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Abstract

Aims The aim is to evaluate associations of lung function impairment with risk of incident heart failure (HF).

Methods
and results

Data were pooled across eight US population-based cohorts that enrolled participants from 1987 to 2004. Participants
with self-reported baseline cardiovascular disease were excluded. Spirometry was used to define obstructive [forced ex-
piratory volume in 1 s/forced vital capacity (FEV1/FVC),0.70] or restrictive (FEV1/FVC≥0.70, FVC,80%) lung physi-
ology. The incident HF was defined as hospitalization or death caused by HF. In a sub-set, HF events were sub-classified as
HF with reduced ejection fraction (HFrEF; EF ,50%) or preserved EF (HFpEF; EF ≥50%). The Fine–Gray proportional
sub-distribution hazards models were adjusted for sociodemographic factors, smoking, and cardiovascular risk factors. In
models of incident HF sub-types, HFrEF, HFpEF, and non-HF mortality were treated as competing risks. Among 31 677
adults, there were 3344 incident HF events over a median follow-up of 21.0 years. Of 2066 classifiable HF events, 1030
were classified as HFrEF and 1036 as HFpEF. Obstructive [adjusted hazard ratio (HR) 1.17, 95% confidence interval (CI)
1.07–1.27] and restrictive physiology (adjusted HR 1.43, 95% CI 1.27–1.62) were associated with incident HF.
Obstructive and restrictive ventilatory defects were associated with HFpEF but not HFrEF. The magnitude of the asso-
ciation between restrictive physiology and HFpEF was similar to associations with hypertension, diabetes, and smoking.

* Corresponding author. Tel: +1 212 305 9056, Fax: +1 212 305 9349, Email: eco7@cumc.columbia.edu

European Heart Journal (2022) 43, 2196–2208
https://doi.org/10.1093/eurheartj/ehac205

https://doi.org/10.1093/eurheartj/ehac201
https://orcid.org/0000-0002-3249-926X
https://orcid.org/0000-0002-7503-6273
https://orcid.org/0000-0003-4827-5073
https://orcid.org/0000-0001-8013-7928
https://orcid.org/0000-0002-4313-9235
https://orcid.org/0000-0002-7232-0543
https://orcid.org/0000-0003-2443-0876
https://orcid.org/0000-0003-4911-5290
https://orcid.org/0000-0001-5271-074X
https://orcid.org/0000-0002-8944-3566
https://orcid.org/0000-0003-1056-4451
https://orcid.org/0000-0002-5655-8201
https://orcid.org/0000-0002-4728-1562
https://orcid.org/0000-0002-6596-8034
https://orcid.org/0000-0002-7481-9671
mailto:eco7@cumc.columbia.edu
https://doi.org/10.1093/eurheartj/ehac205


Conclusion Lung function impairment was associated with increased risk of incident HF, and particularly incident HFpEF, independent
of and to a similar extent as major known cardiovascular risk factors.
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Structured Graphical Abstract

In the NHLBI Pooled Cohorts Study, lung function impairment was associated with increased risk of incident HF, and particularly incident HFpEF,
independent of and to similar extent as major known cardiovascular risk factors.
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Introduction
Heart failure (HF) affects over 26million people worldwide.1 Despite
recent advances in HF treatment, HF patients require frequent hos-
pitalization and approximately half die within 5 years of HF diagno-
sis.2 Identifying HF risk factors is critically important to inform HF
prevention and treatment.

Lung disease may represent an important yet under-appreciated
HF risk factor. The HF and chronic lung disease are frequent co-
morbidities, with HF affecting one in five individuals with chronic ob-
structive pulmonary disease (COPD).3 While this may be due in part
to shared risk factors such as smoking and ageing,4 there is evidence
that lung function impairment may contribute directly to HF patho-
genesis. Reduced lung function is associated with increased systemic



inflammation,5 which may generate endothelial inflammation in the
coronary microvasculature.6 Microvascular endothelial inflammation
may in turn generate cardiac hypertrophy and accelerated athero-
sclerosis, which contribute to HF development.7

Although prior studies have suggested associations between lung
function impairment and risk of HF, the extent to which these rela-
tionships are independent of potential confounding factors such as
race/ethnicity and smoking remains unclear due to the use of primar-
ily non-Hispanic White populations, limitations in measurement of
smoking exposures, and study of populations with low HF incidence
rates among healthy non-smokers.8–11 In addition, there have been
no large studies discriminating associations between lung function
impairment and HF sub-types—namely, HF with reduced ejection
fraction (HFrEF) vs. preserved EF (HFpEF)—which differ in patho-
genesis and responsiveness to current HF therapies.12 The HFrEF
is characterized by impaired cardiac contractility and responds to
neurohormonal-blocking medications,13 while HFpEF is defined by
abnormal cardiac stiffness and does not improve with neurohormo-
nal blockade.14 We therefore aimed to define associations of lung
function with total incident HF, incident HFrEF, and incident
HFpEF in a large multi-ethnic sample of US adults.

