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Abstract

Background

Heart failure (HF) risk is highest in late life, and impaired pulmonary vascular function is a
risk factor for HF development. However, data regarding the contributors to and prognostic
importance of pulmonary vascular dysfunction among HF-free elders in the community are
limited and largely restricted to pulmonary hypertension. Our objective was to define the
prevalence and correlates of abnormal pulmonary pressure, resistance, and compliance
and their association with incident HF and HF phenotype (left ventricular [LV] ejection frac-
tion [LVEF] > or < 50%) independent of LV structure and function.

Methods and findings

We performed cross-sectional and time-to-event analyses in a prospective epidemiologic
cohort study, the Atherosclerosis Risk in Communities study. This is an ongoing, observa-
tional study that recruited 15,792 persons aged 45—64 years between 1987 and 1989 (visit
1) from four representative communities in the United States: Minneapolis, Minnesota; Jack-
son, Mississippi; Hagerstown, Maryland; and Forsyth County, North Carolina. The current
analysis included 2,810 individuals aged 66—90 years, free of HF, who underwent echocar-
diography at the fifth study visit (June 8, 2011, to August 28, 2013) and had measurable tri-
cuspid regurgitation by spectral Doppler. Echocardiography-derived pulmonary artery
systolic pressure (PASP), pulmonary vascular resistance (PVR), and pulmonary arterial
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compliance (PAC) were measured. The main outcome was incident HF after visit 5, and key
secondary end points were incident HF with preserved LVEF (HFpEF) and incident HF with
reduced LVEF (HFrEF). The mean £ SD age was 76 + 5 years, 66% were female, and 21%
were black. Mean values of PASP, PVR, and PAC were 28 + 5 mm Hg, 1.7 + 0.4 Wood unit,
and 3.4 + 1.0 mL/mm Hg, respectively, and were abnormal in 18%, 12%, and 14%, respec-
tively, using limits defined from the 10th and 90th percentile limits in 253 low-risk participants
free of cardiovascular disease or risk factors. Left heart dysfunction was associated with
abnormal PASP and PAC, whereas a restrictive ventilatory deficit was associated with
abnormalities of PASP, PVR, and PAC. PASP, PVR, and PAC were each predictive of inci-
dent HF or death (hazard ratio per SD 1.3[95% CI 1.1-1.4], p<0.001; 1.1 [1.0-1.2], p=
0.04;1.2[1.1-1.4], p=0.001, respectively) independent of LV measures. Elevated pulmo-
nary pressure was predictive of incident HFpEF (HFpEF: 2.4 [1.4—4.0, p=0.001]) but not
HFrEF (1.4[0.8-2.5, p=0.31]). Abnormal PAC predicted HFrEF (HFpEF: 2.0 [1.0-4.0, p=
0.05], HFrEF: 2.8 [1.4-5.5, p=0.003]), whereas abnormal PVR was not predictive of either
(HFpEF: 0.9[0.4-2.0, p=0.85], HFrEF: 0.7 [0.3-1.4, p=0.30],). A greater number of abnor-
mal pulmonary vascular measures was associated with greater risk of incident HF. Major
limitations include the use of echo Doppler to estimate pulmonary hemodynamic measures,
which may lead to misclassification; inclusions bias related to detectable tricuspid regurgita-
tion, which may limit generalizability of our findings; and survivor bias related to the cohort
age, which may result in underestimation of the described associations.

Conclusions

In this study, we observed abnormalities of PASP, PVR, and PAC in 12%—18% of elders in
the community. Higher PASP and lower PAC were independently predictive of incident HF.
Abnormally high PASP predicted incident HFpEF but not HFrEF. These findings suggest
that impairments in pulmonary vascular function may precede clinical HF and that a compre-
hensive pulmonary hemodynamic evaluation may identify pulmonary vascular phenotypes
that differentially predict HF phenotypes.

Author summary

Why was this study done?

o Abnormal pressure or function of the blood vessels in the lungs is associated with risk of
developing heart failure. These blood vessels in the lungs can be characterized by pres-
sure, resistance, and compliance.

« Alterations in heart and lung function can influence the pulmonary blood vessels.

o The risk of heart failure is highest in late life. However, little is known about the associa-
tion of heart and lung dysfunction with pulmonary vascular measures, and the associa-
tion of pulmonary vascular measures with heart failure risk, among elders in the
community.
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occurrence of clinical heart failure in a large community-based cohort with participants
aged 66-90 years.

tion, and venous thromboembolism with abnormalities in these three major pulmonary
vasculature measures (i.e., pulmonary pressure, resistance, and compliance).

o The presence of left heart disease was associated with abnormally higher pulmonary
pressure. Pulmonary dysfunction was associated with abnormalities in all three pulmo-

» We performed time-to-event analysis to investigate the association of abnormalities in
pulmonary vasculature measures with future development of heart failure and heart fail-
ure subtypes (heart failure with preserved or reduced left ventricular ejection fraction).

We found that higher pulmonary pressure and lower compliance were associated with
risk of heart failure. Higher pulmonary pressure was associated with greater risk of
heart failure with preserved ejection fraction but not with reduced ejection fraction.
Lower pulmonary arterial compliance was more strongly associated with heart failure
with reduced ejection fraction.

What do these findings mean?

« These findings suggest that abnormalities of pulmonary pressure and compliance may
precede the development of heart failure and are associated with increased risk for heart
failure.

o Further research is needed to better understand whether, and how, these abnormalities
in the pulmonary vasculature directly contribute to heart failure development and
whether this differs by heart failure subtype.

o The main limitations of this study include potential error in pulmonary vascular mea-
sures due to the methodology used and the selection of participants in this analysis,
which may limit the generalizability of these findings.

