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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=4×10–10) and 
monounsaturated fatty acid levels (1.17; 1.11–1.24; P=1×10–8) were associated with increased cardiovascular risk, while 
higher omega-6 fatty acids (0.89; 0.84–0.94; P=6×10–5) and docosahexaenoic acid levels (0.90; 0.86–0.95; P=5×10–5) 
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.)

Key Words:  amino acids ◼ biological markers ◼ fatty acids ◼ metabolomics ◼ risk factors 

Cardiovascular 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.1–4 Detailed profiling of metabolic status, termed 
metabolite profiling or metabolomics, can provide insights 
into the molecular mechanisms underlying atherosclerosis.5–9 
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.10–12
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Metabolite profiling has successfully been applied to iden-
tify biomarkers for the development of type 2 diabetes mel-
litus13–17; however, few metabolite biomarkers have been 
consistently associated with future cardiovascular events across 
multiple studies.6,10–12,18 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.8–10,16–22 Serum 
nuclear magnetic resonance (NMR) metabolomics enables 
fast, inexpensive, and reproducible quantification of circulating 
lipids and abundant metabolites.8,18,19,23–25 Here, we used a high-
throughput NMR platform8 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.26 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.22,26,27 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 1997.22 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.28

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)29 
and the British Women’s Heart and Health Study (BWHHS, 
n=3563)30 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 platform8 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).8 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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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,9,10,16,17,20–22,31,32 
details of the experimentation have been described,9,24 and the 
method has recently been reviewed.8,19

A subset of 679 serum samples from the FINRISK study were 
additionally profiled with liquid-chromatography mass spectrome-
try (LC-MS) using the Metabolon platform33 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.13,14 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).34 
Metabolite profiling data collected at 2 time points in YFS9 were 
used further to examine the associations of dietary intake with the 

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.
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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 censoring35 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.36,37 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.36 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),3,4,38 and (2) 

for the whole study population by using the risk categories <5%, 
5% to 10%, and >10% (categorical NRI).36 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.37 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.2

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

Clinical 
Characteristics

FINRISK  
1997 Study
(n=7256)

Southall and  
Brent Revisited  
Study (SABRE)

(n=2622)

British Women’s  
Heart and Health  
Study (BWHHS)

(n=3563)

Women, n (%) 3678 (51) 386 (21) 3563 (100)

Location 6 regions in  
Finland

London, UK 23 British towns

Age, y 48±13 52±7 69±5

Body mass index,  
kg/m2

26.6±4.5 26.1±3.7 27.5±4.9

Systolic blood  
pressure, mm Hg

136±20 124±18 147±25

Total cholesterol,  
mmol/L

5.5±1.1 6.0±1.1 6.7±1.2

HDL cholesterol,  
mmol/L

1.4±0.4 1.3±0.4 1.7±0.5

Triglycerides,  
mmol/L

1.5±1.0 1.8±1.2 1.8±1.0

Lipid-lowering  
medication, n (%)

185 (2.6) 5 (0.4) 249 (7)

Antihypertensive  
medication, n (%)

908 (13) 294 (11) 1033 (29)

Current smoking, n (%) 1736 (24) 592 (23) 392 (11)

Diabetes  
prevalence, n (%)

393 (5.4) 314 (12) 356 (10)

Follow-up time,  
y, range

15 20–23 11–13

Incident  
cardiovascular  
events

800 573 368

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.2–4 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 

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 

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; CI, 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 

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 I2=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 

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. 
I2 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. CI indicates confidence interval; HDL, high-
density lipoprotein; MUFA, monounsaturated fatty 
acids; PUFA, polyunsaturated fatty acids; and SD, 
standard deviation.

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 μmol/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 VIII in the online-only Data 
Supplement. CI indicates confidence interval; and HDL, high-
density lipoprotein.
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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 BWHHS). 
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 

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 

Figure 5. Phenylalanine associations with vascular 
mortality. Hazard ratios of phenylalanine with 
death from cardiovascular disease, coronary 
heart disease, and stroke in the 3 cohorts and 
meta-analysis (n=13 815). Analyses were adjusted 
for age, sex, blood pressure, smoking, diabetes 
mellitus, geographical region, cardiovascular 
medication, and total and HDL cholesterol. 
Hazard ratios are per 1-SD higher log-transformed 
phenylalanine concentration (approximately 
corresponding to 14 μmol/L). Error bars denote 
95% confidence intervals. The numbers of coronary 
and stroke deaths sum to a slightly higher number 
than the cardiovascular deaths, because we have 
considered all causes of death written in the death 
certificate. CI indicates confidence interval; and 
HDL, high-density lipoprotein.
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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,39–41 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,13–16 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.42 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-
ity43; 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.44 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.17 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.17,45 As such, 
MUFA% could potentially act as a blood biomarker reflecting 
long-term dietary quality.