Methods

Study population
The National Heart, Lung and Blood Institute (NHLBI) Pooled Cohorts
Study15 harmonized data from eight prospective population-based stud-
ies that surveilled for HF events: Atherosclerosis Risk in Communities
(ARIC) study;16 Coronary Artery Risk Development in Young Adults
(CARDIA);17; Cardiovascular Health Study;3,18 Framingham Offspring
Cohort (FHS-O);19 Health, Aging and Body Composition (Health
ABC);20 Jackson Heart Study (JHS);21 Multi-Ethnic Study of
Atherosclerosis (MESA);22 and Strong Heart Study.23 Design features
for each cohort are described in Supplementary material online,
Table S1. Participants with baseline self-reported cardiovascular disease
were excluded from the analyses.
The NHLBI Pooled Cohorts Study was funded by the NHLBI. The

study was approved by NHLBI as well as the institutional review boards
of all collaborating institutions and complies with the Declaration of
Helsinki. All participants provided written informed consent.

Spirometry
Spirometry was performed using water-seal, dry-rolling, seal, or flow-
sensing spirometers in accordance with American Thoracic Society
guidelines and was quality controlled using 2005 criteria.24 The spirom-
etry methods produce comparable measurements of forced expiratory
volume in 1 s (FEV1) and forced vital capacity (FVC).25 The definitions for
obstructive and restrictive physiology were mutually exclusive.
Obstructive physiology was defined as the presence of airflow limitation,
which was operationalized as FEV1/FVC ,0.70.26 Among participants
without airflow limitation (FEV1/FVC ≥0.7), restrictive physiology was
defined as FVC,80% predicted. The first available spirometry measure-
ment was treated as the baseline assessment. Participants without avail-
able spirometry at the time of study enrolment were included if they had
available spirometry from a subsequent visit. Follow-up was started at
the first spirometry assessment and all covariates were measured at
the first spirometry examination. In the six cohorts that performed mul-
tiple spirometry measurements, annual lung function decline was defined
as the difference between the first and second spirometry measure-
ments divided by years elapsed.27

Outcomes
The primary outcome was a composite of HF hospitalization or death
due to HF. Participants in each cohort were contacted at regular intervals
to identify deaths and hospitalizations, and HF events were adjudicated in
each cohort based on a protocolized review of medical records as pre-
viously described.23,28–32 Classification criteria were similar across co-
horts and are summarized in Supplementary material online, Table S2;
they required a clinical HF diagnosis as well as documentation of specific
signs, symptoms, and/or use of specific medications. Six cohorts re-
viewed records for left ventricular function assessment at the time of
HF diagnosis (see Supplementary material online, Table S2). The
CARDIA and JHS classified HFrEF if EF was ,50% and HFpEF if EF
was≥ 50%; echocardiographic diastolic function parameters were not
available to inform HFpEF ascertainment.33 To ensure standardization
across cohorts, the same definitions were applied in the remaining
cohorts.

Covariates
Age, birth year, sex, education, race/ethnicity, smoking status, and smok-
ing pack-years were self-reported (see Supplementary material online,
Table S1). Lifetime smoking status was classified as never or ever by com-
parison of self-reported smoking status over all available examinations.15

Height, weight, and systolic and diastolic blood pressure were measured
using standard methods. Total cholesterol, high-density lipoprotein
(HDL), low-density lipoprotein (LDL), glucose, creatinine, and fibrinogen
were measured in fasting blood samples. Obesity was defined as body
mass index (BMI) .29.9 kg/m2. Medications were self-reported or as-
sessed via medication inventories. Diabetes was self-reported or defined
by fasting blood glucose (≥126 mg/dL) or use of relevant medications.
Hypertension was defined by blood pressure (≥140/90 mmHg) or use
of anti-hypertensive medications. The estimated glomerular filtration
rate (eGFR) was calculated by the Chronic Kidney Disease
Epidemiology Collaboration equation.34 Beyond the exclusion of partici-
pants with missing or invalid spirometry and censoring associated with
loss to follow-up and non-HF mortality, 5406 participants (14.6%)
were missing data for one or more covariates (see Supplementary
material online, Figure S1). Additionally, 7921 (33%) participants were
missing data for eGFR and 12 190 (64%) participants were missing data
for fibrinogen, though these covariates were only incorporated into sen-
sitivity analyses.

Statistical analyses
The cumulative incidence functions for incident HF were plotted for ob-
structive and restrictive lung physiology using preserved lung function as
the referent. Associations between lung function and HF were analysed
using the Fine–Gray proportional sub-distribution hazards models.35 The
proportional hazards assumption was confirmed by residual plots. The
linearity assumption for continuous lung function was tested using
Supremum test for functional form; a non-significant P-value concludes
that the linearity assumption of the continuous variable holds. Effect es-
timates for continuous exposures were reported per standard deviation
decrement, and associations were plotted using post hoc generalized
additive models.
In models of incident HF, non-HF mortality was treated as the com-

peting risk. Time-to-event was defined as age-at-event with left trunca-
tion for age at study entry. Study cohort was treated as a stratum
term to allow for different baseline hazards. Models were adjusted for
a priori confounders including age/birth year (centred), sex, race/ethni-
city, educational attainment, clinical site, height, weight, smoking status,
smoking pack-years, systolic/diastolic blood pressure, total cholesterol,
hypertension status, diabetes status, and statin use at baseline. The
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magnitude of confounding by each covariate was assessed by a
leave-one-out approach. For analyses of lung function decline, the follow-
up period started at the second spirometry assessment and models were
adjusted for baseline lung function. Participants who developed HF be-
tween the first and second spirometry measurements were excluded
from analyses evaluating associations of lung function decline with inci-
dent HF.
In models of incident HF sub-types with the same set of predictors,