Introduction

Pulmonary vascular disease predicts worse outcomes in cardiovascular and pulmonary dis-
eases [1] and is most commonly secondary to left heart, lung, venous thromboembolic, and
primary pulmonary vascular diseases [2]. Although most commonly manifest clinically as pul-
monary hypertension (PH), the pulmonary circulation can also be characterized in terms of
pulmonary vascular resistance (PVR) and pulmonary arterial compliance (PAC), which are
inversely related measures of hydraulic load [3]. In addition to elevated left ventricular (LV)
filling pressure, higher pulmonary pressures may result from reciprocal changes in PVR and
PAC. Indeed, recent autopsy-based data demonstrate evidence of global pulmonary vascular
remodeling in patients with heart failure (HF) and PH [4]. Importantly, these pulmonary
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hemodynamic measures are not redundant, and pulmonary pressure may remain normal
despite impairments in PVR and PAC [5]. Pulmonary pressure and vascular resistance
increase with age [6,7], in parallel with age-associated changes in LV compliance and filling
pressure, pulmonary function, and vascular function [8,9]. Although prior studies have
described the association of PASP with incident HF, few data are available regarding the preva-
lence, causes, and prognostic implications of PH and vascular dysfunction in the elderly.

Invasive right heart catheterization is the gold-standard method to assess the pulmonary
vasculature but cannot be broadly applied owing to its invasive nature. Doppler echocardiog-
raphy is a reliable, validated, and widely used method to assess pulmonary hemodynamics,
including pulmonary artery systolic pressure (PASP), mean pulmonary artery pressure
(MPAP), and PVR [10,11]. We aimed to determine the prevalence and determinants of pul-
monary vascular dysfunction and define their prognostic relevance for incident HF with pre-
served LV ejection fraction (LVEF) (HFpEF) and HF with reduced LVEF (HFrEF) in late life.
We studied community-based participants aged 66-90 years in the Atherosclerosis Risk in
Communities (ARIC) study who underwent comprehensive transthoracic echocardiography
at the fifth study visit.

Methods
Study population

The ARIC study is an ongoing, prospective observational cohort study [12]. ARIC recruited
15,792 persons aged 45-64 years between 1987 and 1989 (visit 1) from four communities in
the United States: Forsyth County, North Carolina; Jackson, Mississippi; suburban Minneapo-
lis, Minnesota; and Washington County, Maryland. Between June 2, 2011, and August 30,
2013, 6,538 participants returned for a fifth visit that included anthropometrics, interviewer-
administered questionnaires (https://sites.cscc.unc.edu/aric/cohort-forms-forms), laboratory
testing, and comprehensive echocardiography. The current analysis included 2,810 visit 5
participants free of prevalent HF and with measurable tricuspid regurgitation (TR) spectral
Doppler on echocardiography. Prevalent HF at visit 5 was defined as an adjudicated HF hospi-
talization between 2005 and visit 5 (HF adjudication in ARIC began in 2005), hospitalization
with an HF ICD code 428 in any position prior to 2005 [13,14], or any self-report of HF or HF
medication use on an annual ARIC follow-up phone interviews prior to visit 5. Prospective
protocols for the ARIC study overall and echocardiography at visit 5 have been previously pub-
lished [15]. This analysis did not have a specific prospective protocol.

Ethics statement

The ARIC study has been approved by institutional review boards (IRBs) at all participating
institutions. All participants provided written informed consent at all study visits.

Assessment of pulmonary hemodynamics

Studies were acquired in all participants attending visit 5 at all four field centers by certified
study sonographers using uniform imaging equipment and following a standardized image
acquisition protocol as previously described [15]. Quantitative measures were performed by
blinded analysts at a dedicated core laboratory based on the recommendations of the Ameri-
can Society of Echocardiography [16,17]. Reproducibility metrics have been previously
reported [15] and demonstrated intrareader coefficients of variation of less than 15% and
intraclass correlations of greater than 0.84. PASP was calculated as 4" (peak VCIOCitYTRz) +5
[11,18,19]. MPAP was estimated as the mean systolic right ventricle-to-right atrium pressure
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gradient by tracing the TR time-velocity integral (VTI) as previously validated [11,20]. Dia-
stolic pulmonary artery pressure (DPAP) was calculated using the formula: MPAP = 1/3 PASP
+2/3 DPAP. Stroke volume (SV) was calculated using the LV outflow tract diameter and VTL.
PVR was calculated as 10*TR velocity/TVIgyor [21]. PAC was calculated as SV/pulmonary
pulse pressure and is expressed in mL/mm Hg [22].

Age-appropriate reference limits for pulmonary vascular measures were defined in a subset
of low-risk participants free of prevalent cardiovascular disease or risk factors (referred to as
the “low-risk reference subgroup”). This group excluded participants with prevalent CV dis-
ease defined as coronary heart disease (CHD; includes prior myocardial infarction [MI] or
coronary intervention, or regional wall motion abnormality on echocardiography), prior HF
hospitalization or HF self-report, atrial fibrillation, and moderate or greater valvular disease at
visit 5; or CV risk factors including hypertension, diabetes, body mass index (BMI) of >30 or
<18.5 kg/ m?, chronic kidney disease (CKD) defined as an eGFR <60 ml/min/1.73 m?, QRS
duration >120 milliseconds, or active smoking.

Assessment of potential causes of pulmonary vascular dysfunction

Left heart dysfunction was defined as an LVEF <50% or echocardiographic evidence of ele-
vated left atrial pressure based on left atrial enlargement (left atrial volume index [LAVi] > 34
ml/m?) or elevated E/e’ ratio (average E/e’ > 14) [17] on visit 5 echocardiogram. Pulmonary
dysfunction was defined based on participant self-report and visit 5 spirometry. A restrictive
pattern was defined as a percent of predicted forced vital capacity (FVC) <80% [23,24].
Chronic obstructive pulmonary disease (COPD) was defined based on self-report of physician
diagnosis or an obstructive spirometric pattern defined as a forced expiratory volume in 1 sec-
ond (FEV)/FVC ratio <0.70 [25]. History of prior venous thromboembolism (VTE; includes
deep vein thrombosis or pulmonary embolus) was assessed through physician adjudication of
participant hospitalizations with a broad set of VTE ICD-9-CM discharge codes as previously
described [26].

