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Metabolomic Profiles, Ideal Cardiovascular 
Health, and Risk of Heart Failure and Atrial 
Fibrillation: Insights From the Framingham 
Heart Study
Yi Li , MA*; Ayana Gray , BA*; Liying Xue , MS; Melissa G. Farb , PhD; Nir Ayalon , MD;  
Charlotte Andersson , MD, PhD; Darae Ko , MD, MSc; Emelia J. Benjamin , MD, ScM; Daniel Levy , MD; 
Ramachandran S. Vasan , MD; Martin G. Larson , SD; Jian Rong, PhD; Vanessa Xanthakis , PhD†;  

Chunyu Liu , PhD†; Jessica L. Fetterman , PhD† Deepa M. Gopal , MD, MS† 

BACKGROUND: The American Heart Association’s framework “ideal cardiovascular health” (CVH) focuses on modifiable risk fac-
tors to reduce cardiovascular disease (CVD). Metabolomics provides important pathobiological insights into risk factors and 
CVD development. We hypothesized that metabolomic signatures associate with CVH status, and that metabolites, at least 
partially, mediate the association of CVH score with atrial fibrillation (AF) and heart failure (HF).

METHODS AND RESULTS: We studied 3056 adults in the FHS (Framingham Heart Study) cohort to evaluate CVH score and in-
cident outcomes of AF and HF. Metabolomics data were available in 2059 participants; mediation analysis was performed to 
evaluate the mediation of metabolites in the association of CVH score and incident AF and HF. In the smaller cohort (mean age, 
54 years; 53% women), CVH score was associated with 144 metabolites, with 64 metabolites shared across key cardiometa-
bolic components (body mass index, blood pressure, and fasting blood glucose) of the CVH score. In mediation analyses, 3 
metabolites (glycerol, cholesterol ester 16:1, and phosphatidylcholine 32:1) mediated the association of CVH score with inci-
dent AF. Seven metabolites (glycerol, isocitrate, asparagine, glutamine, indole-3-proprionate, phosphatidylcholine C36:4, and 
lysophosphatidylcholine 18:2), partly mediated the association between CVH score and incident HF in multivariable-adjusted 
models.

CONCLUSIONS: Most metabolites that associated with CVH score were shared the most among 3 cardiometabolic compo-
nents. Three main pathways: (1) alanine, glutamine, and glutamate metabolism; (2) citric acid cycle metabolism; and (3) glyc-
erolipid metabolism mediated CVH score with HF. Metabolomics provides insights into how ideal CVH status contributes to 
the development of AF and HF.
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In 2010, the American Heart Association (AHA) re-
framed the approach to reduce cardiovascular dis-
ease (CVD) by introducing the concept of ideal 

cardiovascular health (CVH), a positive, holistic approach 
to health.1 Contrary to conceptualizing CVD develop-
ment in terms of a binary presence or absence of risk 

Correspondence to: Deepa M. Gopal, MD, MS, Boston University Chobanian & Avedisian School of Medicine, 72 E. Concord St – Suite 812D, Boston, 
MA 02118. Email: dmgopal@bu.eduand Jessica L. Fetterman, PhD, Boston University Chobanian & Avedisian School of Medicine, 600 Albany St, W-602A, 
Boston, MA, 02118. Email: jefetter@bu.edu

Supplemental Material is available at https://www.ahajo​urnals.org/doi/suppl/​10.1161/JAHA.122.028022

*Y. Li and A. Gray are co-first authors.
†V. Xanthakis, C. Liu, J. L. Fetterman, and D. M. Gopal share senior authorship.

For Sources of Funding and Disclosures, see page 12.

This manuscript was sent to Pamela N. Peterson, MD, Deputy Editor, for review by expert referees, editorial decision, and final disposition.

© 2023 The Authors. Published on behalf of the American Heart Association, Inc., by Wiley. This is an open access article under the terms of the Creative 
Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use 
is non-commercial and no modifications or adaptations are made. 

JAHA is available at: www.ahajournals.org/journal/jaha

https://orcid.org/0000-0002-5544-750X
https://orcid.org/0000-0002-5081-6951
https://orcid.org/0009-0006-9281-4598
https://orcid.org/0000-0002-6811-4384
https://orcid.org/0000-0002-0480-1249
https://orcid.org/0000-0001-6019-8627
https://orcid.org/0000-0002-1174-7535
https://orcid.org/0000-0003-4076-2336
https://orcid.org/0000-0003-1843-8724
https://orcid.org/0000-0001-7357-5970
https://orcid.org/0000-0002-9631-1254
https://orcid.org/0000-0002-7352-621X
https://orcid.org/0000-0002-9160-0153
https://orcid.org/0000-0002-9286-7538
mailto:
https://orcid.org/0000-0003-3534-9360
mailto:
mailto:dmgopal@bu.edu
mailto:jefetter@bu.edu
https://www.ahajournals.org/doi/suppl/10.1161/JAHA.122.028022
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://www.ahajournals.org/journal/jaha


J Am Heart Assoc. 2023;12:e028022. DOI: 10.1161/JAHA.122.028022� 2

Li et al� Metabolomics and Ideal Cardiovascular Health

factors, the AHA CVH score provides a platform for a 
non-zero-sum approach in decreasing CVD. The AHA 
CVH score empowers both patients and clinicians alike 
to actively optimize CVH components over the course of 
a lifetime to not only mitigate CVD development, but also 
to enhance primordial prevention.1,2

The construct of ideal CVH is composed of 7 com-
ponents: ideal body mass index (BMI), nonsmoking, 
physical activity at goal levels, healthy diet consistent 
with current guideline recommendations, untreated 
and controlled total cholesterol, blood pressure, and 
the absence of diabetes. Individuals with higher CVH 
scores3–6 have lower rates of CVD and decreased all-
cause mortality.7 Importantly, ideal CVH associates 
with lower incident HF8–10 and AF.11–13

The biologic underpinnings of the association of 
ideal CVH with lower risk of HF and AF are not well-
defined. Metabolomics offers a unique reflection of 
gene and protein functional activity and provides im-
portant pathobiological insights into CVD risk factors 
and development.14 Whether circulating metabolites 
relate to ideal CVH status and mediate the association 
between ideal CVH and AF and HF has not been fully 
elucidated. Accordingly, we hypothesized that metab-
olomic signatures (lipid and nonlipid metabolites) asso-
ciate with the CVH score, and that metabolites partly 
mediate the association of CVH score with AF and HF.

METHODS
All participants gave written informed consent, and all 
protocols were approved by the Institutional Review 
Board of Boston University Medical Center. All data 
and materials have been made publicly available at the 
Biologic Specimen and Data Repository Information 
Coordinating Center repository and can be accessed 
at https://bioli​ncc.nhlbi.nih.gov/studi​es/framc​ohort/. 
Code used for analysis is available upon reason-
able request and for collaboration and reproducibility 
purposes.

Study Sample
The study design and methodology for the Fra
mingham Offspring Study has previously been de-
scribed.15 Of the 3799 participants in the Offspring 
cohort who attended a routine fifth examination cycle 
(1991–1995), referred to as the baseline for the pres-
ent investigation, 2 sample sets were used for the 
analysis (Figure  1). For the analysis evaluating the 
CVH components and incident outcomes of AF and 
HF, participants with missing CVH metrics (n=525), 
prevalent AF or HF (n=57), and lacking follow-up time 
(n=161) were excluded, yielding a base sample of 
3056 available for analysis (sample 1). For the sec-
ond sample, profiling of polar positive-charge, polar 
negative-charge, and lipid metabolites were not avail-
able in 997 individuals, yielding a total sample of 2059 
(sample 2) included for all analyses with metabolites 
and mediation.

