assessed by scatter plots and Pearson’s correlation coefficients
(Supplemental Figure 12).

Dietary data were assessed by 48h recall based on interviews with trained dietitians for a
random half of the study population in the 2001 field survey (n=960),'® as well as based on
food-frequency questionnaires in the whole study population in the 2007 field survey
(n=1699)."" For the latter, data on habitual dietary intake over the past year were assessed with
a 131-item food-frequency questionnaire. Standardized associations between dietary intake
[g for absolute levels and g/total fat intake for relative levels] with the corresponding serum
levels were analyzed using linear regression models adjusted for age, sex, body mass index and
total energy intake (Supplemental Figure 13).
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Supplemental Table 1. Metabolite concentrations in the FINRISK study.

Hazard ratio per 1-SD

Amino acids Mean (SD) metabolite concentration
adjusted for age and sex
Alanine [umol/L] 430 (67) 1.19[1.11-1.28] P=2x10"°
Glutamine [umol/L] 470 (70) 0.86 [0.81-0.92] P=2x10"
Glycine [umol/L] 320 (62) 1.06 [0.98-1.14] P=0.17
Histidine [umol/L] 64 (9.6) 0.94 [0.87-1.01] P=0.09
Branched-chain amino acids
Isoleucine [umol/L] 58 (19) 1.17 [1.09-1.26] P=4x10"
Leucine [umol/L] 88 (21) 1.13 [1.04-1.21] P=0.002
Valine [umol/L] 210 (43) 1.11[1.02-1.19] P=0.01
Aromatic amino acids
Phenylalanine [umol/L] 85 (14) 1.40 [1.30-1.51] P=1x10""
Tyrosine [umol/L] 51 (13) 1.17 [1.09-1.27] P=4x10"
Glycolysis related metabolites
Glucose [mmol/L] 4.6 (1.1) 1.15[1.09-1.21] P=7x10°
Lactate [mmol/L] 1.3 (0.33) 1.24 [1.16-1.33] P=1x10"
Pyruvate [pumol/L] 75 (22) 1.23 [1.16-1.32] P=5x10""°
Citrate [umol/L] 110 (19) 0.91 [0.85-0.97] P=0.002
Glycerol [umol/L] 140 (65) 1.19[1.11-1.28] P=2x10"°
Ketone bodies
Acetate [umol/L] 54 (21) 0.87 [0.80-0.93] P=0.0002
Acetoacetate [umol/L] 81 (53) 0.88 [0.82—0.94] P=0.0003
beta-hydroxybutyrate [umol/L] 230 (160) 0.85 [0.80-0.92] P=1x10~
Fatty acids
Total fatty acids [mmol/L] 12 (3.7) 1.20[1.12-1.29] P=5x10"’
Omega-3 fatty acids [mmol/L] 0.52 (0.21) 1.00 [0.93-1.08] P=0.93
Docosahexaenoic acid (DHA) [mmol/L] 0.21 (0.090) 0.96 [0.89-1.03] P=0.22
Omega-6 fatty acids [mmol/L] 4.1(0.91) 1.09 [1.01-1.17] P=0.03
Linoleic acid [mmol/L] 3.5(0.76) 1.08 [1.01-1.17] P=0.03
Polyunsaturated fatty acids [mmol/L] 4.6 (1.0) 1.08 [1.00-1.17] P=0.04
Monounsaturated fatty acids [mmol/L] 3.6 (1.5) 1.28 [1.19-1.37] P=3x10"
Saturated fatty acids [mmol/L] 4.2 (1.5) 1.17 [1.09-1.26] P=8x10°
Fatty acid chain length 18 (0.34) 0.89 [0.83-0.97] P=0.004
Fatty acid ratios, relative to total fatty acids
Omega-3 fatty acids (%) 4.2 (1.2) 0.85 [0.80-0.91] P=8x10°
Docosahexaenoic acid (%) 1.7 (0.65) 0.85 [0.79-0.91] P=2x10"
Omega-6 fatty acids (%) 34 (4.3) 0.82 [0.77-0.88] P=2x10"°
Linoleic Acid (%) 28 (4.2) 0.84 [0.78-0.90] P=6x10"
Polyunsaturated fatty acids (%) 38 (4.4) 0.80 [0.75-0.86] P=4x10""
Monounsaturated fatty acids (%) 29 (3.7) 1.34[1.24-1.44] P=1x10"*
Saturated fatty acids (%) 33(2.8) 1.02 [0.95-1.10] P=0.54
Unsaturation degree, double bonds per fatty acid 1.3 (0.10) 0.82 [0.77-0.88] P=6x10"
Fluid balance
Creatinine [umol/L] 58 (13) 1.05[0.97-1.14] P=0.26
Albumin [standardized concentration units] 96 (6.2) 0.95[0.88-1.02] P=0.14
Inflammation
Glycoprotein acetyls [cu] 1.40 (0.24) 1.41 [1.31-1.51] P=5x10"*"
Apolipoproteins
Apolipoprotein B [g/L] 1.0 (0.26) 1.26 [1.16-1.36] P=3x10"
Apolipoprotein Al [g/L] 1.7 (0.23) 0.85 [0.79-0.91] P=5x10"