Clinical covariates

Prevalent hypertension and diabetes were based on blood pressure and glucose measured
from study visits 1 through 5, self-report of physician diagnosis, and medication use as previ-
ously described [12]. Detailed interview data collection forms are available at the ARIC website
(https://sites.cscc.unc.edu/aric/desc_pub). Obesity was defined as a BMI >30 kg/m?. CKD was
defined as an eGFR <60 mL/min/1.73 m? calculated using the CKD-EPI equation [27]. Preva-
lent CHD was based on ARIC surveillance for CHD events including definite or probable MI
and coronary revascularization [28]. Atrial fibrillation was ascertained based on ECGs at five
study visits and hospital discharge records [29].

Assessment of right ventricular function, biomarkers, and clinical
outcomes

Right ventricular (RV) function was assessed on visit 5 echocardiograms as both (1) the RV
fractional area change (RVFAC), calculated as 100*(end-diastolic area — end-systolic area)/
end-diastolic area, where RV areas were measured in an RV-focused apical 4-chamber view;
and (2) tissue Doppler-based tricuspid annular peak systolic velocity (TA S’) [30]. Hs-TnT was
measured using a highly sensitive assay (Elecsys Troponin T, Roche Diagnostics, Indianapolis,
IN). N-terminal prohormone brain natriuretic peptide (NT-proBNP) was measured using
electrochemiluminescent immunoassay (Roche Diagnostics) with a lower detection limit of
<5ng/mL [31].
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Incident HF post visit 5 was ascertained based on physician adjudication aided by compre-
hensive abstraction of medical records from hospitalizations with an ICD code related to
potential HF as previously described [13]. Abstracted items included measures of LVEF (S1
Text). Incident HFpEF was defined as an adjudicated HF event with a documented LVEF
>50%, whereas incident HFrEF was defined if the LVEF was <50%. Deaths were ascertained
by ARIC surveillance or the National Death Index [28]. For this analysis, all participants were
followed through December 31, 2018.

Statistical methods

Echocardiographic measures of pulmonary hemodynamics were described in the low-risk ref-
erence subgroup overall and stratified by sex using quantile regression (STATA greg) to define
the 10th and 90th percentile limits with associated 95% confidence limits. Abnormal PASP
and PVR were defined as values above the resulting 90th percentile limits, whereas abnormal
PAC was defined as values below the 10th percentile limit. Among ARIC participants attend-
ing visit 5 and free of prevalent HF, the cross-sectional associations of prevalent left heart dis-
ease, pulmonary dysfunction, and VTE with abnormalities of PASP, PVR, and PAC were
assessed using multivariable logistic regression with the pulmonary vascular measure as the
outcome variable and adjusting for age, sex, race, and each of the potential etiologies. Pulmo-
nary dysfunction was further specified as COPD or a restrictive ventilatory abnormality, as
pathophysiology of pulmonary vascular disease may differ between these two categories of
lung disease [32]. We determined the population attributable risk (PAR) for abnormal pulmo-
nary vascular measures (PASP, PVR, PAC) associated with each potential etiology (left heart
disease, pulmonary dysfunction, VTE). We used the prevalence among cases and the odds
ratio estimate to calculate the percentage PAR using the following formula [33]: PAR % = pd;
*[RR;-1/RR;], where pd; is the proportion of total cases in the population arising from the ith
exposure category and RR,; is the adjusted risk ratio for the ith exposure category.

The continuous association of PASP, PVR, and PAC with visit 5 log-transformed NT-
proBNP levels was assessed using restricted cubic splines. The number of knots was selected
based on minimization of the model AIC (3-6 knots assessed). If the p-value for nonlinearity
was >0.05 for spline models employing the optimal number of knots, then associations were
modeled linearly with 2 knots.

Univariate and multivariable Cox proportional hazards models were employed to assess the
association of PASP, PVR, and PAC with incident HF overall, incident HFrEF, incident
HFpEF, and the composite of each of these with death post visit 5. Pulmonary vascular mea-
sures were modeled as dichotomous (normal, abnormal) and continuous variables. For inci-
dent HFpEF, participants developing HF with LVEF <50% or with unknown EF were
censored at the time of their HF event, and vice versa for incident HFrEF.

To account for potential bias due to selective attrition related to either unmeasurable TR jet
velocity on visit 5 echocardiography or visit 5 non-attendance, we performed a sensitivity anal-
ysis using inverse probability of attrition weighting [34,35] (S1 Text). All analyses were per-
formed with STATA 12.0 (College Station, TX). A two-sided p-value of <0.05 was considered
statistically significant. This study is reported as per the Strengthening the Reporting of Obser-
vational Studies in Epidemiology (STROBE) guideline (S1 Checklist).

Results

The mean age of the 2,810 participants was 76 + 5 years, 66% were female, and 21% were black
(Table 1). Differences between HF-free participants at visit 5 (n = 2,810) and those who were
excluded (n = 12,982) are shown in S1 Table. The mean values of PASP, PVR, and PAC were
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Table 1. Clinical characteristics and echocardiographic features of the study cohort.

