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BACKGROUND: Exhaled carbon monoxide (eCO) is directly associated with traditional cardiovascular disease risk factors and
incident cardiovascular disease. However, its relation with the cardiovascular health score and incidence of heart failure (HF)
has not been investigated.

METHODS AND RESULTS: We measured eCO in 3521 Framingham Heart Study Offspring participants attending examination
cycle 6 (mean age 59 years, 53% women). We related the cardiovascular health score (composite of blood pressure, fasting
plasma glucose, total cholesterol, body mass index, smoking, diet, and physical activity) to eCO adjusting for age, sex, and
smoking. Higher cardiovascular health scores were associated with lower eCO (3=-0.02, P<0.0001), even among nonsmok-
ers. Additionally, C-reactive protein, plasminogen activator inhibitor-1, fibrinogen, growth differentiation factor-15, homocyst-
eine, and asymmetrical dimethylarginine were positively associated with eCO (P<0.003 for all). The age- and sex-adjusted and
multivariable-adjusted heritabilities of eCO were 49.5% and 31.4%, respectively. Over a median follow-up of 18 years, 309
participants (45% women) developed HF. After multivariable adjustment, higher eCO was associated with higher risk of HF
(hazards ratio per SD increment: 1.39; 95% Cl, 1.19-1.62 [P<0.001]) and with higher risk of HF with reduced ejection fraction
(N=144 events; hazard ratio per SD increment in eCO: 1.43; 95% ClI, 1.15-1.77 [P=0.001]).

CONCLUSIONS: In our community-based sample, higher levels of eCO were associated with lower cardiovascular health scores,
an adverse cardiovascular biomarker profile, and a higher risk of HF, specifically HF with reduced ejection fraction. Our find-
ings suggest that carbon monoxide may identify a novel pathway to HF development.
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duced endogenously in the body, as the by-

product of heme metabolism.! At physiological
concentrations, CO is cytoprotective and may serve
as a potential signaling mediator.? However, at excess
concentrations, elevated endogenous CO levels have
been shown to impair nitric oxide (NO)-mediated va-
sodilation,® foster oxidative stress,* lead to the forma-
tion of reactive oxygen species,® and promote adverse

Carbon monoxide (CO) is a gasotransmitter pro-

vascular remodeling.? The paradoxical effects of CO
have been evaluated in human studies. As CO equili-
brates quickly across the alveolar-capillary membrane,
exhaled CO (eCO) reflects endogenous CO produc-
tion.” Investigators from the FHS (Framingham Heart
Study) have reported that eCO is directly associated
with traditional cardiovascular disease (CVD) risk fac-
tors, presence of the metabolic syndrome,® and sub-
clinical CVD cross-sectionally.® Additionally, higher
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CLINICAL PERSPECTIVE

What Is New?

* In the community-based Framingham Heart
Study sample, higher levels of exhaled carbon
monoxide were associated with lower cardio-
vascular health scores and adverse cardiovas-
cular biomarker profiles cross-sectionally, and a
higher risk of heart failure, specifically heart fail-
ure with reduced ejection fraction, prospectively.

What Are the Clinical Implications?

e Exhaled carbon monoxide, reflecting endog-
enous carbon monoxide, may identify a novel
pathway to the development of heart failure.

Nonstandard Abbreviations and Acronyms

ADMA asymmetrical dimethylarginine
AHA American Heart Association
CVH cardiovascular health

eCO exhaled carbon monoxide

FHS Framingham Heart Study

GDF-15 growth differentiation factor-15

HFpEF heart failure with preserved
ejection fraction

HFrEF heart failure with reduced ejection
fraction

NT-proANP N-terminal pro-atrial natriuretic
peptide

PAI-1 plasminogen activator inhibitor-1

SBP systolic blood pressure

SDMA symmetric dimethylarginine

SOLAR Sequential Oligogenic Linkage

Analysis

levels of eCO are associated with a higher risk of inci-
dent stroke,'® incident metabolic syndrome, and inci-
dent CVD prospectively.®

The American Heart Association (AHA) created an
ideal cardiovascular health (CVH) score, which pro-
moted 7 health behaviors and factors, including ab-
stinence from smoking, ideal body mass index (BMI),
regular physical activity, healthy diet, low untreated
serum total cholesterol concentrations, and optimal
blood pressure and glucose levels to reduce CVD
deaths and improve CVH." Previous studies have re-
ported poor CVH to be associated with a higher risk of
CVD (including heart failure [HF]) and CVD mortality."-"
The inverse relation between the CVH score and inci-
dent CVD may partly be caused by its favorable impact
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on CVD biomarker levels.'® In that context, no study to
our knowledge has evaluated an association between
the CVH score and eCO.