incident HF cases without EF measurements (n= 1278) were excluded,
and HFrEF, HFpEF, and non-HF mortality were treated as competing
risks. Non-HF deaths were defined as deaths that were not adjudicated
as primarily or secondarily attributable to HF. In order to investigate the
impact of missing covariate and HF sub-type data, 30 imputed data sets
were generated and associations of baseline lung function with incident
HF were re-evaluated using imputed data sets. Bootstrap analyses
were used to perform statistical comparisons of effect estimates [log
hazard ratio (HR)] for a given predictor with respect to HFrEF vs.
HFpEF. Specifically, 34 bootstrap samples were generated and analysed
for each of the 30 imputed data sets, and the results for all 1020 boot-
strap samples were used to evaluate statistical significance of the differ-
ence between corresponding HRs predicting HFrEF vs. HFpEF. Models
predicting HFrEF and HFpEF were estimated for each sample, and the
difference in the coefficients of the predictor between the two models
was calculated; if 995 or more of the differences had the same sign
(positive vs. negative), then the effect of the predictor on HFrEF vs.
HFpEF was judged to be significantly different (two-tailed P, 0.05).
Because results for the complete cases were substantively the same
as results for the imputed data sets, complete case analyses are pre-
sented as the main results. In order to contextualize the risk conferred
by ventilatory defects, the relative magnitudes of associations between
obstructive and restrictive lung physiology and incident HFrEF and
HFpEF were compared with dichotomized HF risk factors [hyperten-
sion, diabetes, obesity, current smoking, and abnormal lipid profile (to-
tal cholesterol ≥200 mg/dL; HDL ,40 mg/dL in men and ,50 mg/dL
in women36)] using sub-distribution hazards models adjusted for age,
sex, race/ethnicity, site, educational attainment, smoking pack-years,
and statin use. These models were not adjusted for comparative cardio-
vascular risk factors.
To assess potential effect measure modification, models were strati-

fied by age, sex, race/ethnicity, BMI, and smoking status, and multiplicative
two-way interaction terms were tested. In sensitivity analyses, incident
HF events were censored if they were simultaneously classified as chron-
ic lower respiratory disease (CLRD)-related events (i.e. COPD, emphy-
sema, chronic bronchitis, or asthma),37 occurred ,2 years after the
baseline spirometry examination, or followed interim myocardial infarc-
tion (MI) events.
A two-tailed alpha of 0.05 was considered significant for all analyses.

Analyses were completed using SAS, version 9.4 (Cary, NC, USA).

Results

Baseline characteristics
Among 31 677 participants, the mean baseline age was 54.0+ 15.5
years, 56% were women, and 62% were non-Hispanic White
(Table 1). Baseline spirometry demonstrated obstructive physiology
in 20% and restrictive physiology in 7% of participants. Complete
follow-up for incident HF was available for 93.9% of participants at
5 years, 80.9% at 10 years, and 63.7% at 15 years. Incomplete follow-
up stemmed largely from non-HF mortality.

Incident heart failure
During a median follow-up of 21.0 years [interquartile range (IQR),
10.9–27.8], there were 3344 cases of incident HF (Table 2). Lower
baseline FEV1 and FVC were associated with increased HF incidence
(Table 2 and Supplementary material online, Figure S2). Associations
were monotonic without evidence for non-linearity. Both restrictive
and obstructive physiology were associated with incident HF (Table 2
and Figure 1A). The baseline FEV1/FVC was not associated with HF
incidence, nor was accelerated decline in the FEV1 or the FVC
(Table 2 and Supplementary material online, Figure S3).
Associations of impaired lung function with incident HF persisted
in multiple imputation analyses performed to account for missing
covariate data (see Supplementary material online, Table S4).

Incident heart failure with reduced
ejection fraction and heart failure
preserved ejection fraction
Among 27 455 participants with classifiable HF events, there were
2066 incident HF cases over a median follow-up of 22.2 years
(IQR, 11.0–28.2); 1030 events were classified as HFrEF (49.9%)
and 1036 were classified as HFpEF (50.1%) (see Supplementary
material online, Table S3 and Figure S4). The FEV1 and FVC were as-
sociated with incident HFrEF, but obstructive and restrictive physi-
ology were not (Table 2, Supplementary material online, Figure S2).
In contrast, associations with HFpEF were of larger magnitude for
FEV1 and FVC (see Supplementary material online, Figure S2) and
were significant for both obstructive [HR 1.30; 95% confidence inter-
val (CI) 1.11–1.51; P, 0.001] and restrictive physiology (HR 1.56;
95% CI 1.27–1.91; P, 0.001; Figure 1B). Associations of impaired
lung function with incident HFrEF and HFpEF persisted in multiple
imputation analyses performed to account for missing covariate
and HF sub-type data (see Supplementary material online,
Table S4). Further, when stratified by cohort, similar associations
were observed in MESA, which is a contemporary cohort that
started enrolling participants in 2000 with over 14 years of HF
follow-up (see Supplementary material online, Figures S6–S8).
Despite these consistent qualitative observations, differences be-
tween the associations with HFrEF vs. HFpEF were not statistically
confirmed using the conservative bootstrap approach (P= 0.48 for
obstructive physiology and 0.34 for restrictive physiology).