AHA Cardiovascular Health Score
A CVH score was constructed for each participant by 
assigning a score of 0 (poor status), 1 (intermediate 
status), or 2 (ideal status) to each of the 7 AHA CVH 
metrics (Table S1).3,16 Every individual was assigned a 
CVH score ranging from a minimum value of 0 (poor 
CVH) to maximum of 14 (ideal CVH) by summing the 
scores of each metric. BMI, blood pressure, choles-
terol, fasting blood glucose, and self-reported smoking 

CLINICAL PERSPECTIVE

What Is New?
•	 In a cohort of 2059 Framingham Heart Study 

participants with ideal cardiovascular health 
(CVH) metrics and metabolomics, 144 metab-
olites associated with CVH score; most of the 
significant metabolites were lipid species and 
shared by 3 key cardiometabolic components 
of the CVH score (body mass index, blood pres-
sure, and fasting blood glucose).

•	 In mediation analyses with multivariable-
adjusted models, several lipid metabolites (glyc-
erol, cholesterol ester 16:1, phosphatidylcholine 
32:1) partially mediated the association of CVH 
score and incident atrial fibrillation.

•	 Glycerol, isocitrate, asparagine, glutamine, indole-
3-proprionate, phosphatidylcholine C36:4, and 
lysophosphatidylcholine 18:2 partly mediated the 
association between CVH score and incident HF.

What Are the Clinical Implications?
•	 The circulating metabolome may lend insight on 

key alterations in metabolic pathways with dif-
ferent CVH scores and possible biology of ben-
efit observed when modifiable risk factors, and in 
turn, CVH scores, are optimized in individuals with 
mitigation in atrial fibrillation and heart failure risk.

•	 Validation of metabolomic signatures in well-
phenotyped cohorts may reveal novel meta-
bolic pathways in complex diseases, such as 
heart failure, to help direct future mechanistic 
studies, biomarkers, and therapeutics.

Nonstandard Abbreviations and Acronyms

CE	 cholesterol ester
CVH	 cardiovascular health

https://biolincc.nhlbi.nih.gov/studies/framcohort/
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status were measured at routine FHS (Framingham 
Heart Study) visits. As previously published, ideal diet 
and physical activity metrics proposed by the AHA 
guidelines were aligned with the FHS physical activity 
index and food frequency questionnaire administered 
at the fifth examination to create the diet and physical 
activity components of the CVH score.6,9

Outcome Events
Incident HF was determined by a physician adjudica-
tion panel who reviewed all inpatient, outpatient, and 
FHS history and physical examinations, applying the 
well-established FHS epidemiological criteria for HF.17 
Incident HF events included participants hospitalized 
for HF and those meeting FHS HF criteria without hos-
pitalization. HF with preserved ejection fraction (HFpEF) 
was defined with left ventricular ejection fraction ≥50% 
and HF with reduced ejection fraction (HFrEF) with left 
ventricular ejection fraction <50% at the time of HF 
diagnosis.

During FHS examination visits, 12-lead ECGs were 
obtained, in addition to physical examinations and 
standardized questionnaires. A physician adjudica-
tion panel reviewed outpatient records, inpatient ad-
missions, and ECGs (with outside ECGs sought in 

individuals with high suspicion of heart rhythm disor-
der) and the diagnosis of AF (or atrial flutter) was made 
if at least 2 FHS cardiologists verified the rhythm ab-
normality on a collected ECG (including Holter ECG, 
telemetry, or other monitoring platform).

Metabolomics
Plasma samples, collected in EDTA at the fifth exami-
nation following an overnight fast, were immediately 
processed, and stored at −80 °C until assayed. Liquid 
chromatography with tandem mass spectrometry 
platform and hydrophilic interaction chromatography 
method was performed for targeted metabolite profil-
ing as previously described.18–20 Negatively charged 
polar metabolites (ie, organic acids, bile acids, and 
sugars), positively charged polar metabolites (ie, amino 
acids, urea cycle intermediates, nucleotides), and lipid 
metabolite species (ie, cholesterol esters, diacylglyc-
erols, lysophosphatidylcholines, lysophosphatidyle-
thanolamines, phosphatidylcholines, syphingomyelins, 
triacylglycerols) were profiled.18–21 Lipid metabolite no-
menclature was notated with the first number indicating 
the total number of carbons in the lipid acyl chain and 
the number following the colon denoting the number 
of double bonds. Five metabolites with missing values 

Figure 1.  Cohort flow diagram and sample sizes for cardiovascular health score and metabolite analyses.
In FHS (Framingham Heart Study), 3799 Generation 2 participants completed Exam 5. A total of 743 participants were excluded 
because of missing data related to cardiovascular health metrics, presence of prevalent atrial fibrillation or heart failure, or without 
follow-up time. A total of 3056 participants were included in the cardiovascular health score and incident atrial fibrillation and heart 
failure Cox regression models (sample 1). An additional 997 individuals did not have metabolomic data available and were excluded 
from the metabolomics analysis; 2059 were ultimately used for statistical analyses with metabolomic data (sample 2). AF indicates 
atrial fibrillation; CVH, cardiovascular health; and HF, heart failure.
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in greater than 1000 participants were excluded; thus, 
212 metabolites were used in the analysis.

Statistical Analysis
A multistep analytic plan was used to test the hypoth-
esis that metabolites mediate the association between 
ideal CVH and incident AF and HF (Figure 2). We as-
signed the CVH score for each participant from 0 to 
14 (as described above). For primary analyses, the 
CVH score was used as a continuous variable. For 
metabolomic analyses, each metabolite measurement 
was natural logarithmically transformed, centered to 
mean zero, and scaled using an SD of 1. Metabolite 
values beyond ±4 SDs were set at ±4 SD. Using this 
approach, all metabolites were normally distributed.

Association of CVH Score and Incident AF and 
HF (Path A)

For the first step, we investigated the association of 
CVH score with incident AF and incident HF in Cox 
proportional hazard regression models, adjusting for 
age and sex, after confirming the assumption of pro-
portionality of hazards was met (separate model for 
each outcome). As the relations of CVH score with 
incident HF in FHS9 and with incident AF in other co-
horts13,22 have been previously reported, we addition-
ally modeled individual components of the CVH score 
to identify which of the individual components contrib-
ute to the greatest magnitude of association of CVH 
score with AF and HF. In exploratory analyses, the as-
sociation of CVH score with HF subtypes (HFpEF and 

HFrEF) in Cox regression models (as described above) 
were also evaluated.