While there are well-established associations of risk
factors and biomarkers with HF, there are still gaps in
our understanding of the underlying molecular mecha-
nisms of HF. As such, it is of great importance to con-
tinue evaluating new biomarkers to help clinicians better
identify high-risk individuals, to diagnose swiftly and ac-
curately, and to prognosticate patients appropriately.'®
Multiple biomarkers that represent different biological
pathways have been shown to be positively associated
with the development of HF.'® Accordingly, we investi-
gated eCO and its association with incident HF.

We hypothesized that the CVH score is inversely as-
sociated with eCO and that select biomarkers, associ-
ated with higher risk of CVD, will be directly associated
with eCO. We postulated that eCO is heritable with a
moderate portion of variability being explained by genetic
information. Last, we hypothesized that higher values of
eCO are associated with a higher risk of HF, as well as
with its subtypes HF with preserved ejection fraction
(HFpEF) and HF with reduced ejection fraction (HFrEF).

METHODS

The data that support the findings of this study are
available from the corresponding author upon reason-
able request.

Study Sample

The study design and enrollment criteria of the FHS
Offspring Study have been previously described.'” The
current investigation included Offspring participants
who attended the sixth examination cycle (1995-1998).

For investigating the relation between the CVH
score and eCO, of the 3521 individuals who had at
least 1 eCO reading (base sample), we excluded those
with prevalent CVD (n=407), serum creatinine >2 mg/
dL (n=9), BMI <18.5 kg/m? (n=13), and missing data
on the CVH score components (n=1031), resulting in a
sample size of 2061 (sample 1, Figure S1).

For investigating the association of biomarkers with
eCO, we excluded from the base sample individuals
with missing values on any of the 15 biomarkers of in-
terest (n=286) and missing covariates (n=19), resulting
in a subsample size of 3216 (sample 2, Figure S2).

To examine the heritability of CO, we excluded from the
base sample individuals with missing values on covariates
(n=67), resulting in a sample size of 3454 (sample 3).

When investigating the association of eCO with
incidence of HF, we excluded from the base sample
individuals with prevalent HF at examination cycle 6
(n=39) and missing values on covariates (n=66), re-
sulting in a sample size of 3416 (sample 4, Figure S3).
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For analyses using the HF subtypes, we further ex-
cluded individuals with missing data on ejection frac-
tion (n=57), resulting in a subsample size of 3359
(sample 5, Figure S3). All participants gave written
informed consent, and the protocol was approved
by the institutional review board at Boston University
Medical Center.

Assessment of eCO

eCO reflects endogenous CO as CO equilibrates
quickly across the alveolar-capillary membrane.” eCO
was measured at rest using the Ecolyzer (2000 series)
instrument (Energetics Science Inc.). This instrument
employs an electrochemical sensor to quantify CO,
with a range from 1 to 100 ppm. Each day of the test-
ing, a canister of CO gas containing exactly 50 ppm
was used to calibrate the Ecolyzer to the midpoint of
the scale. The average of 2 readings from each par-
ticipant was recorded. eCO level was calculated by
taking this averaged Ecolyzer reading and subtract-
ing from it the base rate of the ambient CO level in
the testing room. This method has been shown to be
reproducible’® and predominantly reflective of endog-
enous CO with minimal local contamination by ambi-
ent exposure.'®

Assessment of the CVH Score

For each participant, a CVH score was created as
a composite of 7 metrics, including smoking status,
BMI, serum total cholesterol, blood pressure, fasting
plasma glucose, physical activity, and diet (Table S1).
Each metric was assigned a score of O to indicate
poor status, 1 to indicate intermediate status, or 2
to indicate ideal status, with the CVH score for each
participant ranging from O (reflecting poor CVH) to 14
(indicating ideal CVH). Fasting blood glucose, blood
cholesterol, resting blood pressure, BMI, and self-re-
ported smoking status were obtained during the rou-
tine examination. Adapted from the AHA guidelines'
and consistent with previous FHS publications,'®20-21
dietary quality was assessed using a food frequency
questionnaire. Physical activity was assessed using
a questionnaire-based physical activity index, as fol-
lows: 1xsleep hours per day+1.1xsedentary hours per
day+1.5xslight activity hours per day+2.4xmoderate
activity hours per day+5xheavy activity hours per
day, as previously described.’®?%2" The top quartile
of this score was used to indicate ideal physical ac-
tivity, which corresponds qualitatively to the definition
used by the AHA."