The association between restrictive physiology and incident
HFpEF (HR 1.64; 95% CI 1.34–2.00) was similar to or greater than
associations for dichotomized HF risk factors including obesity (HR
1.66; 95% CI 1.44–1.91), hypertension (HR 1.77; 95% CI 1.52–
2.06), diabetes (HR 1.41; 95% CI 1.20–1.67), and current smoking
(HR 1.33; 95% CI 1.08–1.64), and the CIs for restrictive physiology
overlapped with intervals for established HF risk factors (Table 3).

Sub-group analyses
Among the covariates included in the full model, adjustment for
smoking status and weight was associated with the greatest change
in effect estimates (see Supplementary material online, Figure S5).
Fully stratified models by smoking status and obesity are shown in
Figure 2. Among these two influential covariates, the only nominally
significant interaction was for obesity with respect to the association
between restrictive physiology and incident HFpEF (P-interaction,
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Table 1 Baseline characteristics of participants from eight population-based cohorts stratified by incidence of heart
failure events

No HF (n=28333) Incident HF (n=3344) Total (n=31 677)

Total spirometry follow-up, person-years 259 220 19 107 278 327

Total HF follow-up, person-years 554, 245 54 121 608 366

Age, years, mean+ SD 53.0+ 15.6 62.2+ 11.3 54.0+ 15.5

Sex, n (%)

Femalea 15 948 (56.3) 1827 (54.6) 17 775

Male 12 385 (43.7) 1517 (45.4) 13 902

BMI, kg/m2, mean+ SD 27.3+ 5.6 28.8+ 5.8 27.5+ 5.6

Race/ethnicity, n (%)

European-American 17 168 (60.6) 2357 (70.5) 19 525

African-American 8545 (30.2) 786 (23.5) 9331

Asian-American 569 (2.0) 14 (0.4) 583

Hispanic/Latino 793 (2.8) 21 (0.6) 814

American-Indian 1258 (4.4) 166 (5.0) 1424

Education status, n (%)

Less than high school 3046 (10.7) 525 (15.7) 3571

High school 7866 (27.8) 1009 (30.2) 8875

Some college 5097 (18.0) 371 (11.1) 5468

College or more 12 324 (43.5) 1439 (43.0) 13 763

Smoking status, n (%)

Never 13 384 (47.2) 1309 (39.1) 14 693

Former 8872 (31.3) 1294 (38.7) 10 166

Current 6077 (21.5) 741 (22.2) 6818

Pack-years in ever-smokers, years, median (IQR) 16.5 (5.0–34.3) 25.3 (11.0–41.0) 17.5 (5.6–35.3)

Comorbidities, n (%)

Asthmab 1702 (6.0) 227 (6.8) 1929

COPDc 2176 (87.0) 326 (13.0) 2502

Hypertensiond 11 414 (40.3) 2121 (63.4) 13 535

Diabetese 3031 (7.7) 707 (21.1) 3738

Baseline lung function, mean+++++SD

FEV1 (L) 2.8+ 0.9 2.5+ 0.8 2.8+ 0.9

FVC (L) 3.7+ 1.0 3.3+ 1.0 3.6+ 1.0

FEV1, per cent predicted 94.8+ 16.9 89.8+ 18.9 94.3+ 17.2

FVC, per cent predicted 97.9+ 14.7 93.7+ 16.1 97.5+ 14.9

FEV1/FVC 0.76+ 0.09 0.73+ 0.09 0.76+ 0.09

Obstructive physiology, n (%) 5305 (18.7) 968 (28.9) 6273

Restrictive physiology, n (%) 1844 (6.5) 366 (10.9) 2210

No. of spirometry examinations 2.4+ 1.3 2.0+ 0.9 2.3+ 1.3

Spirometry follow-up, years 9.1+ 10.2 5.7+ 7.1 8.8+ 10.0

Continued



0.03): larger associations were observed in non-obese participants,
yet restrictive physiology remained strongly associated with incident
HFpEF in obese participants (Figure 2B). There were no significant in-
teractions for smoking status, although obstructive physiology was
significantly associated with incident HF and HFpEF in ever-smokers
but not in never-smokers (Figure 2A). In contrast, significant associa-
tions between restrictive physiology and incident HF and HFpEF
were observed in both never- and ever-smokers. Among ever-
smokers, the interaction term for pack-years was nominally signifi-
cant for the association between restriction and incident HF
(P-interaction, 0.05), with larger associations observed in participants
with lesser pack-year histories (see Supplementary material online,
Table S5). Nonetheless, significant associations between restrictive
physiology and increased risk of HFpEF were observed across all le-
vels of BMI and smoking status.
With respect to other covariates, effect estimates were similar

when stratified by age, sex, and major comorbidities (see
Supplementary material online, Table S5). Associations between im-
paired lung function and incident HF persisted in participants without
baseline hypertension, diabetes, obesity, or smoking (see
Supplementary material online, Table S5). While there was a signifi-
cant interaction between restrictive physiology and race/ethnicity
(P= 0.004), there were limited sample sizes in certain strata.
Further, effect estimates were monotonic and similar in all levels of
the covariates, which is not consistent with substantial effect meas-
ure modification.
Of importance, sub-group analyses were not adjusted for multiple

comparisons and should be interpreted as exploratory.