Demographics Total n Studied cohort
Age, years 76.2+52
Male sex, % 2,810 969 (34%)
Black, % 2,810 600 (21%)
Field center

Forsyth County, NC 2,810 806 (29%)
Jackson, MS 539 (19%)
Minneapolis, MN 643(23%)
Washington County, MD 822 (29%)
Comorbidities

Hypertension, % 2,810 2,255 (80%)
Diabetes, % 2,810 892 (32%)
Obesity, % 2,795 815 (29%)
Metabolic Syndrome, % 2,739 1,510 (55%)
CKD, % 2,789 744 (27%)
Past history of smoking, % 2,810 1,618 (58%)
Current smoker, % 2,706 150 (6%)
Prevalent cardiovascular disease

CAD, % 2,810 300 (11%)
Previous MI, % 2,647 96 (4%)
PAD, % 2,810 378 (13%)
Previous stroke, % 2,806 73 (3%)
Previous Afib, % 2,810 155 (6%)
Physical exam

BMI, kg/m* 2,795 27.8+5.3
SBP, mm Hg 2,803 130 + 18
DBP, mm Hg 2,803 67 £ 10
HR, bpm 2,741 62+ 10
Laboratory values

eGFR, mL/min/1.73 m* 2,789 70.4 £ 16.7
hs-TnT, ng/mL 2,787 0.010 [0.007-0.015]
hs-CRP, mg/L 2,784 1.9 [0.9-4.0]
Echocardiographic data

Pulmonary vascular hemodynamics

PASP, mm Hg 2,810 28+5
PVR, WU 2,798 1.7+ 0.4
PAC, mL/mm Hg 2,149 34+1.0
LV structure

LVEDD, cm 2,807 4.33 £0.47
MWT, cm 2,807 0.97 £ 0.13
LVM, mg 2,806 140 + 40
LVMi, mg/m2 2,800 77 £ 18
RWT 2,757 0.4+0.1
LV systolic function

LVEF, % 2,810 66.1 +5.8
LV longitudinal strain, % 2,740 -183+24
LV diastolic function

TDI E’ septal, cm/s 205 58+1.5

(Continued)
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Table 1. (Continued)

Demographics Total n Studied cohort
E/E’ septal 2,802 123+ 4.1
LAVi, mL/m’ 2,793 26.3£9.0
RV function

RVEFAC, % 2,674 53+8

TA S, cm/s 2,795 12.0£2.9

Values for continuous variables are mean * SD, except for nonnormally distributed variables, for which median
[interquartile range] is shown.

Abbreviations: Afib, atrial fibrillation; BMI, body mass index; CAD, coronary artery disease; CKD, chronic kidney
disease; DBP, diastolic blood pressure; eGFR, estimated glomerular filtration rate; HR, heart rate; hs-CRP, high-
sensitivity C-reactive protein; hs-TnT, high-sensitivity troponin T; LAV, left atrial volume index; LV, left ventricular;
LVEDD, LV end-diastolic diameter; LVEF, LV ejection fraction; LVM, LV mass; LVMi, LVM index; MI, myocardial
infarction; MWT, mean wall thickness; PAC, pulmonary artery compliance; PAD, peripheral artery disease; PASP,
pulmonary artery systolic pressure; PVR, pulmonary vascular resistance; RV, right ventricle; RVFAC, RV fractional
area change; RWT, relative wall thickness; SBP, systolic blood pressure; TA S, tricuspid annulus; TDI E’, Tissue

Doppler Imaging-based early diastolic mitral annular velocity; WU, Wood unit.

https://doi.org/10.1371/journal.pmed.1003361.t001

28 £ 5mm Hg, 1.7 + 0.4 Wood unit (WU), and 3.4 + 1.0 mL/mm Hg, respectively (S1 Fig).
PASP was moderately correlated with PVR (r = 0.31; p < 0.001) and with PAC (r = —0.40;

p < 0.001). Pulmonary arterial pressure and resistance increased, and compliance decreased,
with increasing age (change per 5 years in late life: PASP: 0.7 mm Hg [95% CI 0.46-0.85],

p < 0.001; PVR: 0.009 WU [95% CI 0.006-0.012, p < 0.001]; PAC: —0.05 mL/mm Hg [95% CI
—0.09 to —0.01, p = 0.013]). Pulmonary arterial measures were also directly correlated with
their corresponding systemic arterial measures independent of demographics, LVEF, LV mass
index (LVMi), LAVi, and septal E/E’ (associations between: PASP and systolic blood pressure:
r =0.14, p < 0.001; mean PAP and mean arterial pressure: r = 0.11, p = 0.001; PVR and sys-
temic vascular resistance, r = 0.12, p < 0.001; PAC and systemic arterial compliance, r = 0.5

p < 0.001; S2 Fig).

From the low-risk reference subgroup (n = 253, mean + SD age 75 + 5 years, 71% female,
8% black; S2 Table), the upper reference limits for PASP and PVR were 32 mm Hg and 2.19
WU, respectively, and the lower reference limit for PAC was 2.5 mL/mm Hg (S3 Table). No
significant sex-based differences were noted in these reference limits. Applying these reference
limits to the overall study population (n = 2,810), 18%, 12%, and 14% of the studied population
had an abnormal PASP, PVR, and PAC, respectively (S1 Fig). Abnormal PASP, PVR, and PAC
did not demonstrate complete overlap (Fig 1A), with many participants demonstrating abnor-
malities of only one or two of these measures. At least one pulmonary vascular measure was
abnormal in 35% of the study sample.