Circulating Biomarker Measurements

We measured the concentration of biomarkers using
venous blood drawn in the morning on participants
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who had fasted overnight, with biosamples stored
at —80°C until assayed. Biomarkers of interest in-
cluded the following that were assayed at the sixth
examination cycle: CRP (C-reactive protein), NT-
proANP (N-terminal pro—atrial natriuretic peptide),
BNP (B-type natriuretic peptide), renin, aldosterone,
plasminogen activator inhibitor-1 (PAI-1), D-dimer, fi-
brinogen, homocysteine, asymmetrical dimethylargi-
nine (ADMA), L-arginine, symmetric dimethylarginine
(SDMA), high-sensitivity troponin I, ST-2, and growth
differentiation factor-15 (GDF-15). ADMA, L-arginine,
and SDMA were measured using a validated lig-
uid chromatography-tandem mass spectrometry
method with high quality that has been previously
reported.??> CRP, NT-proANP, BNP, renin, aldoster-
one, PAI-1, D-dimer, fibrinogen, homocysteine, high-
sensitivity troponin |, ST-2, and GDF-15 were assayed
with routine methods as previously reported, with ex-
cellent reproducibility.2324

Outcomes of Interest

The outcomes of interest for this investigation were
incidence of HF and its subtypes HFpEF and HFrEF.
All study participants were under continuous surveil-
lance for the development of CVD outcomes (includ-
ing HF), which were determined after review of data
collected from examination visits, health history up-
dates, and hospitalization and physician office medi-
cal records. All events were adjudicated by an end
point review committee of 3 physicians using the
FHS criteria for HF.?® HF events were classified as
HFrEF if left ventricular ejection fraction was <50%
and HFpEF if left ventricular ejection fraction was
>50%.

Statistical Analysis

eCO values >50 ppm (n=13) were considered equiva-
lent to 50 ppm for all analyses. eCO was calculated as
the average of eCO values available from examinations
2 (1979-1983) through 6 (1995-1998) and then natu-
ral logarithmically transformed to normalize its skewed
distribution.

Using sample 1, we related the CVH score (inde-
pendent variable) to eCO (dependent variable) in a
linear regression model adjusting for: (1) age and sex;
and (2) age, sex, and smoking status. In sensitivity
analyses, we related the CVH score with eCO among
nonsmokers adjusting for age and sex. Least square
means of eCO were calculated by tertiles of the CVH
score, adjusting for age, sex, and smoking status.
Tertile 1 included the CVH scores 0 to 7, tertile 2 in-
cluded scores 8 and 9, and tertile 3 included scores
10 to 14.

Using sample 2, we natural log-transformed
values of arginine, CRP, NT-proANP, BNP, renin,
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Table 1. Baseline Characteristics of Study Sample

CO and Incidence of HF

Men (n=1626) Women (n=1828)
Clinical characteristics
Age, y 59+10 59+10
BMI, kg/m? 28.5+4.4 27.4+5.7
SBP, mm Hg 130417 127+20
DBP, mm Hg 779 74+9
Hypertension medication, n (%) 509 (31.3) 464 (25.4)
Total serum cholesterol, mg/dL 199+41 212+39
HDL cholesterol, mg/100 mL 43+12 58+16
LDL cholesterol, mg/100 mL 12732 128+35
Current smoker, n (%) 238 (14.6) 290 (15.9)
Diabetes mellitus, n (%) 196 (12.1) 146 (8.0)
Circulating biomarkers
Aldosterone, ng/100 mL median (quartile 1, quartile 3) 9(7,13) 10.5 (7, 15)
Arginine, pmol/L median (quartile 1, quartile 3) 77.7 (66.5, 90.4) 75.7 (64.0, 88.5)
Asymmetrical dimethylarginine, pmol/L 0.6+0.1 0.501
BNP, pg/mL median (quartile 1, quartile 3) 6.7 (4.0, 16.7) 10.2 (41, 20.5)
CRP, mg/L median (quartile 1, quartile 3) 1.9 (0.9, 3.8) 2.4 (1.0, 5.7)
D-dimer, mg/mL median (quartile 1, quartile 3) 299.5 (181, 471) 336 (232, 486)
Fibrinogen, mg/dL median (quartile 1, quartile 3) 326 (288, 376) 336 (296, 381)
Growth differentiation factor-15, ng/L median (quartile 1, quartile 3) 1069 (820, 1426) 1024 (812, 1307)
High-sensitivity troponin |, pg/mL median (quartile 1, quartile 3) 1.6(11,27) 1.2(0.8,1.9)
Homocysteine, pmol/L median (quartile 1, quartile 3) 9.8(8.3,11.9) 8.4(7.0,10.3)
N-terminal pro-atrial natriuretic peptide, pmol/L median (quartile 1, quartile 3) 292 (197, 442) 353 (254, 501)
Plasminogen activator inhibitor-1, ng/mL 25.4 (17.0, 36.1) 20.3 (12.2, 31.9)
Renin, pU/mL median (quartile 1, quartile 3) 148, 29) 116, 19)
ST-2, ng/mL median (quartile 1, quartile 3) 23.6 (19.2, 29.3) 18.8 (15.2, 23.2)
Symmetric dimethylarginine, pmol/L 0.4=0.1 0.4+01
eCO*
In(eCO) 1.8+0.6 1.7+0.6
eCO, ppm median (quartile 1, quartile 3) 5(4.3,9.5) 4.3 (8.8, 7.9)
eCO <4 ppm 347 (21.2) 815 (44.6)
eCO 4 ppm < eCO <5 ppm 560 (31.1) 475 (25.0)
eCO 5 ppm < eCO 719 (47.8) 556 (30.4)