Sensitivity analyses
Additional adjustment for renal function and fibrinogen did not alter
results (see Supplementary material online, Tables S6 and S7). Results
were similar when excluding incident HF events that were co-
classified as CLRD-related events (see Supplementary material
online, Table S8), HF events occurring within 2 years of spirometry
measurement (see Supplementary material online, Table S9), and in-
terim MI events (see Supplementary material online, Table S10).
Results were also comparable in cohort-stratified analyses (see
Supplementary material online, Figures S6–S8).

Discussion
Lung function impairment was associated with increased risk of inci-
dent HF in a large multi-ethnic sample of US adults. Associations var-
ied by physiological patterns of pulmonary and cardiac impairment:
restrictive physiology was more strongly associated with incident
HF than obstructive physiology, and lung function impairment was
more strongly associated with HFpEF compared with HFrEF. The
magnitude of the association between restrictive physiology and
HFpEF was similar to or greater than established HF risk factors
(Structured Graphical Abstract). This suggests that the recognition
and management of lung function impairment could be important
for prevention and treatment of HF, and particularly HFpEF.

This is the largest study of which we are aware to define associa-
tions of lung function with incident HF. Our results are consistent
with prior studies that showed associations of reduced FEV1 and

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1 Continued

No HF (n=28333) Incident HF (n=3344) Total (n=31677)

Change in FEV1, mL/yearf −36.8+ 64.4 −44.1+ 63.1 −37.5+ 64.3

Change in FVC, 11 937mL/year −39.3+ 78.8 −52.4+ 80.1 −40.7+ 79.0

Change in FEV1/FVC per year −0.2+ 1.2 −0.2+ 1.3 −0.2+ 1.2

Cohort, n (%)

ARIC 11 937 (42.1) 1736 (51.9) 13 673

CARDIA 4809 (17.0) 70 (2.1) 4879

CHS 1682 (5.9) 713 (21.3) 2395

FHS offspring 1693 (6.0) 123 (3.7) 1816

Health ABC 1491 (5.3) 357 (10.7) 1848

JHS 1777 (6.3) 75 (2.2) 1852

MESA 3686 (13.0) 104 (3.1) 3790

SHS 1258 (4.4) 166 (5.0) 1424

ARIC, Atherosclerosis Risk in Communities; BMI, body mass index; CARDIA, Coronary Artery Risk Development in Young Adults; CHS, cardiovascular health study; COPD, chronic
obstructive pulmonary disease; FEV1, forced expiratory volume in 1 s; FHS, FraminghamHeart Study; FVC, forced vital capacity; HF, heart failure; IQR, interquartile range; JHS, Jackson
Heart Study; MESA, multi-ethnic study of atherosclerosis; SHS, strong heart study; SD, standard deviation.
aColumn percentages reported.
bSelf-reported physician-diagnosed asthma.
cSelf-reported physician-diagnosed COPD, chronic bronchitis, or emphysema.
dSelf-reported hypertension or systolic blood pressure ≥140 mmHg or diastolic blood pressure ≥90 mmHg or use of anti-hypertensive medications.
eSelf-reported diabetes or fasting blood sugar level≥ 126 mg/dL or use of hypoglycaemic agents.
fLung function decline calculated among 22 528 participants with follow-up spirometry.
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FVC with incident HF risk among European men9,10 and older
adults.11 The present study expands the generalizability of these find-
ings by establishing associations of lung function impairment with HF
risk in a large, multi-ethnic cohort of men and women which included
middle-aged and older adults. Our results were broadly consistent in
sub-group analyses according to sociodemographic, anthropometric,
behavioural, and clinical factors, and persisted among participants
without smoking history, obesity, or major comorbidities. Our

results provide evidence that impaired lung function may provide
clinicians with additional information regarding HF risk. Clinicians
should consider evaluating patients with lung function impairment
for comorbid HF, and may advise HF prevention strategies including
regular physical activity, dietary interventions, tobacco cessation, and
moderation of alcohol intake.38 Additional studies are needed to de-
termine whether therapies that improve lung function impairment
concomitantly minimize HF risk.
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Table 2 Associations of baseline lung function and lung function decline with incident heart failure, incident heart
failure with reduced ejection fraction, and incident heart failure with preserved ejection fraction

Baseline lung functiona Incident HFb Incident HF sub-typesc

Incident HFrEF Incident HFpEF

At risk with available baseline lung function 31 677 27 455 27 455

Events (cumulative incidence) 3344 (10.6) 1030 (3.8) 1036 (3.8)

Incidence density rate/10 000 person-yearsd 55.0 18.9 19.0

HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value

Per one standard deviation decremente

FEV1 1.22 (1.15–1.30) ,0.001 1.13 (1.02–1.25) 0.02 1.25 (1.12–1.39) ,0.001

FVC 1.32 (1.23–1.42) ,0.001 1.18 (1.05–1.34) 0.007 1.29 (1.13–1.48) 0.001

FEV1/FVC 1.02 (0.98–1.06) 0.35 0.99 (0.92–1.06) 0.11 1.05 (0.98–1.13) 0.16

Per category

Preserved lung function Ref Ref Ref

Obstructive physiology 1.17 (1.07–1.27) ,0.001 1.08 (0.92–1.26) 0.47 1.30 (1.11–1.51) ,0.001