Table 2.  Discrimination and Reclassification of Cardiovascular Risk in Validation Cohorts With and Without Metabolic Biomarkers 
in the Risk Prediction Score

Prediction 
Model

C-Statistic  
(95% CI)

Model  
Calibration Reclassification

Clinical NRI*  
(95% CI)

Categorical NRI†  
(95% CI)

Continuous NRI 
(95% CI) IDI (95% CI)

Relative IDI  
(95% CI)

Southall and Brent Revisited study (SABRE, n=2478); 379 events during 15-y follow-up

Reference  
risk score

0.712  
(0.695–0.745)

P=0.14 CVD events 20.5%  
(3.2% to 37.8%)

P=0.02

–2.4%  
(–5.3% to 0.59%)

P=0.12

–3.7%  
(–13.7% to 6.4%)

P=0.47

0.95%  
(0.17% to 1.72%)

P=0.02

4.5%  
(1.3% to 7.7%)

P=0.006

Biomarker  
risk score

0.720  
(0.687–0.738)

P=0.18‡

P=0.03 Nonevents 6.6%  
(1.7% to 11.5%)

P=0.008

10.0%  
(8.0% to 12.0%)

P=2×10–22

26.8%  
(22.5% to 31.1%)

P=1×10–34

0.43%  
(0.20% to 0.65%)

P=0.0002

4.4%  
(3.0% to 5.7%)

P=8×10–11

Net 27.1%  
(9.1% to 45.0%)

P=0.003

7.6%  
(4.1% to 11.2%)

P=2×10–5

23.1%  
(12.2% to 34.0%)

P=3×10–5

1.37%  
(0.57% to 2.2%)

P=0.008

8.8%  
(5.4% to 12.3%)

P=6×10–7

British Women’s Health and Heart Study (BWHHS, n=3348); 354 events during 12-y follow-up

Reference  
risk score

0.665  
(0.636–0.695)

P=0.02 CVD events 9.8%  
(–1.3% to 20.9%)

P=0.08

0.28%  
(–3.7% to 4.3%)

P=0.89

–6.8%  
(–17.2% to 3.6%)

P=0.20

0.64%  
(0.12% to 1.17%)

P=0.02

3.2%  
(0.2% to 6.2%)

P=0.04

Biomarker  
risk score

0.666  
(0.637–0.694)

P=0.97‡

P=0.0003 Nonevents 5.7%  
(2.4% to 9.0%)

P=0.0007

5.0%  
(3.4% to 6.6%)

P=2×10–9

15.6%  
(12.1% to 19.2%)

P=3×10–18

–0.004%  
(–0.11% to 0.12%)

P=0.94

1.1%  
(0.12% to 2.1%)

P=0.03

Net 15.5%  
(3.9% to 27.0%)

P=0.009

5.3%  
(0.94% to 9.6%)

P=0.02

8.9%  
(–2.1% to 19.8%)

P=0.11

0.64%  
(0.10% to 1.17%)

P=0.02

4.3%  
(1.2% to 7.5%)

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 III 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. CI 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.

†Reclassification among all study participants to risk classes <5%, 5% to 10%, and >10%.
‡P value for difference from reference model.
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The role of PUFAs in CVD pathogenesis remains con-
troversial.39–41,46–49 Intervention trials do not suggest risk 
reduction by omega-3 supplementation.46,47 Trials on 
omega-6 fatty acid consumption are less clear, because 
most studies evaluate e effects of replacing saturated fatty 
acids.48,49 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.39–41 These findings contrast 
the results on the risk for incident type 2 diabetes, where 
only omega-6 fatty acids display inverse associations.17 
Circulating PUFAs might serve as more reliable markers 
of therapeutic target and cardiovascular risk than conven-
tional dietary assessments.10,39–41 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.1 
The biomarkers identified here were quantified by a single 
analytic platform, which also features the measurement of 
routine lipid risk factors.8,9,20,24,31,32 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.1–4 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 

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. †Associations 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. CI 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. 
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platform used now allows for profiling all samples collected 
in even the largest CVD prevention trials.8 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.5,12 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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)1A26*4JA78* 31).!T/OV*
()&)$8!$)%-0!A1$!WE/O!

K1%)40,-%1!;0.;1.%$)%-0.!
)8P+:%18!60$!)71!).8!:1Q!