All values shown are mean+SD or n (%) unless otherwise specified. BMI indicates body mass index; BNP, B-type natriuretic peptide; CRP, C-reactive protein;
DBP, diastolic blood pressure; HDL, high-density lipoprotein; LDL, low-density lipoprotein; and SBP, systolic blood pressure.
*All values for exhaled carbon monoxide (eCO) are the average values taken from examinations 2 through 6.

aldosterone, PAI-1, D-dimer, fibrinogen, homocys-
teine, high-sensitivity troponin I, ST-2 and GDF-15
to normalize their skewed distributions. ADMA and
SDMA were not logarithmically transformed since
their values were normally distributed. Spearman
rank partial correlation coefficients for the associ-
ation between each biomarker and eCO were esti-
mated adjusting for age and sex (Table S2). Then, we
used linear regression models to relate each of the
biomarkers (independent variables, separate model
for each) with eCO (dependent variable), adjusting
for age, sex, BMI, smoking status, total cholesterol/
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high-density lipoprotein (HDL), systolic blood pres-
sure (SBP), hypertension medication, diabetes
mellitus, and history of CVD. Bonferroni correction
was used to account for multiple testing, resulting
in a statistical significance level of 0.0033 (=0.05/15
biomarkers).

We used sample 3 to estimate the heritability of
eCO. eCO was inverse-normal transformed to account
for high residual kurtosis. Heritability for eCO was cal-
culated for 2 models: (1) adjusting for age and sex;
and (2) adjusting for age, sex, BMI, smoking status,
total cholesterol/HDL, SBP, hypertension medication,
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Table 2. Association Between 14-Point CVH Score and eCO

Estimate Standard Error P Value
Model 1: adjusted for -0.07 0.005 <0.0001
age and sex
Model 2: adjusted for -0.02 0.004 <0.0001
age, sex, and smoking
Model 3: nonsmokers, -0.02 0.004 <0.0001
adjusted for age and sex

Estimate is change in In(exhaled carbon monoxide [eCO]) per 1-unit
increase in cardiovascular health (CVH) score. Estimate of —0.07 can be
interpreted as e/~(-0.07)=0.93-fold change, ie, 7% decrease in eCO per
unit increase in CVH. The eCO value is the average of values taken from
examinations 2 through 6.

diabetes mellitus, and history of CVD. The statistical
methods for assessing heritability for biomarkers have
been previously described.?® Sequential Oligogenic
Linkage Analysis (SOLAR) was used to estimate the
heritability of eCO.

Using samples 4 and 5, we related eCO (inde-
pendent variable) to time to HF, HFpEF, and HFrEF
(separate model for each outcome) with Cox propor-
tional hazards regression models, after confirming
that the proportional hazards assumption was met.
Four different models were estimated: (1) adjusting
for age, sex, BMI, smoking status, total cholesterol/
HDL, SBP, hypertension medication, diabetes melli-
tus, and history of CVD (not including HF); (2) same
as model 1 but sample was restricted to nonsmokers
(n=2892); (3) same as model 1 plus further adjust-
ing for interim myocardial infarction (MI) and ADMA,
CRP, fibrinogen, GDF-15, homocysteine, PAI-1, BNP,
high-sensitivity troponin |, and ST-2 (n=3180); and (4)
same as model 3 but sample was restricted to non-
smokers (n=2699).

CO and Incidence of HF

For models 3 and 4 above, biomarkers were cho-
sen for inclusion because of their statistically signifi-
cant association with eCO in our investigation or their
previously reported association with HF.?4#2” PROC
LIFETEST was used to create Kaplan—Meier curves
to show survival time free of HF (including HFrEF and
HFpEF) by tertiles of eCO. All analyses were performed
using SAS version 9.4 (SAS Institute Inc).

RESULTS

Baseline characteristics of the study sample are
shown in Table 1. Our study sample consisted of
mostly middle-aged to older participants, and over
half of the sample were women. Most of the partici-
pants had a BMI in the overweight to obese range,
and the majority of the participants were nonsmok-
ers. The median eCO value for men was 5.0 and
4.3 ppm for women.