Restrictive physiology 1.43 (1.27–1.62) ,0.001 1.13 (0.89– 1.43) 0.31 1.56 (1.27–1.91) ,0.001

Lung function declinef Incident HF Incident HF sub-types

Incident HFrEF Incident HFpEF

At risk with available lung function declineg 22 528 20 564 20 564

Events (cumulative incidence) 2356 (10.5) 739 (3.6) 808 (3.9)

Incidence density rate/10 000 person-years 59.9 19.9 21.8

HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value

Per one standard deviation faster declineh

FEV1 decline 1.03 (0.99–1.08) 0.13 1.05 (0.98–1.13) 0.20 1.01 (0.94–1.09) 0.74

FVC decline 1.03 (0.99–1.07) 0.14 1.04 (0.98–1.11) 0.19 1.03 (0.96–1.11) 0.37

FEV1/FVC decline 1.00 (0.96–1.05) 0.84 1.03 (0.95–1.11) 0.53 0.96 (0.89–1.04) 0.34

CI, confidence interval; FEV1, forced expiratory volume in 1 s; FVC, forced vital capacity; HF, heart failure; HFpEF, heart failure with preserved ejection fraction; HFrEF, heart failure
with reduced ejection fraction; HR, hazard ratio.
aSeparate sub-distribution hazards regression models were used to analyse the risk of incident HF and incident HF sub-types; all models adjusted for baseline age, sex, race, educational
attainment, birth year, site, height, weight, smoking status, pack-years, systolic and diastolic blood pressure, total cholesterol, hypertension status, diabetes status, and statin use.
bIn models of incident HF, non-HF mortality was treated as the competing risk.
cIn models of incident HF sub-types, which were limited to the cohorts collecting data on ejection fraction, HFrEF, HFpEF, and non-HF mortality were treated as competing risks;
interaction terms for HF sub-types did not reach statistical significance.
dThe incidence density rates (IDR)/10 000 person-years for HFpEF and HFrEF do not add up to the IDR/10 000 per-years for HF because the size of the at-risk population differs for
HF and HF sub-types based on availability of ejection fraction measurements.
eOne SD of FEV1= 0.9 L; one SD of FVC= 1.1 L; one SD of FEV1/FVC= 0.09.
fTime-to-event is calculated from the time of the second spirometry.
gExcluded 9149 individuals who did not have follow-up spirometry.
hDecline was calculated between first and second spirometry visit. One SD of decline in FEV1= 62.4 mL; one SD of decline in FVC= 78.9 mL; one SD of decline in FEV1/FVC= 0.01.



With regard to HF sub-types, we found that associations with lung
function impairment were more consistent and of larger magnitude
for HFpEF compared with HFrEF in Fine–Gray models that treated
HF sub-types as competing risks. Specifically, baseline FEV1 and
FVC were more strongly associated with incident HFpEF than inci-
dent HFrEF. This finding is consistent with a previous study in elderly
adults in which reduced FEV1/FVC was associated with incident
HFpEF but was not a significant HFrEF risk factor.8 However, our re-
sults contrast with a prior study in older adults that found similar as-
sociations of abnormal lung function with both incident HFrEF (HR
1.71) and HFpEF (HR 1.75) in Cox proportional hazards models.11

This discrepancy was not fully explained by different modelling ap-
proaches: when associations were estimated using Cox proportional
hazards models in the present study, lung function impairment re-
mained more strongly associated with HFpEF than HFrEF (results
not shown). The stronger associations with HFpEF vs. HFrEF in
our study may therefore be due to the larger sample size, younger
mean age of participants, greater confounder adjustment, or poten-
tially advances in the prevention of HFrEF.39

Smoking is anticipated to confound associations with incident HF,
and particularly HFrEF, since it is a major known cause of accelerated
lung function decline, obstructive physiology, and atherosclerotic
cardiovascular disease.40 Our study confirms that adjustment for
smoking status substantially attenuated associations between lung
function impairment and HF, which is consistent with confounding.

The ARIC study, which included a large proportion of current smo-
kers, previously identified increased HF risk among participants with
rapid declines in FEV1 and FVC.41 In contrast, the present study,
which included a large proportion of never-smokers and used a sub-
stantially larger sample, did not find increased HF risk among partici-
pants with accelerated lung function decline. It is possible that
incomplete control of confounding related to smoking could contrib-
ute to this discrepancy between our study and the prior report.

Our study did not find strong evidence for effect measure modifica-
tion by smoking, although effect estimates varied in strata of smoking
status. For example, obstructive physiology was associated with inci-
dent HFpEF among smokers but not among never-smokers. This find-
ing is consistent with a study in men that found that obstructive
physiology was associated with HF hospitalizations in smokers only.9

However, despite the uniquely large sample size in the present study,
no statistically significant interaction by smoking status was shown. Yet
another prior study in African-Americans found obstructive physi-
ology was more strongly associated with incident HF than restric-
tion.42 In contrast, in our study, restrictive physiology was strongly
associated with HF and HFpEF regardless of smoking status, which is
suggestive of independentmechanisms. Generally, our results in never-
smokers, which are non-significantly different than results in smokers,
are unlikely to be confounded by unregistered smoking exposures.