Association of CVH Score and Metabolites  
(Path B)

In the second step, we evaluated the cross-sectional 
association between CVH score (independent variable) 
and each of the 212 metabolites (dependent variable) in 
separate age-, sex-, estimated glomerular filtration rate 
(eGFR)-, and sibship-adjusted linear mixed models. In 
addition, we assessed the association of metabolites 
and each of the seven CVH components using each 
component score as a continuous variable. We char-
acterized the overlap of metabolites and CVH compo-
nents. Multiple hypothesis testing was accounted for 
using the false discovery rate (FDR) adjusted meth-
odology of Benjamini and Hochberg23 with a P value 
≤0.05 considered significant. To gain insight into meta-
bolic pathways associated with the CVH score com-
ponents, we performed a pathway enrichment analysis 
of the metabolites associated with CVH score using 
MetaboAnalyst v5.24

Association of Metabolites and Incident AF and 
HF (Path C)

For the third step, we investigated the association of 
the significant metabolites from the previous step (Path 
B) with the association of incident AF and HF (sepa-
rate model for each outcome), adjusting for age-, sex-, 
and eGFR, using Cox proportional hazards regres-
sion. Multiple testing was applied in this step with FDR 
adjusted P value ≤0.05 considered significant. Similar 
models were constructed for HFrEF and HFpEF. eGFR 
was included in all models with metabolite data as 
known renal function has been shown to decline over 
time in the FHS cohort.25 Further, based upon sen-
sitivity analyses, we chose to include baseline renal 
function as a covariate between metabolites and the 
outcomes of interest.

Mediation Analysis

For our final step, mediation analysis was used to 
examine whether metabolites mediate the associa-
tion of CVH score with incident AF and HF. Only vari-
ables that were statistically significant in the 3-way 
associations described in paths A–C (ie, all 3 asso-
ciations were significant at P<0.05) were included in 
mediation analysis (Figure  2).26 The application of 
VanderWeele’s approach to mediation analysis was 
used (PROC CAUSALMED procedure, SAS 9.4).27,28 
The hazard ratio for total effect, natural indirect effect, 
and natural direct effect were calculated. All mediation 
analyses included age, sex, and eGFR as covariates. 

Figure 2.  Statistical approach with a path diagram of the 
mediation analysis.
One-way regression models were used to evaluate the relation 
between cardiovascular health score (predictor) and incident 
atrial fibrillation or heart failure (outcomes) (A); cardiovascular 
health score and metabolite (B); and metabolites and incident 
atrial fibrillation and heart failure (C). Significant variables in all 
3 steps for each of the outcomes were then used in mediation 
analysis to determine whether the metabolite mediates the 
association between cardiovascular health score and incident 
atrial fibrillation or heart failure. AF indicates atrial fibrillation; 
CVH, cardiovascular health; and HF, heart failure.
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Analyses were performed using R version 4.0.3 (The 
R Foundation for Statistical Computing) and SAS soft-
ware version 9.4 (SAS Institute, Cary, NC).

RESULTS
The baseline characteristics of sample 1, the larger 
sample, are shown in Table 1. Participants were middle-
aged to older adults with a mean age of 54 years with 
women comprising 54% of the cohort. The prevalence 
of obesity was 24% and prevalence of hypertension 
was 53%. Sample 2, the smaller cohort used for me-
tabolite and mediation analysis, had similar baseline 
characteristics (see Table S2). The mean CVH score for 
sample 1 by sex was 9±2 for women and 8±2 for men 
with only 25% of women and 13% of men classifying 
as “optimal” (CVH score >10; Figure S1). Except for the 
physical activity component, women had a higher per-
centage of ideal CVH components, particularly in ideal 
cardiometabolic domains (BMI, blood pressure, and 
fasting blood glucose). The only 2 components that 
achieved greater than 50% of individuals classifying as 
ideal were fasting blood glucose and smoking status 
(Figure S2).

Association of CVH Score and Score 
Components With AF and HF Risk
In 3056 participants (sample 1), 554 individuals devel-
oped AF (median follow-up of 18.3 years) and 185 indi-
viduals developed HF (median follow-up of 18.4 years). 
In age- and sex-adjusted models, each unit increase 
in CVH score decreased the hazard ratio (HR) for 
AF incidence by 9% (HR, 0.91 [95% CI 0.86–0.97]). 
Additionally, each unit increase in CVH score resulted 
in a 23% reduction in HR for HF incidence (HR, 0.77  
[95% CI 0.68–0.89]). A greater number of ideal cardio-
metabolic CVH components (ideal BMI, blood pressure, 
fasting blood glucose) was associated with a lower pro-
portion of incident AF and HF events (Figure 3).

To identify the key CVH components explaining the 
association of CVH score with incident AF and HF (in 
separate models for each outcome), we investigated 
the association of each CVH component score with 
AF and HF outcomes as a continuous variable with 
the hazard ratio reflecting per unit increase in category 
score in age- and sex-adjusted models (Table S3). The 
largest reductions in AF hazard ratios were observed 
when 3 cardiometabolic components (BMI, blood pres-
sure, and fasting blood glucose) of the CVH score were 
ideal. Similarly, ideal scores for BMI, blood pressure, 
and fasting blood glucose conferred the lowest hazard 
ratios for HF development. Ideal smoking status and 
active physical lifestyle also reduced incident HF risk 
but to a lesser extent than ideal BMI, blood pressure, 
and fasting blood glucose. Ideal total cholesterol was 

not associated with either incident AF or incident HF 
development when evaluated as an individual compo-
nent. As 3 of the 4 classic cardiometabolic traits were 

Table 1.  Clinical Characteristics of FHS Participants With 
Cardiovascular Health Data

Characteristic
Women 
(n=1649)

Men 
(n=1407)

Age, y 54 (10) 55 (10)

Body mass index, kg/m2 27 (6) 28 (4)

Systolic blood pressure, mm Hg 124 (20) 129 (17)

Diastolic blood pressure, mm Hg 73 (10) 77 (10)

Antihypertensive medications, % 274 (17) 269 (19)

Total cholesterol, mg/dL 208 (38) 202 (35)

HDL, mg/dL 57 (15) 43 (11)

Fasting glucose, mg/dL 97 (25) 104 (30)

Diabetes medication, % 38 (2) 58 (4)

eGFR, mL/min per 1.73 m2 68 (15) 75 (16)

Smoking, % 318 (19) 251 (18)

CVH score metrics

CVH score 9 (2) 8 (2)

CVH category frequency, %

Smoke

Poor 318 (19) 251 (18)

Intermediate 0 (0) 0 (0)

Ideal 1331 (81) 1156 (82)

Body mass index

Poor 352 (21) 378 (27)

Intermediate 533 (32) 727 (52)

Ideal 764 (46) 302 (22)

Blood pressure

Poor 346 (21) 357 (25)

Intermediate 614 (37) 683 (49)

Ideal 689 (42) 367 (26)

Total cholesterol

Poor 305 (19) 176 (13)

Intermediate 650 (39) 598 (43)

Ideal 694 (42) 633 (45)

Fasting blood glucose

Poor 75 (5) 113 (8)

Intermediate 333 (20) 466 (33)

Ideal 1241 (75) 828 (59)

Physical activity

Poor 354 (22) 223 (16)

Intermediate 742 (45) 511 (36)

Ideal 553 (34) 673 (48)

Diet

Poor 559 (34) 650 (46)

Intermediate 1015 (62) 709 (50)

Ideal 75 (5) 48 (3)

Continuous variables represent mean (SD); categorical variables represent 
number (percentage). CVH indicates cardiovascular health; eGFR, estimated 
glomerular filtration rate; FHS, Framingham Heart Study; and HDL, high-
density lipoprotein.
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significantly associated with incident AF and HF, we re-
stricted the “cardiometabolic components” to include 
BMI, blood pressure and fasting blood glucose from 
this point forward in this analysis.