We observed a significant inverse relation be-
tween CVH score and eCO, which also held among
nonsmokers (Table 2, Figure 1; P for trend <0.0001).
For example, adjusting for age and sex, an estimate
of —0.07 was observed. This can be interpreted as
an e 09=0.93-fold change, ie, a 7% decrease in eCO
per unit increase in CVH. Additionally, blood concen-
trations of CRP, PAI-1, fibrinogen, GDF-15, homocys-
teine, and ADMA were directly associated with eCO,
adjusted for age, sex, BMI, smoking status, total
cholesterol/HDL, SBP, hypertension medication, di-
abetes mellitus, and history of CVD (Table 3). We did
not observe a statistically significant association of
eCO with NT-proANP, arginine, D-dimer, ST-2, renin,
SDMA, high-sensitivity troponin |, aldosterone, or
BNP.

o o
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un
u oo

Carbon Monoxide (ppm)
w »
w v S U

Tertile 1

Tertile 2
CVH Score

p-value fortrend <0.0001

Tertile 3

Figure 1.

Least square means of exhaled carbon monoxide per tertile of cardiovascular health

(CVH) score adjusting for age, sex, and smoking status.
Tertile 1: CVH score 0 to 7, tertile 2: CVH score 8 to 9, tertile 3: CVH score 10 to 14.
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Table 3. Associations Between Biomarkers and eCO

CO and Incidence of HF

Biomarker Estimate Standard Error Fold Change in eCO P Value
In(CRP), mg/L 0.04 0.01 1.05 <0.0001
In(PAI-1), ng/mL 0.07 0.01 1.07 <0.0001
In(fibrinogen), mg/dL 0.19 0.04 1.21 <0.0001
In(GDF-15), ng/L 013 0.02 114 <0.0001
In(homocysteine), pmol/L 0.07 0.02 1.08 0.002

ADMA, pmol/L 017 0.06 0.003

Includes statistically significant biomarkers at the 0.0033 level (Bonferroni correction for multiple tests). Each biomarker was included in a separate model. All
models were adjusted for age, sex, smoking, body mass index, total cholesterol/high-density lipoprotein, systolic blood pressure, antihypertensive medication,
diabetes mellitus, and history of cardiovascular disease. Estimate is change in In(average exhaled carbon monoxide [eCO]) per 1-unit increase of In(biomarker)
when transformed, and change in In(average eCO) per 1-unit increase of biomarker when not transformed. ADMA indicates asymmetrical dimethylarginine;
CRP, C-reactive protein; CVH, cardiovascular health; GDF-15, growth differentiation factor-15; and PAI-1, plasminogen activator inhibitor-1.

Heritability

The age- and sex-adjusted heritability of eCO was
49.5% and the multivariable-adjusted heritability esti-
mate was 31.4%, adjusted for age, sex, BMI, smoking
status, total cholesterol/HDL, SBP, hypertension medi-
cation, diabetes mellitus, and history of CVD.

Relation of eCO With Incident HF

Over a median follow-up period of 18 years, there
were a total of 309 (45% women) incident HF events,
with 108 HFpEF, 144 HFrEF, and 57 nonclassifiable
(attributable to missing EF values at the time of HF
onset).

Adjusting for age, sex, BMI, smoking status, total
cholesterol/HDL, SBP, hypertension medication, di-
abetes mellitus, and history of CVD (excluding HF),

Table 4. Association of eCO With Risk of Heart Failure

higher levels of eCO were associated with a higher risk
of HF overall and of HFrEF (Table 4). We did not ob-
serve a significant association between eCO and risk
of HFpEF (P=0.07) (Table 4). When further adjusting
for Ml and biomarkers, higher levels of eCO were also
only associated with a higher risk of HF and HFrEF. In
the subset of nonsmokers, higher levels of eCO were
associated with higher risks of HF, HFpEF, and HFrEF.
However, the association with HFpEF did not hold
upon further adjusting for Ml and biomarkers among
nonsmokers.

Figures 2 through 4 depict the association between
tertiles of eCO and time to HF, HFpEF, and HFrEF, re-
spectively. Compared with individuals with the highest
levels of eCO, the individuals in the bottom tertile of
eCO had significantly lower risks of developing HF and,
more specifically, HFrEF.