@,).-.1!lvK0,kRm* [b_!T^YV* W2WX!lW2WWZW2S\m!5aSwW_E^*
],+%)K-.1!lvK0,kRm* [Y_!TY_V* _2\^!l_2\WZ_2XSm!5aSwW_EU*
],B;-.1!lvK0,kRm* bS_!T^SV* W2_^!l_2X\ZW2W[m!5a_2WY*
(-:%-8-.1!lvK0,kRm* ^[!TX2^V* _2X[!l_2\YZW2_Wm!5a_2_X*
)402C/53NC/072'0;72,'0C738!
G:0,1+;-.1!lvK0,kRm* U\!TWXV* W2WY!lW2_XZW2S^m!5a[wW_EU*
R1+;-.1!lvK0,kRm* \\!TSWV* W2Wb!lW2_[ZW2SWm!5a_2__S*
N),-.1!lvK0,kRm* SW_!T[bV* W2WW!lW2_SZW2WXm!5a_2_W*
(4,;0.7C'0;72,'0C738!
5D1.B,),).-.1!lvK0,kRm* \U!TW[V* W2[_!lW2b_ZW2UWm!5aWwW_EWY*
CB$0:-.1!lvK0,kRm* UW!TWbV* W2WY!lW2_XZW2SYm!5a[wW_EU*
M/LJ6/L8A8*C0/4307*1034:6/A308*
],+;0:1!lKK0,kRm* [2^!TW2WV* W2WU!lW2_XZW2SWm!5aYwW_E\*
R);%)%1!lKK0,kRm* W2b!T_2bbV* W2S[!lW2W^ZW2bbm!5aWwW_EX*
5B$+*)%1!lvK0,kRm* YU!TSSV* W2Sb!lW2W^ZW2bSm!5aUwW_EW_*
9-%$)%1!lvK0,kRm* WW_!TWXV* _2XW!l_2\UZ_2XYm!5a_2__S*
],B;1$0,!lvK0,kRm* W[_!T^UV* W2WX!lW2WWZW2S\m!5aSwW_E^*
K03620*:67A08*
@;1%)%1!lvK0,kRm* U[!TSWV* _2\Y!l_2\_Z_2Xbm!5a_2___S*
@;1%0);1%)%1!lvK0,kRm* \W!TUbV* _2\\!l_2\SZ_2X[m!5a_2___b*
41%)EDB8$0QB4+%B$)%1!lvK0,kRm* Sb_!TW^_V* _2\U!l_2\_Z_2XSm!5aWwW_EU*
@433L*4JA78*
C0%),!6)%%B!);-8:!lKK0,kRm* WS!Tb2YV* W2S_!lW2WSZW2SXm!5aUwW_EY*
hK17)Eb!6)%%B!);-8:!lKK0,kRm* _2US!T_2SWV* W2__!l_2XbZW2_\m!5a_2Xb*
O0;0:)D1Q)1.0-;!);-8!TO(@V!lKK0,kRm* _2SW!T_2_X_V* _2X^!l_2\XZW2_bm!5a_2SS*
hK17)E^!6)%%B!);-8:!lKK0,kRm* [2W!T_2XWV* W2_X!lW2_WZW2WYm!5a_2_b*
R-.0,1-;!);-8!lKK0,kRm* b2U!T_2Y^V* W2_\!lW2_WZW2WYm!5a_2_b*
50,B+.:)%+$)%18!6)%%B!);-8:!lKK0,kRm* [2^!TW2_V* W2_\!lW2__ZW2WYm!5a_2_[*
30.0+.:)%+$)%18!6)%%B!);-8:!lKK0,kRm* b2^!TW2UV* W2S\!lW2WXZW2bYm!5abwW_EWS*
/)%+$)%18!6)%%B!);-8:!lKK0,kRm* [2S!TW2UV* W2WY!lW2_XZW2S^m!5a\wW_E^*
F)%%B!);-8!;D)-.!,1.7%D* W\!T_2b[V* _2\X!l_2\bZ_2XYm!5a_2__[*
@433L*4JA7*C43A68N*C0/43AO0*36*3634/*I433L*4JA78*
hK17)Eb!6)%%B!);-8:!TeV* [2S!TW2SV* _2\U!l_2\_Z_2XWm!5a\wW_E^*
O0;0:)D1Q)1.0-;!);-8!TeV* W2Y!T_2^UV* _2\U!l_2YXZ_2XWm!5aSwW_E^*
hK17)E^!6)%%B!);-8:!TeV* b[!T[2bV* _2\S!l_2YYZ_2\\m!5aSwW_E\*
R-.0,1-;!@;-8!TeV* S\!T[2SV* _2\[!l_2Y\Z_2X_m!5a^wW_EY*
50,B+.:)%+$)%18!6)%%B!);-8:!TeV* b\!T[2[V* _2\_!l_2YUZ_2\^m!5a[wW_EWW*
30.0+.:)%+$)%18!6)%%B!);-8:!TeV* SX!Tb2YV* W2b[!lW2S[ZW2[[m!5aWwW_EW[*
/)%+$)%18!6)%%B!);-8:!TeV* bb!TS2\V* W2_S!l_2XUZW2W_m!5a_2U[*
d.:)%+$)%-0.!817$11'!80+4,1!40.8:!A1$!6)%%B!);-8* W2b!T_2W_V* _2\S!l_2YYZ_2\\m!5a^wW_EX*
@/-A7*:4/42J0*