A sensitivity analysis was performed to evaluate the 
presence of interim myocardial infarction with incident 
HF. Of the 132 participants with incident HF develop-
ment during the follow-up of this study, 20 participants 
had prevalent coronary artery disease with a history 
of myocardial infarction. 51 participants had interim 
myocardial infarctions (defined as any new myocardial 
infarction event from baseline visit to end of follow-up); 
20 were diagnosed with HFpEF and 24 with HFrEF (7 
individuals had missing myocardial infarction data). 
From Sample 1 (n=3056), 78 observations had miss-
ing data, leaving a total of n=2978 participants with 
165 HF events to evaluate interim myocardial infarc-
tion as covariate in the models of CVH score with inci-
dent HF in age- and sex-adjusted models. Adjustment 
with interim myocardial infarction in Cox proportional 
hazard models showed a similar association of CVH 
score (per 1-unit increase) with incident HF (HR, 0.83 
[95% CI 0.77–0.89], P value <0.001) compared to anal-
yses without interim myocardial infarction adjustment 
(Table S3). Thus, further multivariable analyses did not 
include interim myocardial infarction as it did not sig-
nificantly affect the association between CVH score 
and incident HF.

Associations Between CVH Score and 
Score Components With Metabolites
In sample 2 (n=2059), using separate age-, sex-, 
eGFR-, and random effect-adjusted linear mixed mod-
els, CVH score was associated with 144 of the 212 
metabolites, using an FDR-adjusted P value of 0.05. 
The number of metabolites that were associated with 
total CVH score and each of the CVH components are 
shown in Table S4. Three of four cardiometabolic CVH 
components (ideal BMI, blood pressure, fasting blood 
glucose) shared the greatest number of overlapping 
metabolites (n=67) with 64 of these metabolites over-
lapping with total CVH score (41 lipids, 64% of total 
metabolite panel; Figure  4A; Figure  S3). The metab-
olites associated with these 3 cardiometabolic com-
ponents of the CVH score are enriched in amino acid 
metabolism, particularly glucose-alanine cycle, alanine 
metabolism, and lactose degradation (Figure  4B). In 
contrast, the CVH components smoking, physical ac-
tivity, and diet had the fewest number of metabolites 
overlapping with the CVH score (Figure S4) and these 
3 components shared no significant metabolites with 
each other (Figure S3).

We then evaluated the lipid metabolites separately 
to assess the relations between the type of lipid, car-
bon length, and saturation to total CVH score. Overall, 
most metabolites that related to CVH score were lip-
ids (72%). A trend of increasing carbon length and less 
saturation (more double bonds) was noted across sev-
eral of the lipid species, specifically cholesterol esters, 
lysophosphatidylcholines, and phosphatidylcholines, 
and associated with higher CVH scores. The relations 
of carbon length and saturation with CVH score was 
less defined in triacylglycerols, syphingomyelins, and 
diacylglycerols (Figure 4C; Figure S5).

Metabolite Associations With Incident AF 
and HF
Using Cox proportional hazard models, we evaluated 
the association of the CVH score-related 144 metabo-
lites with incident AF and HF, adjusting for age, sex, and 
eGFR. Two long-chain fatty acid species, cholesterol 
ester 16:1 and phosphatidylcholine 32:1, associated 
with higher AF risk (HR, 1.26 [95% CI, 1.12–1.42], FDR-
adjusted P value 0.022; HR, 1.24 [95% CI, 1.10–1.39], 
FDR-adjusted P  value 0.037; respectively) per unit in-
crease of log-transformed metabolite. Glycerol levels 
were associated with AF development (HR, 1.29 [95% CI,  
1.11–1.49], FDR-adjusted P value 0.037; Figure  5A; 
Table  S5). Eight metabolites, including 6 nonlipid me-
tabolites (glycerol, isocitrate, asparagine, glutamine, α-
hydroxybutyrate, and indole-3-propionate), and 2 lipid 
metabolites (phosphatidylcholine-A 36:4, lysophos-
phatidylcholine 18:2), were associated with incident HF 
(Figure 5B; Table S5).

Figure 3.  Number of ideal cardiometabolic cardiovascular 
health components and proportion of atrial fibrillation and 
heart failure events.
Participants with a greater number of ideal cardiometabolic 
components (cardiometabolic cardiovascular health components 
defined using blood pressure, obesity, and fasting blood glucose 
metrics) was associated with a lower proportion of incident atrial 
fibrillation and heart failure events. AF indicates atrial fibrillation; 
CVH, cardiovascular health; and HF, heart failure.
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Metabolite Associations in HFpEF Versus 
HFrEF
HF is a heterogeneous syndrome with differing patho-
biology and mechanisms underpinning the 2 main HF 
subtypes, HFpEF and HFrEF. Consequently, metabolic 
associations may be diluted by grouping all HF cases to-
gether and hence, in exploratory analyses, we evaluated 
the association of CVH score and metabolites with HF 

subtypes. In sample 1, a total of 72 HFpEF and 74 HFrEF 
cases were observed (Figure S6). Total CVH score was 
inversely associated with HFpEF risk (HR, 0.75 [95% CI 
0.67–0.84], P<0.0001) and HFrEF risk (HR, 0.77 [95% CI 
0.68–0.86], P<0.0001) in age- and sex-adjusted mod-
els. Restricting our analysis to the 144 metabolites sig-
nificantly associated with CVH score, 13 metabolites 
related to HFrEF: 10 non-lipid metabolites (isocitrate, 

Figure 4.  Overlap of metabolites associated with cardiovascular health (CVH) score and cardiometabolic CVH components.
Of the 144 metabolites associated with the CVH score in multivariate models (false discovery rate adjusted P value ≤0.05), 64 metabolites 
were shared across the cardiometabolic components of the CVH score (body mass index, blood pressure, and fasting blood glucose) 
and composite CVH score (A). Pathway analysis of the 23 non-lipid metabolites (of the 64 shared metabolites of the CVH score and 
cardiometabolic components) indicate that the glucose-alanine, alanine, and lactose degradation pathways are enriched (B). Of the 64 
shared metabolites between the CVH score and ideal cardiometabolic components (body mass index, blood pressure, fasting blood 
glucose), 23 were non-lipid metabolites and 41 were lipid metabolites (cholesterol ester, diacylglycerol, lysophosphatidylcholine, 
phosphatidylcholine, triacylglycerol) (C). BMI indicates body mass index; BP, blood pressure; CVH, cardiovascular health; FBG, 
fasting blood glucose; and FDR, false discovery rate.

A

C

B



J Am Heart Assoc. 2023;12:e028022. DOI: 10.1161/JAHA.122.028022� 8

Li et al� Metabolomics and Ideal Cardiovascular Health

aminoadipate, dimethylglycine, carbamoylalanine, quino-
linate, intermediates of glycolysis and pentose phosphate 
pathway [fructose-1-phosphate; fructose-6-phosphate; 
glucose-1-phosphate; glucose-6-phosphate], adenosine 
monophosphate, phosphoglycerate, ornithine, and xan-
thosine) and 3 lipid metabolites (phosphatidylcholine-A 
36:4, lysophosphatidylcholine 18:2, and lysophosphati-
dylcholine 22:6) (Figure  5C; Table  S6). Interestingly, 3 
metabolites were associated with HFpEF risk in fully 
adjusted models: 2 non-lipid metabolites (glycerol, glu-
tamine) and 1 lipid metabolite (phosphatidylcholine-A 
36:4; Figure 5D; Table S6).