Associations of left heart disease, pulmonary dysfunction, and VTE with
pulmonary vasculature dysfunction

Left heart dysfunction was present in 29% of the study population, pulmonary dysfunction
was present in 45% (COPD in 28%; restrictive ventilatory defect in 12%; mixed in 5%), and
prior VTE history was present in 3% (Fig 1B; Fig 2; S4 Table). Left heart dysfunction demon-
strated the greatest magnitude of association with abnormally high PASP and was also associ-
ated with a higher prevalence of abnormally low PAC (Fig 2; Table 2). Similar findings were
noted when using commonly employed cutoff values of 40 mm Hg for PASP and 3.0 WU for

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1003361 October 15, 2020 8/21


https://doi.org/10.1371/journal.pmed.1003361.t001
https://doi.org/10.1371/journal.pmed.1003361

PLOS MEDICINE

Pulmonary vascular dysfunction in late life: The ARIC study

A. B
Abnormal PASP Abnormal PVR
263 3%) 144
(12.3%) (2:3%) (6.7%) Left He.art Pulmonary
69 Dysfunction Dysfunction
(B:2%) »g 307 300 "
0,
(3.8%) (1.3%) (13.9%) (13.6%) (29.9%)
108
(5.0%)
Ab 1 PAC
normal 4% N
18 (0.8%)
1399 (65.3%) 881 (39.9%) VTE

Fig 1. Prevalence of abnormal pulmonary vasculature measures and pulmonary functional. (A) Overlap between
abnormal PASP, PVR, and PAC defined using ARIC-based reference limits. (B) Overlap between left heart disease,
pulmonary dysfunction, and VTE. ARIC, Atherosclerosis Risk in Communities; PAC, pulmonary arterial compliance;
PASP, pulmonary artery systolic pressure; PVR, pulmonary vascular resistance; VTE, venous thromboembolism.

https://doi.org/10.1371/journal.pmed.1003361.9001

PVR (S5 Table) and when further excluding an additional 227 participants with moderate or
severe dyspnea and European Society of Cardiology Heart Failure Association (ESC HFA) cri-
teria for HFpEF (n = 196) and also those with LVEF <50% (n = 31; S6 Table).

Pulmonary dysfunction demonstrated associations of similar magnitude with all pulmo-
nary vascular measures, which appeared to be driven by associations with restrictive ventila-
tory deficit as opposed to COPD (54 Table). Prior VTE was not associated with abnormalities
in any pulmonary vascular measure. Left heart dysfunction demonstrated the highest PAR for
abnormally high PASP (20%), whereas pulmonary dysfunction had the highest PAR for abnor-
malities of PAC (19%; Fig 2; Table 2).

OR: 2.20; PAR: 20%

Left Heart
Dysfunction ) Abnormal PASP
29% 22%
Abnormal PVR
Pulmonary 14%
Dysfunction
45%
Abnormal PAC
13%
VTE

3%

Fig 2. Prevalence, association, and PAR of left heart disease, pulmonary dysfunction, and VTE for abnormalities
of PASP, PVR, and PAC. OR, odds ratio; PAC, pulmonary arterial compliance; PAR, population attributable risk;
PASP, pulmonary artery systolic pressure; PVR, pulmonary vascular resistance; VTE, venous thromboembolism.

https://doi.org/10.1371/journal.pmed.1003361.9002
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Table 2. Prevalence of LHD, pulmonary dysfunction, and VTE and their association with abnormal PASP, PVR, or PAC.

Abnormal measures N abnormal OR (95% CI) p-Value PAR (95%)
Abnormal PASP Total n =2,810
LHD 798 (28%) 2.20 (1.75-2.76) <0.001 19.9 (13.7-25.6)
Pulmonary dysfunction 994 (35%) 1.51 (1.21-1.89) <0.001 14.9 (6.5-22.6)
Prior VTE 76 (3%) 1.32 (1.72-2.44) 0.37 6.8 (-0.9 to 2.3) [NS]
Abnormal PVR Total n = 2,798
LHD 793 (28%) 1.06 (0.80-1.42) 0.68 1.6 (—6.5 t0 9.1) [NS]
Pulmonary dysfunction 988 (35%) 1.32 (1.01-1.72) 0.046 10.7 (-0.4 to 20.5) [NS]
Prior VTE 76 (3%) 1.16 (0.53-2.52) 0.71 3.6 (-1.6 to 2.3) [NS]
Abnormal PAC Total n = 2,149
LHD 633 (29%) 1.47 (1.09-1.97) 0.011 10.2 (1.6-18.0)
Pulmonary dysfunction 766 (36%) 1.62 (1.21-2.16) 0.001 19.0 (7.0-29.5)
Prior VTE 62 (3%) 0.45 (0.16-1.29) 0.14 —-1.7 (-3.3 to —0.04) [NS]

Logistic regression models are used to estimate the OR and p-values of each pulmonary vasculature dysfunction for having abnormal pulmonary measures. The model

contains age, sex, race, visit center LHD, pulmonary dysfunction, and prior VTE.

Abbreviations: LHD, left heart dysfunction; NS, not significant; OR, odds ratio; PAC, pulmonary arterial compliance; PAR, population attributable risk; PASP,

pulmonary artery systolic pressure; PVR, pulmonary vascular resistance; VTE, venous thromboembolism.

https://doi.org/10.1371/journal.pmed.1003361.t002

Relationship of pulmonary vascular hemodynamics with NT-proBNP, RV
function, and incident HF

Higher PASP, higher PVR, and lower PAC were each associated with higher circulating con-
centrations of NT-proBNP (Fig 3A). These associations persisted after adjustment for
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Fig 3. Association of pulmonary hemodynamic measures with (A) plasma NT-proBNP concentrations and (B) incident
HEF or death post visit 5. Histogram shows the distribution of the primary hemodynamic variable in the study sample. Black
dotted line represents 95% confidence interval. Red line indicates the ARIC-based reference value for abnormal for that
pulmonary vasculature measure (see text for details). p-Values are derived from cubic spline model adjusted for age, sex,
race, visit center, and LV measures (LVEF, LAVi, LVM], and septal E/E’). ARIC, Atherosclerosis Risk in Communities; HF,
heart failure; LAV], left atrial volume index; LV, left ventricular; LVEF, LV ejection fraction; LVMi, LV mass index; NT-
proBNP, N-terminal prohormone brain natriuretic peptide; PAC, pulmonary arterial compliance; PASP, pulmonary artery
systolic pressure; PVR, pulmonary vascular resistance; WU, Wood unit.

https://doi.org/10.1371/journal.pmed.1003361.9003
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participant demographics (age, sex, race, visit center, and BMI), hypertension, diabetes, and
LV measures including LVEF, LVMIi, LAVi, and E/e’ (p < 0.001 for PASP, p < 0.001 for PVR,
and p < 0.001 for PAC; Fig 3A). Higher PASP and lower PAC were associated with lower TA
s’ (overall p < 0.001 and 0.02, respectively; S3B Fig), whereas higher PVR and lower PAC were
both associated with lower RVFAC (p < 0.001 for PVR and p < 0.001 for PAC; S3A Fig).