9$1)%-.-.1!lvK0,kRm* U\!TWbV* W2_U!l_2XYZW2W[m!5a_2S^*
@,4+K-.!l:%).8)$8-&18!;0.;1.%$)%-0.!+.-%:m* X^!T^2SV* _2XU!l_2\\ZW2_Sm!5a_2W[*
,2I/41143A62*
],B;0A$0%1-.!);1%B,:!l;+m* W2[_!T_2S[V* W2[W!lW2bWZW2UWm!5aUwW_ESS*
).6/A.6.C630A28*
@A0,-A0A$0%1-.!J!l7kRm* W2_!T_2S^V* W2S^!lW2W^ZW2b^m!5abwW_E\*
@A0,-A0A$0%1-.!@W!l7kRm* W2Y!T_2SbV* _2\U!l_2YXZ_2XWm!5aUwW_E^*
$A.A78*
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C$-7,B;1$-81:!lKK0,kRm* W2b!T_2UXV* W2bb!lW2SSZW2[bm!5aSwW_EWS*
5D0:AD07,B;1$-81:!lKK0,kRm* W2Y!T_2[_V* W2_Y!l_2XXZW2WUm!5a_2W_*
9D0,-.1:!lKK0,kRm* W2X!T_2[SV* W2_U!l_2XYZW2Wbm!5a_2SS*
/AD-.70KB1,-.!lKK0,kRm* _2SX!T_2_^YV* W2_S!l_2X[ZW2W_m!5a_2^[*
(634/*/A.A7*J62J023C43A628*A2*/A.6.C630A2*8-:J/48808*
<Q%$1K1,B!,)$71!NROR!lKK0,kRm* _2_bb!T_2_b[V* W2W\!lW2WSZW2SUm!5aSwW_EX*
N1$B!,)$71!NROR!lKK0,kRm* _2_^[!T_2_^YV* W2WX!lW2WSZW2S^m!5a^wW_EX*
R)$71!NROR!lKK0,kRm* _2WX!T_2WXV* W2S_!lW2WbZW2SYm!5aWwW_E\*
318-+K!NROR!lKK0,kRm* _2[_!T_2SUV* W2SU!lW2WYZW2b[m!5aWwW_EW_*
/K),,!NROR!lKK0,kRm* _2^\!T_2SUV* W2S\!lW2WXZW2b\m!5a[wW_EWW*
N1$B!:K),,!NROR!lKK0,kRm* _2^[!T_2SSV* W2SU!lW2WYZW2bUm!5aSwW_EW_*
GOR!lKK0,kRm* W2[!T_2bYV* W2SY!lW2WYZW2b\m!5aWwW_E\*
R)$71!ROR!lKK0,kRm* W2^!T_2[SV* W2Sb!lW2WbZW2b[m!5aWwW_E^*
318-+K!ROR!lKK0,kRm* _2XU!T_2S^V* W2SS!lW2WSZW2bSm!5a^wW_E^*
/K),,!ROR!lKK0,kRm* _2^b!T_2S_V* W2Sb!lW2WbZW2b[m!5a\wW_EY*
N1$B!,)$71!(OR!lKK0,kRm* _2YX!T_2SYV* _2X[!l_2\\ZW2_Wm!5a_2WS*
R)$71!(OR!lKK0,kRm* _2XW!T_2b^V* _2Yb!l_2^\Z_2YXm!5a\wW_EWU*
318-+K!(OR!lKK0,kRm* _2Y_!T_2SWV* _2\^!l_2\_Z_2XSm!5abwW_EU*
/K),,!(OR!lKK0,kRm* W2_!T_2W[V* _2XS!l_2\^Z_2XXm!5a_2_S*
$A.6.C630A2*.4C3AJ/0*8AP0*
NROR!8-)K1%1$!l.Km* b^!TW2WV* W2W\!lW2_XZW2S^m!5aWwW_EU*
ROR!8-)K1%1$!l.Km* Sb!T_2WYV* W2_X!lW2_WZW2WYm!5a_2_b*
(OR!8-)K1%1$!l.Km* W_!T_2S^V* _2\^!l_2YXZ_2XSm!5aUwW_EU*
Q56/0830C6/*
C0%),!;D0,1:%1$0,!lKK0,kRm* U2U!TW2WV* W2WW!lW2_SZW2S_m!5a_2_W*
NROR!;D0,1:%1$0,!lKK0,kRm* _2\^!T_2b_V* W2SY!lW2WYZW2bYm!5a\wW_EX*
GOR!;D0,1:%1$0,!lKK0,kRm* _2\^!T_2SSV* W2SS!lW2WbZW2bbm!5aWwW_E^*
ROR!;D0,1:%1$0,!lKK0,kRm* S2S!T_2^WV* W2S_!lW2WWZW2bWm!5aSwW_EU*
(OR!;D0,1:%1$0,!lKK0,kRm* W2^!T_2b^V* _2YY!l_2YSZ_2\bm!5aWwW_EWb*
(ORS!;D0,1:%1$0,!lKK0,kRm* W2W!T_2b^V* _2YU!l_2Y_Z_2\Wm!5a[wW_EWU*
(ORb!;D0,1:%1$0,!lKK0,kRm* _2Ub!T_2_[YV* W2_Y!lW2__ZW2W[m!5a_2_^*
9D0,1:%1$0,!1:%1$-6-;)%-0.!lem* YY!Tb2_V* _2XU!l_2\XZW2_Sm!5a_2WX*