Metabolites as a Mediator Between CVH 
Score and Incident AF and HF
All variables that fulfilled the assumption of a 3-way as-
sociation between CVH score, metabolites, and each 
of the outcomes (incident AF or incident HF) were en-
tered into formal mediation analyses with Cox mod-
els. All 3 metabolites that were significantly associated 

with incident AF, glycerol, cholesterol ester 16:1, and 
phosphatidylcholine 32:1 were retained in mediation 
analysis. Seven metabolites (5 non-lipids: glycerol, 
isocitrate, asparagine, glutamine, indole-3-propionate; 
2 lipid species: phosphatidylcholine-A 36:4, lysophos-
phatidylcholine 18:2) significantly mediated the associ-
ation of CVH score with incident HF; α-hydroxybutyrate 
was not significant in FDR-adjusted analyses (Table 2). 
Pathway analysis of these metabolites highlights 3 
main pathways: (1) alanine, glutamine, and glutamate 
metabolism; (2) citric acid cycle metabolism; and (3) 
glycerolipid metabolism (Figure S7).

In secondary and exploratory analyses, we evalu-
ated metabolites as a mediator between CVH score 
and HF subtypes. Glycerol (24%), glutamine (5%), and 
phosphatidylcholine-A 36:4 (5%) mediated the associ-
ation of CVH score with HFpEF (Table 3). Multiple me-
tabolites, including metabolites in the citric acid cycle, 
urea metabolism, and long-chain fatty acids species 
were significant mediators of HFrEF (Table 3).

Figure 5.  Metabolomic profile of incident atrial fibrillation, incident heart failure, and heart failure subtypes.
A series of volcano plots (A through D) depicting significant metabolites with atrial fibrillation, heart failure, and heart failure subtypes. 
Orange indicates significant lipid metabolites; green indicates significant non-lipid metabolites. All analyses are age-, sex-, and 
estimated glomerular filtration rate-adjusted models using a significance of 5% false discovery rate level. HFrEF indicates heart failure 
with reduced ejection fraction; and HFpEF, heart failure with preserved ejection fraction.

A B
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DISCUSSION
Higher CVH scores associate with reduced cardio-
vascular events, strokes, cardiovascular mortality, 
and all-cause mortality in several prospective cohort 
studies.3–7,29 Our investigation extends the known as-
sociation of CVH score with incident AF in other co-
horts to the FHS. Using targeted metabolomics, we 
identified 144 metabolites associated with CVH score, 
with the greatest number of metabolites shared among 
3 cardiometabolic components: BMI, blood pressure, 
and fasting blood glucose. Among the metabolites as-
sociated with CVH score, 3 metabolites partly medi-
ated the association between CVH score and incident 
AF, and 7 metabolites partly mediated the association 
between CVH score and incident HF. In exploratory 
analyses, we found that the metabolites mediating the 
association of CVH score with incident HFpEF differed 
from the metabolites mediating the association of CVH 
score with incident HFrEF.

Association of CVH Score With AF and HF
Several studies have shown a lower CVH score asso-
ciates with increased risk of AF11,13,22 and this present 
investigation extends similar findings in FHS. Our find-
ings build on the concept of approaching CVD risk as 
a fluid entity and active optimization of CVD risk factors 
throughout an individual’s lifetime decreases cardio-
vascular risk. More recent studies have found that not 
only elevated risk factor burden, but also the addition of 

genetic predisposition elevates AF risk with lower risk 
factor burden associating with later AF onset after ad-
justment for polygenic risk.29,30 Similarly, ideal CVH as-
sociates with lower incident HF.8–10 Collectively, these 
findings strengthen the argument for clinicians and pa-
tients alike to continually work together to strategize 
and implement lifestyle and health behaviors, along-
side effective therapeutics, to address modifiable CVD 
risk factors to mitigate both AF and HF risk.

Metabolites and CVH Score
FHS investigators previously evaluated the association 
of metabolites to CVH score restricting their analy-
ses to 12 metabolites that concomitantly associated 
with longevity; of the 12 metabolites, the lowest ter-
tiles of isocitrate and aconitate were associated with 
higher CVH scores.31 We extended these prior find-
ings by fully investigating the entire targeted platform 
of 212 metabolites measured in FHS. We found 144 
metabolites associated with CVH score. Evaluating the 
intersection of each of the 3 key cardiometabolic com-
ponents (BMI, blood pressure, fasting blood glucose) 
and total CVH score, we noted 64 shared metabo-
lites with a lipid species majority composed of long-
chain triacylglycerols (fatty-acid tails of ≥22 carbons). 
Consistent with prior studies associating metabolites 
with obesity and insulin resistance,18,32–35 we observed 
both shorter carbon length triacylglycerols with a lower 
number of double-bonds (ie, more saturation with 
hydrogen ions) and diacylglycerols presence overall 

Table 2.  Metabolites as a Mediator Between CVH Score and Incident AF and HF

Metabolites

Total effect Direct effect Indirect effect = mediated

Sample Event

HR 95% CI HR 95% CI HR 95% CI

FDR %

P 
value Mediated Size (n)

Incident AF

Glycerol 0.92 0.86–0.98 0.94 0.88–1.00 0.97 0.96–0.99 0.009 25† 1561 276

Cholesterol ester 16:1 0.92 0.87–0.97 0.93 0.88–0.98 0.98 0.97–0.99 0.009 15† 1476 296

Phosphatidylcholine 32:1 0.92 0.86–0.97 0.93 0.88–0.99 0.97 0.96–0.99 0.009 24† 1476 296

Incident HF

Glycerol 0.78 0.70–0.86 0.81 0.72–0.90 0.96 0.93–0.98 0.008 15* 1561 91

Isocitrate 0.77 0.69–0.85 0.80 0.72–0.89 0.95 0.92–0.98 0.008 15* 1474 91

Asparagine 0.75 0.68–0.82 0.77 0.70–0.84 0.97 0.96–0.99 0.008 7* 1765 111

Glutamine 0.75 0.68–0.83 0.76 0.69–0.84 0.98 0.97–0.99 0.029 4* 1765 111

α-hydroxybutyrate 0.79 0.71–0.87 0.80 0.72–0.88 0.98 0.96–1.00 0.074 6 1474 91

Indole-3-proprionate 0.78 0.70–0.86 0.80 0.72–0.88 0.98 0.96–0.99 0.043 7† 1474 91

Phosphatidylcholine-A 36:4 0.78 0.70–0.86 0.80 0.72–0.88 0.97 0.96–0.99 0.008 9* 1476 91

Lysophosphatidylcholine 18:2 0.78 0.70–0.86 0.80 0.72–0.88 0.98 0.96–0.99 0.029 6* 1487 91

Values are hazard ratios (HR), 95% CI, and P values. Each hazard ratio change represents the change in log-metabolite per 1-SD increase in metabolite in the 
association of cardiovascular health score and incident atrial fibrillation and heart failure. AF indicates atrial fibrillation; CVH, cardiovascular health; and HF, heart 
failure. Lipid nomenclature: the first number indicates the carbon length, and the subsequent number after the colon indicates the number of double bonds.