Lipids
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Triglycerides [mmol/L] 1.3 (0.59) 1.33 [1.22-1.43] P=2x10""
Phosphoglycerides [mmol/L] 1.7 (0.40) 1.07 [0.99-1.15] P=0.10
Cholines [mmol/L] 1.9 (0.42) 1.05[0.97-1.13] P=0.22
Sphingomyelin [mmol/L] 0.29 (0.067) 1.02 [0.94-1.10] P=0.64
Total lipid concentrations in lipoprotein subclasses

Extremely large VLDL [mmol/L] 0.033 (0.034) 1.18 [1.12-1.25] P=2x10"
Very large VLDL [mmol/L] 0.064 (0.067) 1.19 [1.12-1.26] P=6x10"
Large VLDL [mmol/L] 0.19 (0.19) 1.20[1.13-1.27] P=1x10°
Medium VLDL [mmol/L] 0.40 (0.25) 1.25[1.17-1.34] P=1x10""°
Small VLDL [mmol/L] 0.68 (0.25) 1.28 [1.19-1.38] P=4x10"
Very small VLDL [mmol/L] 0.64 (0.22) 1.25[1.17-1.35] P=2x10""°
IDL [mmol/L] 1.4 (0.37) 1.27 [1.17-1.38] P=1x10"
Large LDL [mmol/L] 1.6 (0.42) 1.23[1.13-1.34] P=1x10"°
Medium LDL [mmol/L] 0.95 (0.26) 1.22 [1.12-1.32] P=6x10"
Small LDL [mmol/L] 0.63 (0.20) 1.23 [1.13-1.34] P=8x10"
Very large HDL [mmol/L] 0.79 (0.27) 0.94 [0.88-1.01] P=0.12
Large HDL [mmol/L] 0.91 (0.36) 0.73 [0.68-0.79] P=8x10""
Medium HDL [mmol/L] 0.70(0.21) 0.86 [0.80-0.92] P=3x10"
Small HDL [mmol/L] 1.0 (0.14) 0.92 [0.86—0.99] P=0.02
Lipoprotein particle size

VLDL diameter [nm] 36(1.1) 1.18 [1.09-1.26] P=1x10"
LDL diameter [nm] 23 (0.17) 1.09 [1.01-1.17] P=0.03
HDL diameter [nm] 10 (0.26) 0.86 [0.79-0.92] P=5x10"
Cholesterol

Total cholesterol [mmol/L] 5.5(1.1) 1.11[1.02-1.20] P=0.01
VLDL cholesterol [mmol/L] 0.86 (0.30) 1.27 [1.17-1.37] P=8x10"
IDL cholesterol [mmol/L] 0.86 (0.22) 1.22[1.13-1.33] P=1x10"°
LDL cholesterol [mmol/L] 2.2 (0.61) 1.20[1.11-1.31] P=2x10"
HDL cholesterol [mmol/L] 1.6 (0.36) 0.77 [0.72-0.83] P=1x10""
HDL, cholesterol [mmol/L] 1.1 (0.36) 0.75 [0.70-0.81] P=4x10""
HDL; cholesterol [mmol/L] 0.53 (0.047) 1.07 [1.00-1.14] P=0.06
Cholesterol esterification [%] 77 (3.0) 0.95 [0.89-1.02] P=0.19