31).!T/OV!;0.;1.%$)%-0.:!).8!D)&)$8!$)%-0:!lXUe!;0.6-81.;1!-.%1$*),:m!60$!6-$:%!-.;-81.%!;)$8-0*):;+,)$!

1*1.%!8+$-.7!WUEB1)$!60,,0LE+A!-.!%D1!FGH=G/I!WXXY!:%+8B2!()&)$8!$)%-0:!)$1!A1$!WE/O!-.;$1K1.%!-.!

,07E%$).:60$K18!K1%)40,-%1!;0.;1.%$)%-0.2!()&)$8!$)%-0:!L1$1!1Q)K-.18!:1A)$)%1,B!60$!1);D!K1%)40,-%1!

K1):+$1!4B!90Q!K081,:!)8P+:%18!60$!:1Q!).8!)712!@,,!^\!K1%)40,-%1!K1):+$1:!L1$1!M+).%-6-18!+:-.7!)!

D-7DE%D$0+7DA+%!:1$+K!H3=!K1%)40,0K-;:!A,)%60$K2WS!t+).%-6-;)%-0.!06!,-A0A$0%1-.!:+4;,)::1:!L):!

;),-4$)%18!)7)-.:%!D-7D!A1$60$K).;1!,-M+-8!;D$0K)%07$)ADB!0.!).!1Q%1$.),!:1%!06!:)KA,1:2!CD1!W[!

,-A0A$0%1-.!:+4;,)::!:-&1:!L1$1!816-.18!):!60,,0L:?!1Q%$1K1,B!,)$71!NROR!L-%D!A)$%-;,1!8-)K1%1$:!6$0K!YU!

.K!+AL)$8:!).8!)!A0::-4,1!;0.%$-4+%-0.!06!;DB,0K-;$0.:'!6-*1!NROR!:+4;,)::1:!T)*1$)71!A)$%-;,1!

8-)K1%1$:!06!^[2_!.K'!Ub2^!.K'![[2U!.K'!b^2\!.K'!).8!bW2b!.KV'!GOR!TS\2^!.KV'!%D$11!ROR!:+4;,)::1:!

TSU2U!.K'!Sb2_!.K'!).8!W\2Y!.KV'!).8!60+$!(OR!:+4;,)::1:!TW[2b!.K'!WS2W!.K'!W_2X!.K'!).8!\2Y!.KV2!CD1!

K1).!:-&1!60$!NROR'!ROR!).8!(OR!A)$%-;,1:!L):!;),;+,)%18!4B!L1-7D%-.7!%D1!;0$$1:A0.8-.7!:+4;,)::!

8-)K1%1$:!L-%D!%D1-$!A)$%-;,1!;0.;1.%$)%-0.:2!F0$!6)%%B!);-8:'!0.,B!%D1!C78!;0.6-7+$)%-0.!L):!M+).%-6-18!

:-.;1!%D1!.4028!6)%%B!);-8:!)$1!41,0L!81%1;%-0.!,-K-%2*



! X!TSUV!

! !

!-../010234/*(4:/0*<9*RA614CS0C*4886JA43A628*A2*4:86/-30*J62J023C43A62*-2A38*427*I6C*-..0C*

O89*/6T0C*U-4C3A/089*

RA614CS0C*1048-C0N*-2A3*A2JC01023*
V4P4C7*C43A68*A2*4:86/-30*

J62J023C43A62*-2A38**

V4P4C7*C43A6*I6C**

>35*O89*;83*U-4C3A/0*

(=' XUe!9G! 5E*),+1! (=' XUe!9G! 5E*),+1!
5D1.B,),).-.1'!A1$!U_!vK0,kR! W2YS! W2[^ZS2_b! WwW_EW_! W2U_! W2S\ZW2YU! bwW_EY!
3dF@!$)%-0!%0!%0%),!6)%%B!);-8:'!A1$!W_e! W2[X! W2b_xW2Y_! ^wW_EX! W2[U! W2SUZW2^\! WwW_E^!
hK17)E^!6)%%B!);-8:'!A1$!U!KK0,kR! _2[X! _2b^E_2^\! bwW_EU! _2YW! _2^WZ_2\[! YwW_EU!
5dF@'!A1$!U!KK0,kR! _2[X! _2bUE_2^\! WwW_EU! _2Yb! _2^WE_2\^! _2___b!
O(@'!A1$!_2U!KK0,kR! _2U^! _2[_Z_2YX! _2__W! _2\_! _2^XE_2Xb! _2__[!

()&)$8!$)%-0:!60$!6-$:%!;)$8-0*):;+,)$!1*1.%!L-%D!K1%)40,-%1:!-.!)4:0,+%1!;0.;1.%$)%-0.!+.-%:!TL-%D0+%!

,07E%$).:60$K!).8!/OE:;),-.7!A$-0$!%0!K1%)E).),B:-:V!).8!):!M+)$%-,1:2!=1:+,%:!)$1!6$0K!K1%)E).),B:-:!

);$0::!%D1!%D$11!;0D0$%:!T.aWb[[W'!WY[W!9NO!1*1.%:!8+$-.7!WSESb!B1)$:!60,,0LE+AV2!@.),B:1:!L1$1!

)8P+:%18!60$!)71'!:1Q'!4,008!A$1::+$1'!:K0>-.7'!7107$)AD-;),!$17-0.'!8-)41%1:'!;)$8-0*):;+,)$!

K18-;)%-0.!):!L1,,!):!%0%),!).8!(OR!;D0,1:%1$0,2!

!

!



! W_!TSUV!

! !