Model HF Type No. of Events/No. at Risk Standardized HR (95% ClI) P Value
All participants
Adjusting for covariates HF 309/3416 1.39 (1.19-1.62) <0.0001
HFpEF 108/3359 1.30 (0.98-1.74) 0.07
HFrEF 144/3359 1.43 (1.15-1.77) 0.001
Adjusting for Ml and biomarkers HF 283/3180 1.29 (1.09-1.53) 0.008
HFpEF 98/3125 118 (0.87-1.60) 0.29
HFrEF 130/3125 1.36 (1.07-1.71) 0.01
Nonsmokers
Adjusting for covariates HF 264/2892 1.44 (1.22-1.71) <0.0001
HFpEF 92/2844 1.44 (1.06-1.95) 0.02
HFrEF 124/2844 1.42 (1.12-1.79) 0.004
Adjusting for Ml and biomarkers HF 241/2699 1.34 (1.11-1.61) 0.002
HFpEF 82/2653 1.30 (0.92-1.84) 0.14
HFrEF 113/2653 1.36 (1.05-1.75) 0.02

All models were adjusted for age, sex, smoking, body mass index, total cholesterol/high-density lipoprotein, systolic blood pressure, antihypertensive
medication, diabetes mellitus, and history of cardiovascular disease. Biomarkers include asymmetrical dimethylarginine (ADMA), B-type natriuretic peptide,
C-reactive protein, high-sensitivity troponin |, fibrinogen, growth differentiation factor-15, homocysteine, plasminogen activator inhibitor-1 and ST-2. All
biomarkers were log-transformed except for ADMA. Hazard ratios (HRs) are per SD increase in In(average exhaled carbon monoxide [eCQJ). HF indicates heart
failure; HFpEF, heart failure with preserved ejection fraction; HFrEF, heart failure with reduced ejection fraction; and MI, myocardial infarction.
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Tertiles of Log(CO) Survival rate to HF
With Number of Subjects at Risk
Ll Log-Rank p<.0001
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Figure 2. Association between tertiles of exhaled carbon monoxide (eCO) and heart failure (HF)
(Kaplan-Meier plot).
The tertiles are based on separating the sample into 3 groups, each ordered by their eCO value. Group 1
(green) represents the tertile with the lowest levels of eCO and group 3 (red) represents the tertile with the
highest levels of eCO. Tertile 1: log (carbon monoxide [CO]) <1.3863; tertile 2: 1.3863 < log(CO) <1.6864;
tertile 3: 1.6864 < log(CO).
DISCUSSION findings and showed that a higher CVH score was

Principal Findings

First, we observed that CVH score was inversely re-
lated to eCO. Second, blood concentrations of CRP,
PAI-1, fibrinogen, GDF-15, homocysteine, and ADMA
were positively associated with eCO. Third, there was
a moderate heritability observed with regards to eCO.
Fourth, higher levels of eCO were associated with a
higher risk of HF and HFrEF.

Comparison With the Literature

Several individual components of the CVH score have
been shown to be associated with eCO. For example,
levels of eCO among smokers are significantly higher
than in nonsmokers.®28-30 Additionally, eCO values
are directly associated with presence of diabetes mel-
litus, increased total cholesterol levels, and greater
BMI.8 Exercise has also been shown to increase the
levels of eCO, although the levels of eCO return to pre-
exercise levels within several minutes after cessation
of exercise.®" However, to our knowledge, no prior
studies have studied the association of the composite
CVH score with eCO. Therefore, we expanded these
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associated with lower levels of eCO. Interestingly, the
CVH score remained inversely associated with eCO
even among nonsmokers.

We have previously reported that serum iron, serum
total bilirubin, and CRP are directly associated with
eCO.8 In our current investigation, we demonstrated
that, in addition to CRP, biomarkers of endothelial dys-
function (homocysteine and ADMA), hemostasis (PAI-1
and fibrinogen), and the pleiotropic growth factor GDF-
15 are directly associated with eCO. These associa-
tions are in accord with previous understanding of the
mechanisms by which the above-mentioned biomark-
ers may contribute to the development of CVD. For
example, homocysteine and ADMA contribute to en-
dothelial dysfunction by reducing NO bioavailability®?
and inhibiting NO synthesis,®® respectively. Similarly,
CO has been shown to block NO-induced vasorelax-
ation.3* GDF-15 is a stress-responsive cytokine that is
produced by a variety of cells in response to inflam-
mation, injury, and oxidative stress.®*=3" Furthermore,
endogenous CO is the byproduct of heme degradation
by heme oxygenase, whose activity is induced by ox-
idative stress and inflammatory cytokines.! Last, ele-
vated PAI-1 levels increase the risk of atherothrombotic
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Figure 3. Association between tertiles of exhaled carbon monoxide (eCO) and heart failure with
preserved ejection fraction (HFpEF; Kaplan-Meier plot).