*P<0.05.
†P<0.10.
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associated with lower CVH score and lower number of 
ideal cardiometabolic components. In our study, select 
citric acid cycle metabolites (citrate, aconitate, isoci-
trate, α-ketoglutarate, fumarate-malate) were inversely 
related with a higher CVH score, further supporting the 
importance of a functional citric acid cycle for CVH. 
This finding is consistent with prior studies associating 
elevated citric acid cycle metabolites with insulin resist-
ance, obesity, and blood pressure.18,36,37

Metabolic Mediators of CVH Score and 
AF and HF
In our mediation analyses, we found that lipid species, 
specifically higher metabolite levels of glycerol, cho-
lesterol ester 16:1, and phosphatidylcholine 32:1, were 
associated with higher risk of incident AF. To date, a 
limited number of studies have evaluated the relation-
ship between circulating metabolites and AF.38–44 In 
the community-based ARIC (Atherosclerosis Risk in 
Community) Study, glycolithocholate sulfate and gly-
cocholenate sulfate (bile acid metabolites) in Black in-
dividuals38 and pseudouridine and uridine (pyrimidine 

metabolism), and acisoga (polyamine metabolism) were 
associated with incident AF.39 However, a prior FHS 
study found no association of AF risk with the 217 me-
tabolites in the sample studied with 156 AF events with 
10 years of follow-up.44 The current study had greater 
statistical power with 388 AF events with >18 years of 
follow-up (sample 2 analysis) and we restricted our 
analyses to metabolites that were significantly associ-
ated with CVH score. Congruent with our results, lipid 
metabolites have been consistently noted with lower 
levels of free fatty acid species (monounsaturated, 
polysaturated, and unsaturated),41 elevated phosphati-
dylcholine species41 and 9-decenoylcarnitine (oxida-
tive metabolite with a fatty acid esterified to a carnitine 
molecule),43 and lower lysophosphatidylcholine 20:340 
conferring greater AF risk.

Seven metabolites (5 non-lipids: glycerol, isocitrate, 
asparagine, glutamine, indole-3-propionate; 2 lipid 
species: phosphatidylcholine-A 36:4, lysophosphati-
dylcholine 18:2) mediated the association of CVH score 
with incident HF in the present study. Pathway analy-
sis of these metabolites highlights 3 main pathways: 
(1) alanine, glutamine, and glutamate metabolism; (2) 

Table 3.  Metabolites as a Mediator Between CVH Score and HF Subtypes

Metabolites

Total effect Direct effect Indirect effect=mediated

Sample Event

HR 95% CI HR 95% CI HR 95% CI

FDR %

P value Mediated Size (n)

HFpEF

Glycerol 0.79 0.66–0.92 0.84 0.69–0.98 0.94 0.90–0.98 0.011 24† 1506 36

Glutamine 0.72 0.62–0.83 0.74 0.63–0.84 0.98 0.96–0.99 0.018 5* 1702 48

Phosphatidylcholine-A 36:4 0.70 0.59–0.81 0.72 0.60–0.82 0.97 0.95–0.99 0.018 5* 1424 39

HFrEF

Isocitrate 0.78 0.65–0.92 0.85 0.70–1.00 0.92 0.87–0.96 0.007 32† 1418 35

Aminoadipate 0.77 0.64–0.91 0.81 0.66–0.95 0.95 0.93–0.98 0.012 15† 1418 35

Dimethylglycine 0.73 0.61–0.84 0.74 0.63–0.86 0.97 0.96–0.99 0.021 6* 1697 43

N-carbamoyl-beta-alanine 0.73 0.62–0.85 0.75 0.63–0.87 0.97 0.96–0.99 0.021 7* 1697 43

Quinolinate 0.77 0.64–0.91 0.79 0.65–0.93 0.98 0.96–0.99 0.026 7† 1418 35

Glycolysis/PPP metabolites‡ 0.77 0.63–0.90 0.79 0.65–0.93 0.97 0.95–0.99 0.021 9† 1418 35

AMP 0.78 0.65–0.91 0.80 0.66–0.94 0.97 0.95–0.99 0.024 10† 1418 35

Phosphoglycerate 0.79 0.66–0.92 0.80 0.66–0.94 0.98 0.97–1.00 0.06 5* 1418 35

Ornithine 0.73 0.61–0.84 0.74 0.63–0.86 0.97 0.96–0.99 0.028 6† 1697 43

Xanthosine 0.73 0.61–0.84 0.74 0.63–0.86 0.98 0.96–0.99 0.028 5† 1697 43

Phosphatidylcholine-A 36:4 0.77 0.64–0.90 0.79 0.65–0.93 0.98 0.96–0.99 0.023 9† 1420 35

Lysophosphatidylcholine 18:2 0.78 0.65–0.91 0.81 0.67–0.95 0.96 0.93–0.98 0.012 14† 1420 35

Lysophosphatidylcholine 22:6 0.77 0.64–0.91 0.80 0.66–0.94 0.96 0.93–0.99 0.021 13† 1420 35

Values are hazard ratios, 95% CI, and P values. Each hazard ratio change represents the change in log-metabolite per 1-SD increase in metabolite in the 
association of cardiovascular health score and heart failure subtypes. AF indicates atrial fibrillation; CVH, cardiovascular health; FDR, false discovery rate; HF, 
heart failure; HFpEF, HF with preserved ejection fraction; HFrEF, HF with reduced ejection fraction; HR, hazard ratio; and PPP, pentose phosphate pathway. 
Lipid nomenclature: the first number indicates the carbon length, and the subsequent number after the colon indicates the number of double bonds.

*P<0.05.
†P<0.10.
‡Glycolysis and pentose phosphate pathway intermediates include fructose-1-phosphate, fructose-6-phosphate, glucose-1-phosphate, and 

glucose-6-phosphate.
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citric acid cycle metabolism; and (3) glycerolipid me-
tabolism. Glutamine is the most abundant amino acid 
in the body with important roles in energy metabolism, 
nitrogen, and carbon donation for growth-promoting 
pathways, and mitochondrial function.45–47 The medi-
ation of CVH score and incident HF by glutamine may 
be reflective of impaired citric acid cycle as glutamine 
can enter citric acid cycle via conversion to glutamate 
with subsequent conversion to α-ketoglutarate, or do-
nate nitrogen for amino acid production (including as-
partate to asparagine).48 Impairments in mitochondrial 
function (ie, fatty acid and glucose oxidation impair-
ments, lower mitochondrial respiration) in both human 
and animal studies have been previously reported in 
HF49–54 and may contribute to citric acid cycle meta-
bolic aberrations.55 A recent elegant study, with com-
prehensive fuel phenotyping in preserved and reduced 
ejection fraction, showed that despite high citric acid 
cycle utilization, the heart released high levels of citric 
acid cycle intermediates into the circulation.56 As citrate 
is an inhibitor of glycolysis and fatty acid oxidation,57 
and other citric acid cycle metabolites may serve as 
signaling molecules in cardiac remodeling58; further 
delineation of the circulating metabolome and cardiac 
phenotype in clinical HF is necessary. Lastly, glycero-
lipids emerged in our mediation analysis with HF risk. 
Our findings extend 2 prior lipidomic evaluations—one 
associating lipids with CVD events (not inclusive of HF) 
and the other a case–control study with HF that found 
that elevated phosphatidylcholine 32:0 levels conferred 
HF risk.59,60 Although this finding is directionally oppo-
site to our findings of higher phosphatidylcholine-A 
36:4 associated with decreased HF risk, it is likely that 
the length and saturation (number of double bonds) of 
lipids is of crucial importance.