*!-../010234/*(4:/0*=9*+A8S*8J6C0*J60IIAJA0238*70CAO07*A2*350*@,'+,!K*83-7L*I6C*.C07AJ3A62*6I*

J4C7A6O48J-/4C*0O023*CA8S9*

W4CA4:/0*
+A8S*.C07AJ3A62*1670/*

TA356-3*:A614CS0C8*

+A8S*.C07AJ3A62*1670/*

TA35*:A614CS0C8*

9016! (=' XUe!9G! 5E*),+1! 9016! (=' XUe!9G! 5E*),+1!
F1K),1!71.81$* E_2U^Y! _2UY* _2[\Z_2^Y* SwW_EWW* E_2^Wb! _2U[* _2[^Z_2^[* YwW_EWb*
/B:%0,-;!4,008!A$1::+$1!l/Om* _2WUX! W2WY* W2_XZW2S^* WwW_EU* _2W[U! W2W^* W2_\ZW2S[* YwW_EU*
9+$$1.%!:K0>-.7!TB1:k.0V* _2[YU! W2^W* W2b^ZW2X_* SwW_E\* _2bYX! W2[^* W2SbZW2Yb* WwW_EU*
5$1*),1.%!8-)41%1:!TB1:k.0V* _2^Ub! W2XS* W2UYZS2bU* WwW_EW_* _2^^U! W2X[* W2UXZS2b\* XwW_EWW*
@.%-DBA1$%1.:-*1!K18-;)%-0.!TB1:k.0V! _2W_X! W2WS* _2X[ZW2bS* _2SW* _2W_b! W2WW* _2XbZW2bS* _2S[*
R-A-8!,0L1$-.7!K18-;)%-0.!TB1:k.0V* _2b_\! W2b^* W2_SZW2\W* _2_b* _2SXU! W2b[* W2_WZW2YX* _2_[*
C0%),!;D0,1:%1$0,!l/Om* _2W[U! W2W^* W2_\ZW2S[* \wW_EU* _2S[Y! W2S\* W2WYZW2[W* SwW_EY*
(OR!;D0,1:%1$0,!l/Om* E_2b^^! _2^X* _2^[Z_2Y^* jSwW_EW^* E_2bWU! _2Yb* _2^^Z_2\_* UwW_EWW*
1,>'5D1.B,),).-.1!l/Om!! x! x! x! x! _2SSU! W2SU! W2WUZW2b^! XwW_E\!
1,>'3dF@e'!

$)%-0!%0!%0%),!6)%%B!);-8:!l/Om!
x! x! x! x! E_2W[U! W2WW! W2_SZW2S_! _2_S!

1,>'hK17)E^!6)%%B!);-8:!l/Om! x! x! x! x! E_2WbY! _2\Y! _2YXZ_2X^! _2__[!
1,>'O(@!l/Om! x! x! x! x! _2W__! _2\^! _2\_Z_2X[! _2___[!

=17$1::-0.!;0166-;-1.%:!T;016V!60$!%D1!,-.1)$!A$18-;%0$:!06!%D1!$-:>!:;0$1!60$!6-$:%!;)$8-0*):;+,)$!1*1.%!):!!

81$-*18!-.!%D1!FGH=G/I!:%+8B2!CD1!;0$$1:A0.8-.7!D)&)$8!$)%-0:!T(='!1QA0.1.%-),!6+.;%-0.!5'06!%D1!

$17$1::-0.!;0166-;-1.%:V'!;0.6-81.;1!-.%1$*),:!).8!5E*),+1:!)$1!),:0!:D0L.!60$!1);D!*)$-)4,12!CL0!$-:>!

A$18-;%-0.!:;0$1:!L1$1!81$-*18?!)!$161$1.;1!$-:>!:;0$1!;0KA0:18!06!1:%)4,-:D18!$-:>!6);%0$:'!).8!)!$-:>!

:;0$1!6+$%D1$!-.;,+8-.7!%D1!60+$!K1%)40,-%1!4-0K)$>1$:!7-*-.7!$-:1!%0!%D1!41:%!K081,!6-%!-.!%D1!FGH=G/I!

:%+8B?!AD1.B,),).-.1'!%D1!$)%-0!06!3dF@!%0!%0%),!6)%%B!);-8:'!0K17)E^!6)%%B!);-8:'!).8!O(@2!CD1!4):1,-.1!

D)&)$8!%1$K!L):!81$-*18!L-%D-.!1);D!*),-8)%-0.!;0D0$%!8+1!%0!8-661$1.;1:!-.!D)&)$8!81A1.8-.7!0.!)71!

).8!7107$)AD-;),!$17-0.:2!CD1!%L0!$-:>!A$18-;%-0.!:;0$1:!L1$1!%D1.!+:18!%0!1:%-K)%1!%D1!)4:0,+%1!$-:>!

60$!;)$8-0*):;+,)$!1*1.%:!-.!%D1!/@J=<!).8!J"((/!*),-8)%-0.!:%+8-1:'!LD1$1!%D1!A$18-;%-*1!+%-,-%B!6$0K!

-.;,+8-.7!%D1!60+$!K1%)40,-%1:!-.!%D1!4-0K)$>1$!$-:>!:;0$1!L):!1Q)K-.182!

*



! WW!TSUV!

! !

!-../010234/*(4:/0*>9*+0J/488AIAJ43A62*34:/08*I6C*.06./0*43*A230C107A430*CA8S*A2*!)R+%*
427*RXVV!9*

/@J=<?!=1;,)::-6-;)%-0.!60$!A)$%-;-A).%:!L-%D!UZW_e!$-:>!4):18!0.!%D1!$161$1.;1!$-:>!:;0$1'!.a^U_!
,27AOA7-4/8*T56*547*4*
J4C7A6O48J-/4C*0O023 7-CA2B*
;?YL04C*I6//6TY-.*

+A8S*!J6C0*TA35*%834:/A8507*+A8S*@4J36C8*427*RA614CS0C8*

jUe!$-:>! UZW_e!$-:>! yW_e!$-:>!

+0I0C02J0*
+A8S*!J6C0** UZW_e!$-:>!! b!TYeV! SX!T^^eV! WS!TSYeV!