Total of 446 cases of death or HF admission occurred over a mean + SD follow-up of
5.3 £ 1.2 years (range of 6.5 years), 161 participants developed incident HF (71 HFpEF, 65
HFrEF, 25 HF with unknown LVEF), and 344 died. Incident HF or death occurred in 446 (59
with incident HF prior to death: 24 HFpEF, 26 HFrEF, 9 HF with unknown LVEF). In models
adjusted for age, sex, race, visit center, BMI, hypertension, diabetes, and LV measures (LVEF,
LAVi, LVMI, and septal E/E’), higher PASP, higher PVR, and lower PAC were each predictive
of an increased risk of death or incident HF (Fig 3B, S7 Table [model 3]). After additional
adjustment for PASP, abnormal PVR and PAC were no longer significantly associated with
incident HF or death (S7 Table [model 4]). Abnormal PASP was predictive of incident HFpEF
but not HFrEF. In contrast, abnormal PAC appeared to demonstrate modestly stronger associ-
ation with incident HFrEF than HFpEF whereas abnormal PVR did not predict either (Fig 4).
Directionally similar results were noted for the composite with death, suggesting that results
were not significantly impacted by the competing risk of death. Similar findings were also
observed when modeling the pulmonary vascular measures as continuous variables (S8 Table),
when using inverse probability weights (S9 Table), when further excluding an additional 227
participants with moderate or severe dyspnea and ESC HFA criteria for HFpEF and those with
LVEF <50% (S10 Table), and when using cutoff values of 40 mm Hg for PASP and 3.0 WU for
PVR, although power was limited for associations with incident HFpEF and HFrEF (S11
Table).

A greater number of abnormal pulmonary vascular measures was associated with progres-
sively higher circulating NT-proBNP levels (S4A Fig) and greater incidence of HF (adjusted

Event rate
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5(1’3 (18%) HF or Death 313/ 126 2.55/4.88 —— 1.55[1.24-1.93]
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Fig 4. Association of abnormalities of pulmonary vascular measures (PASP, PVR, PAC) with incident HF overall,
incident HFpEF, incident HFrEF, or the composite of death with each of these. Models are adjusted for age, sex, race, visit
center, BMI, hypertension, diabetes, LVEF, LAVi, LVMi, and septal E/e’. BMI, body mass index; HF, heart failure; HFpEF, HF
with preserved LVEF; HFrEF, HF with reduced LVEF; HR, hazard ratio; LAV], left atrial volume index; LV, left ventricular;
LVEF, LV ejection fraction; LVMi, LV mass index; PAC, pulmonary arterial compliance; PASP, pulmonary artery systolic
pressure; PVR, pulmonary vascular resistance; WU, Wood unit.

https://doi.org/10.1371/journal.pmed.1003361.9004
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hazard ratio relative to no abnormalities: 1.8 [95% CI 1.2-2.8, p = 0.007] for one abnormality;
1.8 [1.0-3.3, p = 0.07] for two abnormalities; 4.0 [1.9-8.3, p < 0.001] for three abnormalities; p
for trend < 0.001 [95% CI 1.2-1.9]; S4B Fig).

Discussion

Pulmonary vascular function is known to change with age, and pulmonary vascular dysfunc-
tion is emerging as an important contributor to HF in general and HFpEF in particular. This
study defines the prevalence of pulmonary vascular dysfunction—comprehensively character-
ized based on pressure, resistance, and compliance—in an elderly community-based sample,
quantifies its association with cardiac versus pulmonary dysfunction, and establishes its prog-
nostic importance for incident HFpEF and HFrEF. Worse PASP, PVR, and PAC were each
associated with higher NT-proBNP and greater risk of incident HF independent of LV mea-
sures. Our data therefore build on previous reports showing functional [36] and histological
changes of pulmonary vessels in patients with HF [4,37], by extending this concept to the
elderly at risk for incident HF, using a comprehensive characterization of pulmonary vascular
function. PH, the most recognized clinical manifestation of pulmonary vascular dysfunction,
was most strongly related to left heart dysfunction and appeared to be particularly predictive
of incident HFpEF. Abnormalities of PVR and PAC were most closely related to pulmonary
dysfunction. Abnormal PAC demonstrated similar associations with incident HFrEF and
HFpEF but appeared modestly more strongly predictive of HFrEF. These findings suggest that
impairments in pulmonary vascular dysfunction precede clinical HF, and abnormalities of dif-
ferent measures of pulmonary vasculature may differentially predict incident HF phenotype.

Similar to prior studies, PASP increased with age [7,38,39,40], as did PVR, whereas PAC
declined, paralleling age-related changes observed in the systemic arteries [7]. Indeed, in our
study, pulmonary and systemic arterial hemodynamics were significantly correlated, indepen-
dent of measures of LV structure and function, arguing for coupled age-related pulmonary
and systemic vascular dysfunction. The large relative contribution of left heart dysfunction to
elevated PASP in this study is consistent with existing data suggesting that left-sided heart dys-
function is the most prevalent cause of PH worldwide [41,42]. The association between left
heart dysfunction and low PAC is also consistent with the known relationship between
increased left-sided filling pressures and worse PAC for any given PVR [43,44]. In the pulmo-
nary arterial circulation, the majority of compliance originates in the distal vasculature [45,46],
compliance and resistance have an inverse hyperbolic relationship with a constant resistance-
compliance product (RC time) [22,43,45,47], and higher left atrial pressure exaggerates reduc-
tions in compliance for any increase in resistance [43].