Impaired lung function may contribute directly to HF pathogenesis
via several biological mechanisms. Lung function impairment

Figure 1Unadjusted Fine–Gray cumulative incidence curves showing cumulative failure rates due to (A) incident heart failure andmortality and (B)
incident heart failure with reduced ejection fraction and incident heart failure with preserved ejection fraction. Associations of lung function with
incident heart failure were analysed using Fine–Gray proportional sub-distribution hazards models. Models were adjusted for baseline age/birth year
(centred), sex, race/ethnicity, educational attainment, clinical site, height, weight, smoking status, smoking pack-years, systolic/diastolic blood pres-
sure, total cholesterol, hypertension status, and diabetes status. In models of incident heart failure (A), non-heart failure mortality was treated as the
competing risk. Restrictive and obstructive physiology were both associated with incident heart failure. In models of incident heart failure sub-types
(B), heart failure with reduced ejection fraction, heart failure with preserved ejection fraction, and non-heart failure mortality were treated as com-
peting risks. Restrictive and obstructive physiology were not associated with incident heart failure with reduced ejection fraction. In contrast, both
restrictive and obstructive physiology were significantly associated with incident heart failure.



generates systemic oxidative stress,43 which has been shown to in-
duce myocardial hypertrophy and impair cardiac contractility.44

Reduced total lung capacity, which is a defining feature of restrictive
physiology, has been shown to generate systemic inflammation.45

Systemic inflammation may in turn lead to endothelial inflammation
in the coronary microvasculture.6 Coronary microvascular endothe-
lial inflammation alters protein homeostasis in adjacent cardiomyo-
cytes and generates cardiac remodelling and hypertrophy
characteristic of HFpEF.46 Abnormal respiratory mechanics, which
may occur with obesity,47 additionally impair left ventricular filling,
reduce cardiac output, and generate haemodynamic changes.48

Indeed, BMI was found to confound and modify associations of re-
strictive physiology with incident HFpEF in our study, although asso-
ciations were consistent across strata of BMI categories.
Unfortunately, circulating markers of systemic inflammation were
not available in all cohorts, so the aforementioned pathways con-
necting lung function impairment with incident HF are speculative.
Nonetheless, our results suggest that lung function impairment,
and potentially secondary systemic inflammation and oxidative
stress, could represent promising targets for HFpEF prevention
and treatment.

Strengths of the current work include the large, multi-ethnic
population-based sample; consideration of a large number of poten-
tial confounding factors; extensive follow-up; and examination of
quality-controlled physiologic and clinical endpoints. Nonetheless,

the study has several limitations. First, HF is a clinical diagnosis, and
HF ascertainment in cohort studies remains challenging. Defining
HFpEF events is particularly challenging, as echocardiographic dia-
stolic function parameters were not available to informHFpEF ascer-
tainment beyond EF ≥50%. Nevertheless, incident HF and HF
sub-types were classified and adjudicated using standardized meth-
ods.49 Potential misclassification of respiratory exacerbations as inci-
dent HF events was considered, yet analyses that excluded events
coded with a concomitant CLRD diagnosis yielded similar results.
Second, 4222 (13.3%) participants did not have available EF measure-
ments at the time of HF diagnosis. However, associations of impaired
lung function with incident HF sub-types persisted in multiple imput-
ation analyses that imputed missing EF data. Third, it is possible that a
sub-set of the cohort had sub-clinical HF at baseline. Because HF can
lower both FEV1 through peribronchial oedema and FVC through
cardiac enlargement,50 impaired lung function may serve as a marker
of preclinical HF. Unfortunately, biomarkers of decompensated HF
including N-terminal pro B-type natriuretic peptide (NT-proBNP)
were not available. However, occult baseline HF is unlikely to fully ex-
plain our results, as associations were robust both to censoring HF
events occurring within 2 years of spirometry measurements and
to adjusting for renal dysfunction, which can herald underlying car-
diac impairment.51 Further, prior studies have demonstrated that as-
sociations of lung function impairment with incident HF persisted
after adjusting for cardiac biomarkers including NT-proBNP.10
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Table 3 Associations of baseline lung functionwith incident heart failure, incident heart failurewith reduced ejection
fraction, and incident heart failure with preserved ejection fraction compared with dichotomized established risk
factors

Incident HFa,b Incident HF sub-typesc

Incident HFrEF Incident HFpEF

HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value

Obstructive physiologyd 1.15 (1.05–1.25) 0.002 1.06 (0.90–1.24) 0.50 1.25 (1.08–1.46) 0.004

Restrictive physiologye 1.49 (1.33–1.68) ,0.001 1.16 (0.92–1.46) 0.21 1.64 (1.34–2.00) ,0.001

Current smoking 1.33 (1.18–1.50) ,0.001 1.39 (1.13–1.71) 0.002 1.33 (1.08–1.64) 0.007

Diabetesf 1.43 (1.31–1.57) ,0.001 1.38 (1.16–1.64) ,0.001 1.41 (1.20–1.67) ,0.001

High total cholesterolg 0.92 (0.86–0.99) 0.03 0.86 (0.75–0.98) 0.02 0.98 (0.86–1.11) 0.73