+0J/488AIAJ43A62*A1.C6O01023*I6C*.4C3AJA.4238*T56*0Z.0CA02J07*42*0O023[*<H2?\F9F]^*#_H9H<*

,27AOA7-4/8*T56*7A7*263*54O0*4*
J4C7A6O48J-/4C*0O023*7-CA2B*
;?YL04C*I6//6TY-.*

+A8S*!J6C0*TA35*%834:/A8507*+A8S*@4J36C8*427*RA614CS0C8!

jUe!$-:>! UZW_e!$-:>! zW_e!$-:>!

+0I0C02J0*
+A8S*!J6C0** UZW_e!$-:>! Wbb!TSWeV! b\_!T^beV! Xb!TWUeV!

+0J/488AIAJ43A62*A1.C6O01023*I6C*.4C3AJA.4238*T56*7A7*263*54O0*42*0O023[*D9D\<9?]^*#_H9HHF*

Q/A2AJ4/*203*C0J/488AIAJ43A62*A1.C6O01023[*<E9;\G2;]^*#_H9HH=*

J"((/?!=1;,)::-6-;)%-0.!60$!A)$%-;-A).%:!L-%D!UZW_e!$-:>!4):18!0.!%D1!$161$1.;1!$-:>!:;0$1'!.aWS\^!
,27AOA7-4/8*T56*547*4*
J4C7A6O48J-/4C*0O023*7-CA2B*
;<YL04C*I6//6TY-.*

+A8S*!J6C0*TA35*%834:/A8507*+A8S*@4J36C8*427*RA614CS0C8*

jUe!$-:>! UZW_e!$-:>! yW_e!$-:>!

+0I0C02J0*
+A8S*!J6C0** UZW_e!$-:>!! X!TW_eV! ^U!TYWeV! W\!TWXeV!

+0J/488AIAJ43A62*A1.C6O01023*I6C*.4C3AJA.4238*T56*0Z.0CA02J07*42*0O023[*G9F\?9D]^*#_H9HF*

,27AOA7-4/8*T56*7A7*263*54O0*4*
J4C7A6O48J-/4C*0O023*7-CA2B*
;<YL04C*I6//6TY-.*

+A8S*!J6C0*TA35*%834:/A8507*+A8S*@4J36C8*427*RA614CS0C8!

jUe!$-:>! UZW_e!$-:>! zW_e!$-:>!

+0I0C02J0*
+A8S*!J6C0** UZW_e!$-:>! Sb^!TS_eV! YX_!T^^eV! W^\!TW[eV!

+0J/488AIAJ43A62*A1.C6O01023*I6C*.4C3AJA.4238*T56*7A7*263*54O0*42*0O023[*?9E\;9E]^*#_H9HHHE*

Q/A2AJ4/*203*C0J/488AIAJ43A62*A1.C6O01023[*;?9?\?2G]^*#_H9HHG*

=1;,)::-6-;)%-0.!L):!1Q)K-.18!-.!%D1!*),-8)%-0.!;0D0$%:!4):18!0.!%D1!$-:>!A$18-;%-0.!:;0$1:!81$-*18!-.!

%D1!FGH=G/I!:%+8B!T;0166-;-1.%:!,-:%18!-.!/+AA,1K1.%),!C)4,1!bV2!CD1!1:%)4,-:D18!$-:>!6);%0$:!L1$1!)71'!

:1Q'!:B:%0,-;!4,008!A$1::+$1'!:K0>-.7!:%)%+:'!A$1*),1.%!8-)41%1:'!).%-DBA1$%1.:-*1!K18-;)%-0.'!,-A-8E

,0L1$-.7!K18-;)%-0.'!%0%),!;D0,1:%1$0,!).8!(OR!;D0,1:%1$0,2!CD1!4-0K)$>1$!$-:>!:;0$1!L):!6+$%D1$!

1Q%1.818!L-%D!,07E%$).:60$K18!AD1.B,),).-.1'!%D1!$)%-0!06!3dF@!%0!%0%),!6)%%B!);-8:'!0K17)E^!6)%%B!

);-8:'!).8!O(@2



! WS!TSUV!

! !

*!

!-../010234/*(4:/0*?9*(C4JSA2B*6I*:A614CS0C*J62J023C43A628*6O0C*3A10*TA35A2*350*8410*
A27AOA7-4/89*

&034:6/A30*:A614CS0C*
DYL04C*3C4JSA2B*

A2*350*`@!*J656C3*a2_;E?>b*
5)$%-),!;0$$1,)%-0.!lXUe!9Gm*

<HYL04C*3C4JSA2B*
A2*350*!)R+%*83-7L*a2_G;Db*
5)$%-),!;0$$1,)%-0.!lXUe!9Gm!

5D1.B,),).-.1! _2[W!l_2bYZ_2[[m! _2bW!l_2SUZ_2b^m!

3dF@e'!$)%-0!%0!%0%),!
6)%%B!);-8:!

_2[Y!l_2[bZ_2U_m! _2[U!l_2bXZ_2U_m!

hK17)E^!6)%%B!);-8:! _2[Y!l_2[bZ_2UWm! _2S_!l_2W[Z_2S^m!

5dF@! _2[Y!l_2[[Z_2USm! _2S_!l_2WbZ_2S^m!

O(@! _2[\!l_2[UZ_2USm! _2[X!l_2[[Z_2UUm!