Mean (SD) concentrations and hazard ratios [95% confidence intervals] for first incident cardiovascular
event during 15-year follow-up in the FINRISK 1997 study. Hazard ratios are per 1-SD increment in
log-transformed metabolite concentration. Hazard ratios were examined separately for each metabolite
measure by Cox models adjusted for sex and age. All 68 metabolite measures were quantified using a
high-throughput serum NMR metabolomics platform.'? Quantification of lipoprotein subclasses was
calibrated against high performance liquid chromatography on an external set of samples. The 14
lipoprotein subclass sizes were defined as follows: extremely large VLDL with particle diameters from 75
nm upwards and a possible contribution of chylomicrons, five VLDL subclasses (average particle
diameters of 64.0 nm, 53.6 nm, 44.5 nm, 36.8 nm, and 31.3 nm), IDL (28.6 nm), three LDL subclasses
(25.5 nm, 23.0 nm, and 18.7 nm), and four HDL subclasses (14.3 nm, 12.1 nm, 10.9 nm, and 8.7 nm). The
mean size for VLDL, LDL and HDL particles was calculated by weighting the corresponding subclass
diameters with their particle concentrations. For fatty acids, only the cis configuration was quantified

since the trans fatty acids are below detection limit.
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Supplemental Table 2. Biomarker associations in absolute concentration units and for upper

vs. lower quartiles.

Hazard ratios in absolute Hazard ratio for
Biomarker measure, unit increment concentration units 4™ vs. 1* quartile
HR 95% Cl P-value HR 95% ClI P-value
Phenylalanine, per 50 umol/L 1.72| 1.46-2.03 | 1x10™ | 150 1.28-1.75 3x10”
MUFA ratio to total fatty acids, per 10% 1.49] 1.30—1.70 6x10” 1.45 1.25-1.68 1x10°
Omega-6 fatty acids, per 5 mmol/L 0.49] 0.36-0.68 3x10” 0.71 0.61-0.84 7x10°
PUFA, per 5 mmol/L 0.49 0.35-0.68 1x10° 0.73 0.61-0.86 0.0003
DHA, per 0.5 mmol/L 0.56| 0.40-0.79 0.001 0.80 0.69-0.93 0.004

Hazard ratios for first cardiovascular event with metabolites in absolute concentration units (without
log-transform and SD-scaling prior to meta-analysis) and as quartiles. Results are from meta-analysis
across the three cohorts (n=13441, 1741 CVD events during 12-23 years follow-up). Analyses were
adjusted for age, sex, blood pressure, smoking, geographical region, diabetes, cardiovascular

medication as well as total and HDL cholesterol.
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Supplemental Table 3. Risk score coefficients derived in the FINRISK study for prediction of

cardiovascular event risk.

Risk prediction model

Risk prediction model

Variable without biomarkers with biomarkers

Coef | HR 95% CI P-value | Coef HR 95% CI P-value
Female gender 0.567 | 0.57 | 0.48-0.67 | 2x10™" | .0.613| 0.54 | 0.46-0.64 |7x10™"
Systolic blood pressure [SD] 0.159 | 1.17 [ 1.09-1.26 | 1x10° | 0.145| 1.16 | 1.08-1.24 | 7x10°
Current smoking (yes/no) 0.475 | 1.61 | 1.36-1.90| 2x10® | 9379 | 1.46 | 1.23-1.73 | 1x10”
Prevalent diabetes (yes/no) 0.653 | 1.92 [ 1.57-2.35| 1x10™ | p.665 | 1.94 | 1.59-2.38 |9x10™
Antihypertensive medication (yes/no) [ g 109 | 1.12 [ 0.94-1.32| 0.21 | o0.103| 1.11 | 0.93-1.32 | 0.24
Lipid lowering medication (yes/no) 0.308 | 1.36 | 1.02-1.81| 0.03 | 0.295| 1.34 | 1.01-1.79 | 0.04
Total cholesterol [SD] 0.145 | 1.16 | 1.08-1.24| 8x10”° | 9247 | 1.28 | 1.17-1.41 | 2x10”
HDL cholesterol [SD] -0.366 | 0.69 | 0.64-0.76 | <2x10°| .0.315| 0.73 | 0.66-0.80 |5x10™
log Phenylalanine [SD] — — — — 0.225| 1.25 | 1.15-1.36 | 9x10°®
log MUFA%,
ratio to total fatty acids [SD] o o - - 0145 111 1.02-1.20 0.02
log Omega-6 fatty acids [SD] - — - - -0.137| 0.87 | 0.79-0.96 | 0.004
log DHA [SD] — — — — 0.100 | 0.86 | 0.80-0.94 | 0.0004

Regression coefficients (coef) for the linear predictors of the risk score for first cardiovascular event as

derived in the FINRISK study. The corresponding hazard ratios (HR, exponential function e of the

regression coefficients), confidence intervals and P-values are also shown for each variable. Two risk

prediction scores were derived: a reference risk score composed of established risk factors, and a risk

score further including the four metabolite biomarkers giving rise to the best model fit in the FINRISK

study: phenylalanine, the ratio of MUFA to total fatty acids, omega-6 fatty acids, and DHA. The baseline

hazard term was derived within each validation cohort due to differences in hazard depending on age

and geographical regions. The two risk prediction scores were then used to estimate the absolute risk

for cardiovascular events in the SABRE and BWHHS validation studies, where the predictive utility from

including the four metabolites in the biomarker risk score was examined.
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Supplemental Table 4. Reclassification tables for people at intermediate risk in SABRE
and BWHHS.