Hypertensionh 1.44 (1.33–1.57) ,0.001 1.32 (1.13–1.54) 0.004 1.77 (1.52–2.06) ,0.001

Low HDLi 1.09 (1.01–1.17) 0.03 1.09 (0.96–1.25) 0.19 1.01 (0.89–1.16) 0.87

Obesityj 1.40 (1.29–1.51) ,0.001 1.18 (1.02–1.36) 0.03 1.66 (1.44–1.91) ,0.001

CI, confidence interval; HDL, high-density lipoprotein; HF, heart failure; HFpEF, heart failure with preserved ejection fraction; HFrEF, heart failure with reduced ejection fraction; HR,
hazard ratio.
aSeparate sub-distribution hazards regressionmodels were used to analyse risk of incident HF and incident HF sub-types; models additionally adjusted for age, sex, race, birth year, site,
educational attainment, smoking pack-years, and statins. Hazard ratios for obstructive and restrictive physiology differ slightly from those observed in Table 2 because we did not adjust
for comparative cardiovascular risk factors evaluated in Table 3 (i.e. height, weight, systolic/diastolic blood pressure, total cholesterol, hypertension status, and diabetes status).
bIn models of incident HF, non-HF mortality was treated as the competing risk.
cIn models of incident HF sub-types, which were limited to the cohorts collecting data on ejection fraction, HFrEF, HFpEF, and non-HF mortality were treated as competing risks.
dObstructive physiology: FEV1/FVC, 70.
eRestrictive physiology: FEV1/FVC≥ 70 and per cent–predicted FVC, 80.
fSelf-reported diabetes or fasting blood sugar levels≥ 126 mg/dL or use of oral hypoglycaemic agents or insulin.
gHigh total cholesterol: total cholesterol≥ 200 mg/dL.
hSelf-reported hypertension or systolic blood pressure≥ 140 mmHg or diastolic blood pressure≥ 90 mmHg or use of anti-hypertensive medications.
iLow HDL: Men=HDL ,40 mg/dL; Women≤ 50 mg/dL.
jObesity: BMI. 29.9 kg/m2.



Fourth, observed associations between reduced lung function and in-
cident HF events could be confounded by cardiovascular risk factors
including genetic factors, which were not measured. However, asso-
ciations between impaired lung function and incident HF persisted in

participants without hypertension, diabetes, obesity, or current
smoking at the baseline assessment. Fifth, data that could elucidate
the aetiology of restrictive physiology (i.e. lung volumes, muscle pres-
sures, and computed tomography imaging) were unavailable. Obesity

Figure 2 Smoking- and obesity-stratified analyses of associations between lung function impairment and incident heart failure. To assess potential
effect modification, Fine–Gray proportional sub-distribution hazards models were stratified by smoking status (A) and body mass index (B). Models
were adjusted for baseline age, sex, race, educational attainment, birth year, site, height, weight, smoking status, pack-years, systolic and diastolic
blood pressure, total cholesterol, hypertension status, diabetes status, and statin use. Among never-smokers, restrictive physiology was significantly
associated with overall incident heart failure and incident heart failure with preserved ejection fraction, but not with incident heart failure with re-
duced ejection fraction. Similarly, analyses stratified by body mass index showed restrictive physiology remained strongly associated with incident
heart failure preserved ejection fraction in non-obese participants. Hazard ratios are plotted on a log scale.



can generate a restrictive pattern on spirometry,52 and residual con-
founding due to weight-related restriction may have impacted ob-
served associations between restriction and incident HF. However,
models stratified by obesity showed persistent associations in non-
obese participants. Sixth, post-bronchodilator spirometry is required
for defining obstructive lung physiology but was not available in these
cohorts. However, prior studies have shown that pre- and post-
bronchodilator measurements are highly correlated.53 Seventh, the
findings are largely restricted to African-American,
European-American, and American-Indian individuals, as incident
HF events were relatively low among Asian-American and
Hispanic/Latino participants. Eighth, it is possible that in cohorts
with advanced age at enrolment, participants with impaired lung
function and subsequent HF were less likely to be enrolled, which
may have contributed to an under-estimation of associations be-
tween lung function impairment and incident HF.54 However, the ob-
served associations persisted in cohorts that enrolled young adults.
Finally, impaired lung function is associated with increased mortality,
and comorbid HF further increases mortality in patients with respira-
tory diseases.55 It is possible that a selective survival bias contributed
to under-estimation of associations between reduced lung function
and incident HF. To mitigate this issue, we treated all-cause mortality
as a competing risk in all analyses. However, the nominal interaction
by pack-years identified in our study, in which persons with greater
pack-years demonstrated smaller associations between restrictive
physiology and incident HFpEF, may be due to incomplete account-
ing for competing risks despite the use of a competing risks modelling
approach.

In conclusion, lung function impairment was associated with in-
creased risk of incident HF in a large, US general population-based
cohort. Reduced lung function, particularly restrictive physiology,
was associated with incident HFpEF independent of and to similar ex-
tent as major known cardiovascular risk factors. Recognition of lung
function impairment could be important for prevention, early diag-
nosis, and prognostication of HF and especially HFpEF, for which ef-
fective therapies remain limited.
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