5)$%-),!/A1)$K).c:!;0$$1,)%-0.!;0166-;-1.%:!lXUe!;0.6-81.;1!-.%1$*),:m!06!K1%)40,-%1!;0.;1.%$)%-0.:!

K1):+$18!60$!%D1!:)K1!-.8-*-8+),:!)%!%L0!%-K1EA0-.%:'!)8P+:%18!60$!)71!).8!:1Q2!!



! Wb!TSUV!

! !

!-../010234/*@AB-C0*;9*Q6CC0/43A62*504314.*6I*350*1034:6/A30*1048-C08*424/LP079*

!
90$$1,)%-0.!D1)%K)A!06!:1$+K!K1%)40,-%1!K1):+$1:!M+).%-6-18!4B!%D1!D-7DE%D$0+7DA+%!H3=!
K1%)40,0K-;:!A,)%60$K2WS!90,0$!;08-.7!-.8-;)%1:!/A1)$K).c:!;0$$1,)%-0.!;0166-;-1.%:!-.!%D1!FGH=G/I!
:%+8B!T.aYSU^V2!CD1!;0$$1,)%-0.!:%$+;%+$1!06!%D1!K1%)40,-%1:!L):!:-K-,)$!-.!%D1!0%D1$!;0D0$%:2WS'Wb!



! W[!TSUV!

! !

!-../010234/*@AB-C0*<9*&034:6/A30*4886JA43A628*TA35*A2JA7023*QWc*I6C*102*427*T6102*A2*350*
@,'+,!K*83-7L9*

!
31%)40,-%1!)::0;-)%-0.:!L-%D!-.;-81.%!9NO!-.!%D1!FGH=G/I!:%+8B!:%$)%-6-18!4B!:1Q!TbUY\!K1.kU^^!1*1.%:!
).8!b^Y\!L0K1.kSb[!1*1.%:!8+$-.7!WUEB1)$!60,,0LE+AV2!()&)$8!$)%-0:!)$1!A1$!WE/O!,07E%$).:60$K18!
K1%)40,-%1!;0.;1.%$)%-0.2!@.),B:1:!L1$1!)8P+:%18!60$!)71'!4,008!A$1::+$1'!:K0>-.7'!8-)41%1:!:%)%+:'!
7107$)AD-;),!$17-0.'!).8!;)$8-0*):;+,)$!K18-;)%-0.2!<$$0$4)$:!81.0%1!XUe!;0.6-81.;1!-.%1$*),:2!
!?!5j_2___Y!TK+,%-A,1!%1:%-.7!;0$$1;%-0.V2



! WU!TSUV!

! !

!-../010234/*@AB-C0*=9*&034:6/A30*:A614CS0C*J427A74308*I6C*A2JA7023*QWc*A2*350*@,'+,!K*
83-7L*4I30C*47d-831023*I6C*C6-3A20*/A.A789!

!
31%)40,-%1!)::0;-)%-0.:!L-%D!-.;-81.%!;)$8-0*):;+,)$!1*1.%:!-.!%D1!FGH=G/I!:%+8B!)%!.0K-.),!:-7.-6-;).;1!
T5j_2_UV!)6%1$!)8P+:%K1.%!60$!%0%),!).8!(OR!;D0,1:%1$0,!):!L1,,!):!)71'!:1Q'!4,008!A$1::+$1'!:K0>-.7'!
8-)41%1:'!).8!;)$8-0*):;+,)$!K18-;)%-0.2!()&)$8!$)%-0:!)$1!A1$!WE/O!-.;$1K1.%!-.!,07E%$).:60$K18!
K1%)40,-%1!;0.;1.%$)%-0.2!<$$0$4)$:!81.0%1!XUe!;0.6-81.;1!-.%1$*),:2!CD1:1!K1%)40,-%1!4-0K)$>1$!
;).8-8)%1:!L1$1!K1%)E).),B&18!L-%D!%D1!%L0!$1A,-;)%-0.!:%+8-1:!TF-7+$1!b!).8!/+AA,1K1.%),!F-7+$1!^V2!!



! W^!TSUV!

! !

!-../010234/*@AB-C0*>9 RA614CS0C*4886JA43A628*TA35*A2JA7023*QWc*-.62*477A3A624/*0ZJ/-8A62*
JCA30CA4*6C*J6O4CA430*47d-8310239*

*
31%)40,-%1!4-0K)$>1$:!60$!-.;-81.%!9NO!+A0.!)88-%-0.),!1Q;,+:-0.!0$!6+$%D1$!)8P+:%K1.%!-.!%D1!FGH=G/I!
:%+8B2!()&)$8!$)%-0:!)$1!A1$!WE/O!-.;$1K1.%!-.!,07E%$).:60$K18!K1%)40,-%1!;0.;1.%$)%-0.2!<$$0$4)$:!
81.0%1!XUe!;0.6-81.;1!-.%1$*),:2!!



! WY!TSUV!

! !

!-../010234/*@AB-C0*?9 )886JA43A628*6I*C6-3A20*/A.A7*1048-C08*I6C*A2JA7023*QWc*427*
J4C7A6O48J-/4C*16C34/A3L9*

!
()&)$8!$)%-0:!06!$0+%-.1!1.&BK)%-;!,-A-8!K1):+$1:!L-%D!-.;-81.%!9NO!).8!;)$8-0*):;+,)$!K0$%),-%B!-.!%D1!
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