SABRE: Reclassification for participants with 5-10% risk based on the reference risk score, n=650

Individuals who had a Risk Score with Established Risk Factors and Biomarkers
cardiovascular event durin
g <5% risk 5-10% risk >10% risk
15-year follow-up
Reference o o 0 9
Risk Score 5-10% risk 3(7%) 29 (66%) 12 (27%)

Reclassification improvement for participants who experienced an event: 20.5+8.8%; P=0.02

Individuals who did not have a Risk Score with Established Risk Factors and Biomarkers

cardiovascular event during —

15-year follow-up <5% risk 5-10% risk >10% risk
Reference o o 0 9
Risk Score 5-10% risk 133 (21%) 380 (63%) 93 (15%)

Reclassification improvement for participants who did not have an event: 6.6+2.5%; P=0.008

Clinical net reclassification improvement: 27.119.1%; P=0.003

BWHHS: Reclassification for participants with 5-10% risk based on the reference risk score, n=1286

Individuals who had a Risk Score with Established Risk Factors and Biomarkers
cardiovascular event durin
g <5% risk 5-10% risk >10% risk
12-year follow-up
Reference o o 9 9
Risk Score 5-10% risk 9 (10%) 65 (71%) 18 (19%)

Reclassification improvement for participants who experienced an event: 9.8+5.6%; P=0.08

Individuals who did not have a Risk Score with Established Risk Factors and Biomarkers

cardiovascular event during —

12-year follow-up <5% risk 5-10% risk >10% risk
Reference o o 0 9
Risk Score 5-10% risk 236 (20%) 790 (66%) 168 (14%)

Reclassification improvement for participants who did not have an event: 5.7+1.7%; P=0.0007

Clinical net reclassification improvement: 15.5+5.9%; P=0.009

Reclassification was examined in the validation cohorts based on the risk prediction scores derived in
the FINRISK study (coefficients listed in Supplemental Table 3). The established risk factors were age,
sex, systolic blood pressure, smoking status, prevalent diabetes, antihypertensive medication, lipid-
lowering medication, total cholesterol and HDL cholesterol. The biomarker risk score was further
extended with log-transformed phenylalanine, the ratio of MUFA to total fatty acids, omega-6 fatty

acids, and DHA.
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Supplemental Table 5. Tracking of biomarker concentrations over time within the same
individuals.

6-year tracking 20-year tracking
Metabolite biomarker | in the YFS cohort (n=1754) | in the SABRE study (n=916)
Partial correlation [95% Cl] Partial correlation [95% Cl]

Phenylalanine 0.41 [0.37-0.44] 0.31[0.25-0.36]
?::isﬁ'dzaﬁo to total 0.47 [0.43-0.50] 0.45 [0.39-0.50]
Omega-6 fatty acids 0.47 [0.43-0.51] 0.20[0.14-0.26]
PUFA 0.47 [0.44-0.52] 0.20 [0.13-0.26]
DHA 0.48 [0.45-0.52] 0.49 [0.44-0.55]

Partial Spearman’s correlation coefficients [95% confidence intervals] of metabolite concentrations

measured for the same individuals at two time-points, adjusted for age and sex.
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Supplemental Figure 1. Correlation heatmap of the metabolite measures analyzed.
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Supplemental Figure 2. Metabolite associations with incident CVD for men and women in the

FINRISK study.
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Metabolite associations with incident CVD in the FINRISK study stratified by sex (3578 men/566 events
and 3678 women/234 events during 15-year follow-up). Hazard ratios are per 1-SD log-transformed
metabolite concentration. Analyses were adjusted for age, blood pressure, smoking, diabetes status,
geographical region, and cardiovascular medication. Errorbars denote 95% confidence intervals.