Limitations
We acknowledge several limitations in the present 
study. Our sample cohorts are comprised of white, 
middle-aged participants with European ancestry and 
our findings do require external validation across dif-
ferent age groups, ancestry, and existing risk factors. 
The FHS population is predominately of working or 
middle class with little variation in the socioeconomic 
structure; therefore, we did not adjust for socioeco-
nomic status in our models. We acknowledge this 
as a limitation of this analysis as social determinants 
of health contribute to both AF and HF risk.61–63 The 
diet and physical activity metrics used a food ques-
tionnaire and formula for summating physical activity 
differs from the one proposed by the AHA for CVH 
score but are closely approximated and similar to prior 
FHS publications.6,9,31 Diet and physical activity met-
rics are self-reported and misclassification may exist. 
The lack of major associations of diet, physical activity, 

and smoking with metabolites may be attributable to 
measurement artifact in this study and should not be 
regarded as less important metrics of the CVH score. 
Our CVH score and metabolomics analysis are ob-
tained from a single examination, are cross-sectional, 
and not over time. Such single-point assessment may 
underestimate the association with AF and HF risk 
because of regression attenuation. The directionality 
of whether CVH score drives metabolite levels or vice 
versa requires additional investigation as our study is 
associational. The metabolomics data available con-
sisted of a targeted panel, and hence, not all metabo-
lites and pathways that are relevant to the outcomes of 
interest may be represented. Distinct lipid metabolites 
between circulating plasma lipid species and atrial my-
ocardium exist,64 and importantly, the circulating me-
tabolome may not reflect the tissue level metabolome.

CONCLUSIONS
Our study highlights the presence that even 1 ideal car-
diometabolic component of the CVH score (ideal BMI, 
blood pressure, or fasting glucose) reduced AF and HF 
risk. Importantly, these 3 cardiometabolic components 
contributed the greatest number of metabolites that 
associated with CVH score. Among the metabolites 
associated with CVH score, several lipid metabolites 
mediated the association between CVH score and in-
cident AF. Several key metabolites emerged in media-
tion analysis with incident HF, with different metabolites 
associated with HF subtypes in exploratory analyses. 
Although our study was observational and requiring 
validation, our findings indicate that metabolites may 
provide insights into the association of modifiable risk 
factors and CVD development. Further, metabolomics 
may provide unique biomarker signatures to track life-
style and therapeutic interventions targeted to optimiz-
ing the CVH score to decrease CVD risk.
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Table S1. Ideal Cardiovascular Health Components and Scoring System 

CVH Metric Poor (0 point) Intermediate (1 point) Ideal (2 points) 

Smoking Current smoker 
Former smoker 
(≤ 12 months) 

Non-smoker or 
not smoking > 12 months 

Body mass index BMI ≥ 30 kg/m2 25 kg/m2 ≤ BMI ≤ 29 kg/m2 BMI < 25 kg/m2 

Blood pressure 
Systolic BP ≥ 140 mmHg 

OR 
Diastolic BP ≥ 90 mmHg 

120 mmHg ≤ Systolic BP ≤ 139 mmHg 
OR 

80 mmHg ≤ Diastolic BP ≤ 89 mmHg 
OR 

On medication and treated to goal 

Systolic BP ≤ 120 mmHg 
Diastolic BP ≤ 80 mmHg 

AND 
Not on medication 

Total cholesterol TC ≥ 240 mg/dL TC between 200-239 mg/dL 
TC < 200 mg/dL AND 

Not on cholesterol medication 
Physical activity 

index 
Lowest 20th percentile on PAI 21-60th percentile on PAI Top 40th percentile on PAI 

Diet 0-1 components 2-3 components 4-5 components 

Fasting blood 
glucose 

FBG ≥ 126 mg/dL 
FBG between 100-125 mg/dL 

OR 
On medication and treated to goal 

FBG < 100 mg/dL 
AND 

Not on medication 

CVH, cardiovascular health; body mass index, BMI; BP, blood pressure; TC, total cholesterol; PAI, physical activity index, FBG, 

fasting blood glucose 

 

 

 

 

 

 

 



Supplemental Table 2. FHS Participant Characteristics with CVH and Metabolomics Data 

Characteristic Women (n=1099) Men (n=960) 

Age, years 54 (10) 55 (10) 
Body mass index, kg/m2 26.7 (5.4) 28.2 (4.1) 
Systolic blood pressure, mmHg 124 (20) 129 (17) 
Diastolic blood pressure, mmHg 73 (10) 77 (10) 
Antihypertensive medications, % 181 (17)  195 (20) 
Total cholesterol, mg/dL 209 (38) 203 (35) 
HDL, mg/dL 56 (15) 43 (11) 
Fasting glucose, mg/dL 97 (25) 104 (28) 
Diabetes medication, % 21 (2) 36 (4) 
eGFR, mL/min/1.73m2 68 (15) 74 (16) 
Smoking, % 200 (18) 163 (17) 
CVH score metrics 

CVH score  9 (2) 8 (2) 
CVH category frequency, % 
Smoke 
     Poor 200 (18) 163 (17) 
     Intermediate     0 (0)     0 (0) 
     Ideal 899 (82) 797 (83) 
Body mass index 
     Poor 239 (22) 256 (27) 
     Intermediate 359 (33) 510 (53) 
     Ideal 501 (46) 194 (20) 
Blood pressure 
     Poor 230 (21) 261 (27) 
     Intermediate 418 (38) 447 (47) 
     Ideal 451 (41) 252 (26) 
Total cholesterol 
     Poor 209 (19) 128 (13) 
     Intermediate 447 (40) 401 (42) 
     Ideal 443 (40) 431 (45) 
Fasting blood glucose 
     Poor 49 (5) 70 (7) 
     Intermediate 229 (21) 340 (35) 
     Ideal 821 (75) 550 (57) 
Physical activity 
     Poor 247 (23) 154 (16) 
     Intermediate 511 (46) 347 (36) 
     Ideal 341 (31) 459 (48) 
Diet 
     Poor 374 (34) 446 (47) 
     Intermediate 676 (62) 476 (50) 
     Ideal 49 (5) 38 (4) 

Continuous variables represent mean (standard deviation); categorical variables represent 

number (percentage); HDL, high-density lipoprotein; CVH, cardiovascular health 

  



Table S3. Age- and Sex-Adjusted Association between CVH Score and Components with 

Incident AF and HF 

CVH component HR (95% CI) P value 

Incident AF 
CVH score (per 1-unit increase) 0.93 (0.89-0.97) <0.001 
Individual components of CVH score 
Body mass index 0.79 (0.71-0.89) <0.001 
Blood pressure 0.79 (0.70-0.90) <0.001 
Fasting blood glucose 0.83 (0.73-0.95)  0.007 
Total cholesterol 0.96 (0.85-1.08) 0.51 
Smoking 1.02 (0.90-1.16) 0.74 
Physical activity 1.05 (0.94-1.19) 0.38 
Diet 0.95 (0.81-1.10) 0.48 

Incident HF 
CVH score (per 1-unit increase) 0.79 (0.73-0.84) <0.001 
Individual components of CVH score 
Body mass index 0.63 (0.51-0.76) <0.001 
Blood pressure 0.67 (0.54-0.83) <0.001 
Fasting blood glucose 0.54 (0.43-0.66) <0.001 
Total cholesterol 1.08 (0.88-1.34) 0.45 
Smoking 0.73 (0.60-0.89)   0.001 
Physical activity 0.77 (0.63-0.93)   0.008 
Diet 1.04 (0.80-1.36)  0.77 

Values represent hazard ratios (HR) with 95% confidence intervals (CI) per 1-unit increase in 

CVH score; individual component scores were modelled as continuous variables with HR 

representing per 1-unit increase in component scale 

CVH, cardiovascular health score; AF, atrial fibrillation, HF, heart failure 

  



Table S4. Association of Metabolites with CVH Score and Components 

CVH Metric Number of metabolites Raw P value  

Total CVH score 144 0.021 
Total cholesterol 135 0.018 
BMI 116 0.017 
Fasting blood glucose 111 0.019 
Blood pressure 94 0.021 
Diet 60 0.020 
Smoking status 58 0.020 
Physical activity 6 0.018 

*Total metabolites in the targeted metabolomics platform (n=212); CVH, cardiovascular health; 

BMI, body mass index; all raw P values shown correspond with false-discovery rate-adjusted P 

value < 0.05. 