The generally mild degree of COPD in our sample likely accounts for the modest associa-
tion of COPD with pulmonary vascular measures, as the prevalence of PH in mild COPD is
low [32]. The prevalence of a restrictive ventilatory deficit was comparable to other elderly
cohorts [48] and was robustly related to all pulmonary vascular measures, independent of LV
measures. These findings suggest that a restrictive ventilatory deficit does not simply reflect
changes associated with left heart disease [49] and support the need for studies evaluating the
potential impact of interstitial pulmonary parenchymal disease and pulmonary respiratory
muscle weakness on pulmonary hemodynamics in the elderly. The lack of association between
VTE and abnormal pulmonary hemodynamics was expected, as chronic thromboembolic PH
is only a rare complication of pulmonary embolism [50].

Despite intense interest, data regarding the prognostic importance of pulmonary hemody-
namics in the community are limited and largely restricted to PASP. Among 1,413 participants
in Olmsted county (mean age of 63 + 11 years), each 10-mm Hg increase in PASP above 23
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mm Hg was associated with a 2.7-fold increase in mortality [7]. Among 3,125 African Ameri-
can participants in the Jackson Heart Study (mean age of 56 + 13 years), a PASP >33 mm Hg
was associated with a greater risk of incident HF [51]. Our study now extends the independent
prognostic importance of higher PASP for incident HF or death to an elderly biracial cohort
(mean + SD age of 76 * 2 years; 21% black). We further demonstrate that elevated pulmonary
pressure in late life appears more strongly associated with incident HFpEF than HFrEF. While
the relationship between PH and HFpEF in patients with prevalent HFpEF is potentially bidi-
rectional, the differential association of elevated pulmonary pressure with HFpEF in our study
—independent of LV structure and function—suggests an important pathophysiologic role for
PH in development of HFpEF.

Beyond PASP, our study—for the first time, to our knowledge—describes the prognostic
value of PVR and PAC in an elderly community-based cohort. These are two inversely related
measures of pulmonary hydraulic load [3]. PVR, a measure of nonpulsatile load, is commonly
used in clinical practice to assess pulmonary vascular disease and is associated with prognosis
in HF [52]. More recently, PAC has gained attention as a measure of arterial distensibility and
pulsatile load that changes earlier in the development of pulmonary vascular disease than
PVR. Lower PAC in patients with HF has been linked to worse prognosis [5,53]. The value of
assessing these complementary hemodynamic measures is illustrated by our observation that
abnormalities of PASP, PVR, and PAC did not completely overlap, that these measures may
differentially predicted incident HFpEF and HFrEF, and that a greater number of abnormal
measures was associated with heightened risk of both incident HE. Our data suggest that the
comprehensive evaluation of pulmonary hemodynamics beyond PASP provides more detailed
and prognostically relevant pulmonary vascular phenotyping. This is particularly important,
as the results of prior analyses using hierarchical clustering approaches suggest that pulmonary
vascular disease identifies a distinct HFpEF phenogroup [4,54,55]. Furthermore, at least eight
ongoing phase 2-3 randomized controlled trials are testing agents targeting PH in HFpEF
[56]. Comprehensive assessment of pulmonary arterial pressure, resistance, and compliance
may ultimately help clinicians better identify older adults at heighted risk for HF and better
target patients for interventions to prevent and treat HF through more detailed phenotyping
of the pulmonary vasculature.

PASP, PVR, and PAC were each also associated with important intermediary HF measures,
including NT-proBNP and RV function. Worse values of each measure were associated with
higher NT-proBNP, an established biomarker of HF risk. Both high PVR and lower PAC were
associated with worse RV systolic function, whereas PASP—within the range represented in
this study sample—was not associated with RVFAC.

Our study had several limitations. TR jet measurement of adequate quality was feasible in
only a subset (57%) of participants, but this rate is similar to that reported in other studies
[7,51]. Furthermore, sensitivity analyses incorporating inverse probability of attrition weights
to account for participants without measurable TR jet, or alive but not attending visit 5, dem-
onstrated similar results to our primary analysis (S8 Table), suggesting generalizability of our
findings. We used echocardiography instead of gold-standard invasive right heart catheteriza-
tion to assess pulmonary hemodynamics, as broad implementation of invasive right heart cath-
eterization in a large HF-free elderly cohort would be neither feasible nor ethical. The
echocardiographic formulas used in our study to estimate the pulmonary hemodynamic vari-
ables were previously validated against right heart catheterization but remain imperfect esti-
mations [11,18]. In particular, the agreement between echocardiographic and invasive
hemodynamics measures is poor in patients with moderate to severe PH [57], but this was
uncommon in the ARIC sample. Nonetheless, the use of echocardiography-based measures
could result in appreciable misclassification. PVR and PAC are highly dependent on TR
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velocity, and the limited number participants with measurable values for PAC in particular
may have led to overfitting of some models. We used spirometric data to classify the lung dis-
ease instead of plethysmography, the gold standard to accurately measure lung volumes [58].
In addition to feasibility issues of applying plethysmography in a large cohort, FVC is a com-
monly used proxy for total lung capacity in clinical practice. The majority of participants in
this study were women, which may limit the generalizability of these findings. The limited
number of participants in some subgroups and the relatively short follow-up limited statistical
power for analyses related to incident death or HF. Nevertheless, this study is one of the largest
and most comprehensive community-based analyses of pulmonary hemodynamics and their
prognostic relevance. Furthermore, additional analysis of the association of pulmonary hemo-
dynamic measures with NT-proBNP concentration, a robust and validated surrogate bio-
marker of HF risk, demonstrated concordant results.