The tertiles are based on separating the sample into 3 groups, each ordered by their eCO value. Group 1
(green) represents the tertile with the lowest levels of eCO and group 3 (red) represents the tertile with the
highest levels of eCO. Tertile 1: log(carbon monoxide [CO]) <1.3863; tertile 2: 1.3863 < log(CO) <1.6864;

tertile 3: 1.6864 < log(CO).

events®® and fibrinogen is a well-described coagulation
factor involved in the thrombotic complications of CVD.
High levels of CO reduce the antithrombogenic activity
of the endothelial layers through inhibition of the pro-
duction of endothelial NO.%°

The heritability for cardiovascular biomarkers such
as CRP and fibrinogen has been reported and shown
to have a moderate proportion of variability explained
by genetic factors.*® Our investigation reported mod-
erate heritability estimates for eCO. To our knowledge,
this is the first report of heritability of eCO.

eCO and HF Incidence

A multitude of biomarkers have been identified to be
associated with the development of HF, many with
the development of HFrEF and fewer with HFpEF.'®
However, the differences in the factors that precede
the 2 subtypes are poorly understood. In our inves-
tigation, higher levels of eCO were associated with a
higher risk of HF, even among nonsmokers, adjust-
ing for standard HF risk factors (BMI, total cholesterol/
HDL, SBP, hypertension treatment, diabetes mellitus,
and history of CVD). When HF subtypes were evalu-
ated separately, eCO was associated with a higher

J Am Heart Assoc. 2020;9:e016762. DOI: 10.1161/JAHA.120.016762

risk of HFrEF. By contrast, eCO was only significantly
associated with a higher risk of HFpEF in the model
using data from nonsmokers. The exact mechanism
by which CO contributes to the development of HF
and HFrEF remains unclear. CO may contribute to
the development of HF through generation of reac-
tive oxygen species and promoting oxidative stress.*°
On the other hand, CO may simply represent an en-
dogenous compensation to worsening subclinical
atherosclerosis.® Investigations of atherectomy biopsy
from patients with clinical carotid artery disease have
observed increased levels of heme oxygenase ex-
pression in relation to features of vulnerable human
atheromatous plague, including macrophage and lipid
accumulation.” This may explain the direct associa-
tion between eCO and incident HFrEF. Interestingly,
in our investigation, adjusting for Ml and biomarkers
attenuated the association of eCO with HF and HFrEF
to some extent. This supports the idea that the as-
sociation of eCO with HF and HFrEF may partially be
mediated by mechanisms involved in the pathophysi-
ology of MI, a common cause of HFrEF, and the bio-
logical pathways involved with the above-mentioned
biomarkers. However, there remains a direct associa-
tion of eCO with HF and HFrEF despite adjusting for
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Figure 4. Association between tertiles of exhaled carbon monoxide (eCO) and heart failure with
reserved ejection fraction (HFrEF; Kaplan-Meier plot).

The tertiles are based on separating the sample into 3 groups, each ordered by their eCO value. Group 1
(green) represents the tertile with the lowest levels of eCO and group 3 (red) represents the tertile with the
highest levels of eCO. Tertile 1: log(carbon monoxide [CQO]) <1.3863; tertile 2: 1.3863 < log(CO) <1.6864;

tertile 3: 1.6864 < log(CO).

MI and biomarkers, suggesting that CO may promote
HF through mechanisms that remain to be elucidated.
Our finding of a significant association between eCO
and risk of HFpEF was somewhat unexpected. A par-
adigm that has been proposed for HFpEF identifies
a systemic inflammatory state that induces oxidative
stress in the coronary microvascular endothelium, ulti-
mately leading to high diastolic left ventricular stiffness
and HF development.*? One explanation is that factors
other than oxidative stress may play a major role in the
development of HFpEF, highlighting the complexity
of the pathophysiology of HFpEF. Further studies are
warranted to evaluate the usefulness of eCO as a clini-
cal biomarker for future HF risk in select individuals.

Strengths and Limitations

We used rigorously acquired and standardized
measures of eCO in a large, well-characterized
community-based sample with long follow-up. The
eCO measurements were obtained using instrumen-
tation that was routinely calibrated with the use of a
standardized protocol to reduce the intraindividual
and interindividual variability. Several limitations of
the present investigation warrant consideration. Gas
chromatography is the gold standard for estimating

J Am Heart Assoc. 2020;9:e016762. DOI: 10.1161/JAHA.120.016762

blood CO concentrations. However, eCO has been
validated as a surrogate measure that can capture
variation in CO levels."® Additionally, the study par-
ticipants did not have concurrent measures of ex-
haled or endogenous NO, a possible confounder in
our analyses.! Current smoking status was obtained
by questionnaire, but misclassification caused by
misreporting of current smoking or previous smok-
ing history, may be possible. Our results are based
on observational analyses; therefore, causal re-
lations cannot be inferred. Finally, our study was
composed of mostly middle-aged white individuals
of European descent, so the generalizability of our
findings to other racial and ethnic groups is limited.