  



Table S5. Metabolites Associated with Incident AF and HF 

Metabolites HR (95% CI) Raw P value FDR P value 

Incident AF  
Non-lipid analytes  
Glycerol 1.29 (1.11-1.49) 0.00078 0.037 
Lipid analytes  
CE 16:1 1.26 (1.12-1.42) 0.00016 0.022 
PC 32:1 1.24 (1.10-1.39) 0.00059 0.037 

Incident HF  
Non-lipid analytes  
Glycerol 1.69 (1.32-2.16) 0.00003 0.002 
Isocitrate 1.55 (1.24-1.93) 0.00010 0.005 
Asparagine 0.70 (0.59-0.85) 0.00018 0.006 
Glutamine 0.73 (0.60-0.88) 0.00136 0.033 
α-hydroxybutyrate 1.39 (1.12-1.72) 0.00235 0.043 
Indolepropionic acid 0.74 (0.61-0.90) 0.00238 0.043 
Lipid analytes  
PC-A 36:4 0.58 (0.47-0.72) <0.00001 <0.001 
LPC 18:2 0.74 (0.61-0.89) 0.00138 0.033 

HR are per-1 SD increase in log-transformed metabolite level  

AF, atrial fibrillation; HF, heart failure; CE, cholesterol ester; PC, phosphatidylcholine; LPC, 

lysophosphatidylcholine 

Lipid nomenclature: the first number indicates the carbon length and the subsequent number 

after the colon indicates the number of double bonds. 

  



Table S6. Metabolites Associated with Incident HFpEF and HFrEF 

Metabolites HR (95% CI) Raw P value 
FDR-adjusted 

P value 

Incident HFpEF  
Non-lipid analytes  
Glycerol 2.03 (1.39-2.97) 0.00024 0.027 
Glutamine 0.64 (0.50-0.83) 0.00056 0.027 
Lipid analytes  
PC-A 36:4 0.57 (0.41-0.78) 0.00042 0.027 

Incident HFrEF  
Non-lipid analytes  
Isocitrate 2.05 (1.47-2.86) 0.00002 0.002 
Aminoadipate 2.00 (1.41-2.85) 0.00011 0.004 
Dimethylglycine 1.74 (1.31-2.31) 0.00014 0.004 
Carbamoylalanine 1.59 (1.23-2.06) 0.00047 0.011 
Quinolinate 1.71 (1.25-2.34) 0.00072 0.015 
Glycolysis and PPP intermediates‡ 1.72 (1.24-2.37) 0.00110 0.020 
Adenosine monophosphate 1.66 (1.20-2.30) 0.00198 0.031 
Phosphoglycerate 1.58 (1.17-2.14) 0.00280 0.038 
Ornithine 1.59 (1.17-2.16) 0.00313 0.038 
Xanthosine 1.51 (1.14-2.00) 0.00420 0.047 
Lipid analytes  
PC-A 36:4 0.51 (0.37-0.70) 0.00003 0.002 
LPC 18:2 0.51 (0.37-0.70) 0.00004 0.002 
LPC 22:6 0.59 (0.42-0.82) 0.01030 0.031 

HR are per-1 SD increase in log-transformed metabolite level.  
‡Glycolysis and pentose phosphate pathway (PPP) intermediates include fructose-1-phosphate, 

fructose-6-phosphate, glucose-1-phosphate, and glucose-6-phosphate. 

HFpEF, heart failure with preserved ejection fraction; HFrEF, heart failure with reduced ejection 

fraction; PC, phosphatidylcholine; LPC, lysophosphatidylcholine 

Lipid nomenclature: the first number indicates the carbon length and the subsequent number 

after the colon indicates the number of double bonds. 

  



Figure S1. Distribution of CVH Scores by Sex.  

 

 

 

In Sample 1 (n=3056), CVH scores were normally distributed for both women and men. Most 

participants had intermediate CVH scores with women on average having higher scores 

compared to men (mean score 8.8 ± 2.2 vs. 8.3 ± 2.0, respectively). A lower percentage of men 

compared to women classified to the highest CVH scores. CVH, cardiovascular health. 

  

        



Figure S2. Distribution of Ideal CVH Components at Exam 5 by Sex.  

Among participants with complete CVH data, women had a higher percentage of ideal CVH 

components, including the cardiometabolic phenotype (BMI, blood pressure, and fasting blood 

glucose), compared to men, except for the physical activity index domain. CVH, cardiovascular 

health; BMI, body mass index. 

 

 

 

 

 

  

  

     
   



Figure S3. Venn Diagrams of the Number of Metabolites Shared with Various Combinations of CVH Score Components.  

 

 

Ideal BMI, ideal blood pressure, and ideal fasting blood glucose shared the greatest number of metabolites collectively. Ideal 

smoking, ideal diet, and ideal physical activity had no metabolites in common. 

 

 

          
     

              
       

            

                 

      
                       

                     

    

                        

                 

          

     

       
            

                 

          
                   

         
     

                                   

                 



Figure S4. Venn Diagrams Depicting the Overlap between Individual Components of CVH Score and Total CVH Score.  

 

 

Ideal body mass index, ideal blood pressure, ideal fasting blood glucose, and ideal total cholesterol shared the greatest overlap with 

CVH score; physical activity shared the least of all seven components with CVH score. 

  

         

                             

         

                    

         

                 

         

       

         

                

         

    

         
        

      



Figure S5. Association of CVH Score, Incident AF, and Incident HF with Lipidomic Length and Saturation.  

 

Longer carbon length lipids with greater unsaturation with hydrogen (more double bonds) was positively associated with higher CVH scores in 

some lipid species. A similar trend was noted for incident AF and HF, but most associations were not statistically significant.  



Figure S6. Heart Failure Subgroups in Samples 1 and 2 of Incident Heart Failure.  

 

 
 

 

Flow diagram denoting heart failure with preserved ejection fraction (HFpEF) and heart failure with reduced ejection fraction numbers 

in both Sample 1 and Sample 2 with missing data numbers. 
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Figure S7. Pathway Analysis of Significant Metabolites that Mediate the Association of CVH Score and Incident Heart Failure 

 

Pathway analysis of significant metabolites that mediated the association of CVH score and incident heart failure highlights three main 

pathways: (1) alanine, glutamine, and glutamate metabolism; (2) citric acid cycle metabolism; and (3) glycerolipid metabolism. 
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