In a large community-based cohort of older adults free of HF, subclinical left heart dysfunc-
tion and pulmonary dysfunction were both significantly related to worse PASP, PVR, and
PAC. Worse PASP and PAC were each associated with greater risk of incident HF indepen-
dent of LV measures. Elevated pulmonary pressure was associated with incident HFpEF
whereas abnormal PAC appeared more predictive of incident HFrEF. A greater number of
abnormal measures was associated with greater risk of incident HF. These findings suggest
that impairments in pulmonary vascular function precede clinical HF and that comprehensive
pulmonary hemodynamic evaluation may identify pulmonary vascular phenotypes that differ-
entially predict HF phenotypes.

Supporting information

S1 Checklist. STROBE checklist.
(DOCX)

S1 Fig. Distribution of pulmonary hemodynamics in the study sample. Density and cumu-
lative distributions are presented. Dashed lines represent the reference limit derived based on
the 10th percentile of the low-risk subset of participants for PASP and PVR. For PAC, the 90th
percentile of the low-risk subset of participants were used as reference limit. PAC, pulmonary
arterial compliance; PASP, pulmonary artery systolic pressure; PVR, pulmonary vascular resis-
tance.

(TIF)

S2 Fig. Scatterplot depicting the associations between pulmonary and systemic hemody-
namics. (A) PASP and SBP; (B) MPAP and MAP; (C) PVR and SVR; and (D) PAC and SAC.
p-Values were derived from multivariable regression model adjusted for age, sex, race, visit
center, BMI, hypertension, diabetes, and LV measures (LVEF, LAVi, LVMi, and septal E/E’).
BMI, body mass index; LAV, left atrial volume index; LV, left ventricular; LVEF, LV ejection
fraction; LVMI, LV mass index; MAP, mean arterial pressure; MPAP, mean pulmonary arterial
pressure; PAC, pulmonary arterial compliance; PASP, pulmonary artery systolic pressure;
PVR, pulmonary vascular resistance; SAC, systemic arterial compliance; SVR, systemic vascu-
lar resistance.

(TIF)

S3 Fig. Relationship between pulmonary hemodynamic measures (PASP, PVR, PAC) and
RV function (RVFAC, TA §’). p-Values were derived from cubic spline regression model
adjusted for age, sex, race, visit center, BMI, hypertension, diabetes, LVEF, LAVi, LVMi, and
septal E/e’. BMI, body mass index; LAV, left atrial volume index; LVEEF, left ventricular ejec-
tion fraction; LVM], left ventricular mass index; PAC, pulmonary arterial compliance; PASP,
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pulmonary artery systolic pressure; PVR, pulmonary vascular resistance; RV, right ventricular;
RVFAC, RV fractional area change; TA s’, tricuspid annulus.
(TIF)

S4 Fig. Relationship between number of abnormal pulmonary vascular measures and (A)
NT-proBNP plasma concentrations, (B) incidence of HF or the composite of HF or death.
Event rate in per 100 person-years and error bars presenting the upper limit of 95% confidence
interval. HF, heart failure; NT-proBNP, N-terminal prohormone brain natriuretic peptide.
(TIF)

S$1 Table. Clinical and echocardiographic characteristics of participants included in the
study versus those not included in the study. All continuous variables are described as

mean + SD. Nonparametric values are presented with median and interquartile range in
square brackets. p-Values are derived from ANOVA for continuous variables, Pearson chi-
squared test for binary and categorical variables, and Kruskal-Wallis test for nonparametric
continuous variables. Afib, atrial fibrillation; BMI, body mass index; CAD, coronary artery dis-
ease; CKD, chronic kidney disease; DBP, diastolic blood pressure; eGFR, estimated glomerular
filtration rate; HR, heart rate; hs-CRP, high-sensitivity C-reactive protein; hs-TnT, high-sensi-
tivity troponin T; LAV, left atrial volume index; LVEDD, left ventricular end-diastolic diame-
ter; LVEF, left ventricular ejection fraction; LVM, left ventricular mass; LVMi, LVM index;
MI, myocardial infarction; MWT, mean wall thickness; PAD, peripheral artery disease;
RVFAQ, right ventricle fractional area change; RWT, relative wall thickness; SBP, systolic
blood pressure; TA S, tricuspid annulus.

(DOCX)

$2 Table. Clinical and echocardiographic characteristics of study participants in low-risk
subgroup compared to those not in the low-risk subgroup. All continuous variables are
described as mean + SD. Nonparametric values are presented with median and interquartile
range in square brackets. p-Values are derived from ANOVA for continuous variables, Pear-
son chi-squared test for binary and categorical variables, and Kruskal-Wallis test for nonpara-
metric continuous variables. Afib, atrial fibrillation; BMI, body mass index; CAD, coronary
artery disease; CKD, chronic kidney disease; DBP, diastolic blood pressure; eGFR, estimated
glomerular filtration rate; HR, heart rate; hs-CRP, high-sensitivity C-reactive protein; hs-TnT,
high-sensitivity troponin T; MI, myocardial infarction; PAD, peripheral artery disease; SBP,
systolic blood pressure.

(DOCX)

§3 Table. Percentile limits for pulmonary hemodynamic measures among the low-risk ref-
erence subgroup (n = 253). The 10th, 50th, and 90th percentile values with associated 95%
confidence intervals derived from quantile regression models in the low-risk reference sub-
group overall and separately by sex. PAC, pulmonary arterial compliance; PAP, pulmonary
arterial pressure; PASP, pulmonary arterial systolic pressure; PVR, pulmonary vascular resis-
tance; TR, tricuspid regurgitation.

(DOCX)

$4 Table. Prevalence of LHD, pulmonary dysfunction (COPD and restrictive lung disease),
and VTE and their association with measures of pulmonary vascular dysfunction. Esti-
mates for COPD and restrictive lung disease as measures of pulmonary dysfunction are pro-
vided separately. Logistic regression models are used to estimate the odds ratio and p-values of
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