CONCLUSIONS

In our community-based sample, higher levels of eCO
were associated with lower CVH scores and adverse
cardiovascular biomarker profiles cross-sectionally,
and a higher risk of HF, specifically HFrEF, prospec-
tively. Our findings suggest that CO may identify a
novel pathway to HF development. Future investiga-
tions are warranted to evaluate whether modulation of
the CO-related pathways may lower HF risk.
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Table S1. Components and definition of the Cardiovascular Health score.

Goal/Metric

Poor Health

Intermediate Health

Ideal Health

Smoking

Body mass index

Physical activity

score*

Healthy diet scoref

Total serum
cholesterol

Blood pressure

Fasting plasma
glucose

Current Smoker

Quit < 12 months

Never or quit > 12
months

>30 kg/m?

25—<30 kg/m?

<25 kg/m?

< Median value

Median value — top
quartile

Top quartile

0 components

1 component

> 2 components

>240 mg/dL 200—<240 mg/dL or | <200 mg/dL
treated to goal
SBP>140 mmHg or SBP 120—<140 SBP<120 mmHg
DBP>90 mmHg mmHg or DBP and DBP<80 mmHg
80—<90 mmHg or and not on
treated to goal hypertension
treatment

>126 mg/dL

100—<126 mg/dL or
treated to goal

SBP, systolic blood pressure; DBP, diastolic blood pressure
*Physical activity score was calculated using the formula:
1*sleep hrs/day + 1.1*sedentary hrs/day + 1.5*slight activity hrs/day + 2.4*moderate activity

hrs/day + 5*heavy activity hrs/day. This definition is qualitatively similar to the AHA physical

activity metric.!!

1 Healthy diet score components, adapted from AHA:!

<100 mg/dL and not
on diabetes
treatment



>4.5 cups/day of fruits and vegetables

>two 3.5 0z servings/week of fish

<1500 mg/day of sodium

<36 oz/week of sugar-sweetened beverages

>three 1-0z equivalent servings/day of fiber-rich whole grains



Table S2. Spearman Rank partial correlation coefficients of In(biomarkers) with In(eCO),
adjusting for age and sex.

Correlation

Biomarker Coefficient

In(GDF15) 0.241*
In(CRP) 0.173*
In(Fibrinogen) 0.173*
In(PAI) 0.142*
In(HCYST1) 0.130*
ADMA 0.101*
In(NT-proANP) -0.065*
In(D_Dimer) 0.063*
In(Arginine) 0.051*
In(Renin) 0.040*
In(ST2) 0.038*
In(BNP) 0.026
In(CTNI) -0.007
In(Aldosterone) 0.004
SDMA -0.003

*Significant at the 0.05 level.
Ordered by correlation coefficient, largest to smallest.



Figure S1. Flow diagram of Sample 1.

Data on exhaled carbon
monoxide at any of exams 2-6
n=4,574

Attended exam 6
n=3,521

Exclusions:
Prevalent CVD: n=407
Creatinine >2: n=9
BMI<18.5: n=13
Missing data on BMI, hypertension,
total cholesterol, diabetes, or smoking:
n=46
Missing PAI*: n=686
Missing diet score: n=298
Removed ID 209: n=1

Sample 1
n=2,061

CVD=cardiovascular disease
BMI=body mass index
PAl=physical activity index



Figure S2. Flow diagram of Sample 2.

Exclusions:
Missing any of the 15
biomarkers: n=286

Data on exhaled carbon
monoxide at any of exams 2-6
n=4,574

A

Attended exam 6
n=3,521

A

Exclusions:
Missing BMI: n=8
Missing hypertension
medication: n=11

Biomarkers at exam 6
n=3,235

BMI=body mass index

Sample 2
n=3,216




Figure S3. Flow diagram of Sample 4 and Sample 5.

Data on exhaled carbon
monoxide at any of exams 2-6
n=4,574

Exclusions:
Prevalent HF at exam 6: n=39
Missing BMI: n=44

Missing serum total cholesterol:

n=10
Missing hypertension medicatio
n=12

Attended exam 6
n=3,521

n:

Missing data on
ejection fraction: n=57 |

Analysis for Heart Failure
HF: n=3,416 (Sample 4)
HFpEF/HFrEF: n=3,359 (Sample 5)

Non-smokers
HF: n=2,892
HFpEF/HFrEF: n=2,844

Exclusions:
Missing any biomarker: n=234
Missing MI: n=0

HF=heart failure

BMI=body mass index
HFpEF=heart failure with preserv
HFrEF=heart failure with reduced
MI=myocardial infarction

Adjusting for MI and
biomarkers

HFpEF/HFrEF: 3125

HF: 3,180 i

Adjusting for MI and biomarkers
in non-smokers
HF: n=2,699
HFpEF/HFrEF: n=2,653

ed ejection fraction
ejection fraction