* : P<0.0007 (multiple testing correction).
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Supplemental Figure 3. Metabolite biomarker candidates for incident CVD in the FINRISK
study after adjustment for routine lipids.
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Metabolite associations with incident cardiovascular events in the FINRISK study at nominal significance
(P<0.05) after adjustment for total and HDL cholesterol as well as age, sex, blood pressure, smoking,
diabetes, and cardiovascular medication. Hazard ratios are per 1-SD increment in log-transformed
metabolite concentration. Errorbars denote 95% confidence intervals. These metabolite biomarker
candidates were meta-analyzed with the two replication studies (Figure 3 and Supplemental Figure 6).
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Supplemental Figure 4. Biomarker associations with incident CVD upon additional exclusion
criteria or covariate adjustment.
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Metabolite biomarkers for incident CVD upon additional exclusion or further adjustment in the FINRISK
study. Hazard ratios are per 1-SD increment in log-transformed metabolite concentration. Errorbars
denote 95% confidence intervals.
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Supplemental Figure 5. Associations of routine lipid measures for incident CVD and
cardiovascular mortality.
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Hazard ratios of routine enzymatic lipid measures with incident CVD and cardiovascular mortality in the
three cohorts. Meta-analysis results are shown by black diamonds, with hazard ratio, 95% confidence

intervals, and P-value indicated. Analyses were adjusted for age, sex, blood pressure, smoking, diabetes
status, geographical region, and cardiovascular medication. Hazard ratios are per 1-SD increment in lipid

concentration.
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Supplemental Figure 6. Meta-analysis of metabolite biomarkers for incident CVD, nominal

associations.
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Hazard ratios of metabolite biomarkers with incident CVD in three population-based studies (n=13441,
1741 events during 12-23 years of follow-up) and meta-analysis (diamonds). Metabolites associated
with CVD at P<0.05 in the meta-analysis, but not reaching the multiple testing corrected P<0.0007, are
shown. Analyses were adjusted for age, sex, blood pressure, smoking, geographical region, diabetes,

cardiovascular medication as well as total and HDL cholesterol. Hazard ratios are per 1-SD increment in

log-transformed metabolite concentration. Errorbars denote 95% confidence intervals.
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Supplemental Figure 7. Meta-analysis of metabolite biomarkers with cardiovascular mortality.

P-value
® -8
MUFA (%), = > 2x10
ratio to total fatty acids Q
1.27 [1.17-1.38]
. ® 5
Phenylalanine > - 2x10
01.21 [1.12-1.31)
@
Lactate r— 0.001
01.13 [1.05-1.21]
. &
Glycoprotein acetyls > 'A 0.003
V113 [1.04-1.23]
Tyrosine > l. 0.14
] 01.06 (0.98-1.15)
L 2
Pyruvate = > 0.01
01.10 [1.02-1.19]
&
Citrate = > 0.82
01_00 [0.94-1.10]
. @
Glutamine L 0.03
0.93 [0.86-0.99] c
Omega-3 (%), Y
ratio to total > L 0.008
fatty acids _(>_'
0.90 [0.83-0.97]
Omega-3 ® =
fatty acids N 0.002
0.88 [0.81-0.96] ¥
DHA (%), o
ratio to total & e 0.0006
fatty acids _0'_
0.88 [0.82-0.95]
d
DHA L — 0.0005
0.88 [0.81-0.95}o
Omega-6 m 9x10°
fatty acids A
0.84 [0.78-0.92] ¥ ® FINRISK
B SABRE
@ R
PUFA = P BWHHS 5x108
A _analvsi
0.81[0.75-0.89] ¥ O Meta-analysis
T T I T I T T I
0.70 0.80 0.90 1.00 1.10 1.20 1.30 1.40

Hazard ratio (95% CI) per 1-SD metabolite concentration
Associations of metabolite biomarkers with cardiovascular mortality (n=13821, 743 deaths). Meta-
analysis results are shown by diamonds, with hazard ratio, 95% confidence intervals and P-value
indicated. Analyses were adjusted for age, sex, blood pressure, smoking, geographical region, diabetes,
cardiovascular medication as well as total and HDL cholesterol. Hazard ratios are per 1-SD increment in
log-transformed metabolite concentration. Metabolites highlighted in bold reach the multiple testing
correction of P<0.0007.
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Supplemental Figure 8. Interaction between phenylalanine and age of incident CVD.
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Hazard ratio per 1-SD log-transformed phenylalanine concentration as function of age at incident CVD
or end of follow-up for non-events. Dashed lines indicate 95% confidence intervals of the hazard ratio
estimates. The association magnitudes and P-values for phenylalanine*age-at-follow-up interaction
term are indicated. Models were adjusted for age, sex, blood pressure, smoking, geographical region,
diabetes, cardiovascular medication as well as total and HDL cholesterol.
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Supplemental Figure 9. Calibration of risk scores for predicting first cardiovascular event.
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Calibration within risk deciles of the reference risk score composed of established risk factors, and the
biomarker risk score additionally including the four biomarkers (log-transformed phenylalanine, MUFA
ratio to total fatty acids, omega-6 fatty acids, and DHA). The absolute risk of incident cardiovascular
event was estimated in the SABRE and BWHHS studies based on the risk prediction scores derived in the
FINRISK study. Calibration was examined using the Hosmer-Lemeshow goodness-of-fit test, which
compares the observed number of death with those predicted from the risk score.
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Supplemental Figure 10. Consistency between NMR and LC-MS for biomarker associations
with incident cardiovascular disease: age- and sex-adjusted associations.
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Biomarker associations of metabolites overlapping between metabolomics platforms and nominally
associated with incident CVD in the present study (P<0.05, Supplemental Figure 6). Hazard ratios are per
1-SD log-tranformed metabolite concentration. Errorbars denote 95% confidence intervals. Associations
were adjusted for age and sex. LC-MS-based associations were further adjusted for batch.

Left panel: Biomarker associations observed in the present study compared with those obtained in the
Framingham Offspring Study based on LC-MS (n=2289, 466 events).

Right panel: Biomarker associations in a case-cohort subset of the FINRISK study (n=679, 305 events)
profiled both by NMR and LC-MS.

* Associations of omega-6 fatty acids were compared with lysophosphatidylcholine- and
cholesterolester-linoleic acid in the Framingham Offspring Study and with linoleic acid in FINRISK.

t DHA ratio was scaled to the total fatty acid concentration quantified by NMR for both NMR and LC-MS
platforms.

Y Associations of DHA were compared with lysophosphatidylcholine- and cholesterolester-DHA in the
Framingham Offspring Study.
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Supplemental Figure 11. Scatter plots of metabolite biomarkers assayed by both NMR
spectroscopy and liquid-chromatography mass spectrometry.
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Concentrations of phenylalanine and DHA were measured by both NMR and LC-MS in a case-cohort
subset of the FINRISK study (n=679). The linear fit of the analytical correspondence is indicated.

r denotes Pearson’s correlation coefficients. Metabolite concentrations from LC-MS were scaled to
SD-units since the data were not quantified in absolute concentration units. Based on the NMR
quantification, 1 SD corresponds to 14.4 umol/L for phenylalanine and 90 umol/L for DHA (cf.
Supplementary Table 1). Quantification of the significant biomarkers for incident CVD in the present
study (Figure 3) that were not measured by LC-MS was confirmed by gas chromatography
(Supplemental Figure 12).
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Supplemental Figure 12. Scatter plots of biomarkers assayed by both NMR and gas
chromatography.
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Fatty acids associated with incident CVD in the present study (Figure 3) were measured by both NMR and
gas chromatography in the 2001-survey of the Cardiovascular Risk in Young Finns Study (n=2193). Fatty
acid concentrations are measured relative to total fatty acids by gas chromatography; concentrations in
mmol/L were obtained by scaling to the total fatty acid concentration determined by NMR. The linear fit
of the analytical correspondence is indicated, and r denotes Pearson’s correlation coefficients.
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Supplemental Figure 13. Associations of dietary intake with blood levels of metabolite
biomarkers.

Phenylalanine CB=0'07 @ 48h dietary recall
‘ o Food-frequency
MUFA (%), .B=0-04 questionnarie
ratio to total
fatty acids ] OB=0.03
B=0.08
Omega-6 @
1 )
fatty acids Op=508
B=0.09
PUFA .,\
~B=0.10
DHA
i OF=037
T T T T T
0.00 0.10 0.20 0.30 0.40 0.50

Beta-regression coefficient (95% CI) between serum concentration and dietary measure

Associations of dietary intake with circulating biomarkers for CVD at two time points in the
Cardiovascular Risk in Young Finns Study. Associations were adjusted for age, sex, body mass index and
total energy intake. Serum metabolite concentrations and dietary measures were determined in the
Cardiovascular Risk in Young Finns Study in the 2001 field survey by 48h dietary recall (n=960)"°, as well
as by food-frequency questionnaire in the 2007 field survey (n=1699)."” Dietary phenylalanine was only
determined by the food-frequency questionnaire.
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