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Abstract

Background

Evaluation of impaired left ventricular (LV) filling has focused on intrinsic causes of LV dys-

function; however, pulmonary vascular changes may contribute to reduced LV filling and

dyspnea. We hypothesized that lower total pulmonary vascular volume (TPVV) on com-

puted tomography (CT) would be associated with dyspnea and decrements in LV end-dia-

stolic volume, particularly among ever-smokers.

Methods

The Multi-Ethnic Study of Atherosclerosis recruited adults without clinical cardiovascular

disease in 2000–02. In 2010–12, TPVV was ascertained as the volume of arteries and

veins in the lungs detectable on non-contrast chest CT (vessels �1 mm diameter). Car-

diac measures were assessed by magnetic resonance imaging (MRI). Dyspnea was self-

reported.
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Results

Of 2303 participants, 53% had ever smoked cigarettes. Among ever-smokers, a lower

TPVV was associated with a lower LV end-diastolic volume (6.9 mL per SD TPVV), stroke

volume, and cardiac output and with dyspnea (all P-values <0.001). Findings were similar

among those without lung disease and those with 0–10 pack-years but were mostly non-sig-

nificant among never-smokers. TPVV was associated smaller left atrial volume but not with

LV ejection fraction or MRI measures of impaired LV relaxation. In a second sample of ever-

smokers, a lower pulmonary microvascular blood volume on contrast-enhanced MRI was

also associated with a lower LV end-diastolic volume (P-value = 0.008).

Conclusion

Reductions in pulmonary vascular volume were associated with lower LV filling and dyspnea

among ever-smokers, including those without lung disease, suggesting that smoking-

related pulmonary vascular changes may contribute to symptoms and impair cardiac filling

and function without evidence of impaired LV relaxation.

Introduction

Heart disease and chronic obstructive pulmonary disease (COPD) are the first and third lead-

ing causes of morbidity and mortality in the world [1, 2]. Heart failure with preserved ejection

fraction (HFpEF) is an increasingly common diagnosis with significant clinical implications

and few therapies [3]. HFpEF and COPD both contribute to dyspnea and are frequently diag-

nosed in the same patient [4].

Evaluation of impaired left ventricular (LV) filling, a cardinal feature of HFpEF, has focused

on intrinsic causes of LV dysfunction [5]. Given the high cross-sectional area and flow in the

pulmonary circulation, minor but diffuse pulmonary vascular damage may decrease LV filling

and impair gas exchange, contributing to dyspnea and a potential misdiagnosis of HFpEF.

Alternatively, intrinsic impairment of LV relaxation would be expected to result in larger pul-

monary vascular volumes. However, whether subclinical pulmonary vascular differences are

associated with impaired LV filling in the general population is unknown.

Pulmonary vascular changes occur in emphysema, as it is defined by destruction of alve-

olar walls that include pulmonary capillaries [6]. We previously demonstrated in the general

population that the percentage of emphysema-like lung (percent emphysema) on CT was

associated with decreased LV filling [7] and dyspnea [8]. Lower lung function has also been

associated with reduced LV filling and the development of heart failure [9]. A smaller study

of smokers, mostly with COPD, showed that the loss of small pulmonary vessels on CT was

associated with greater percent emphysema and reduced six minute walk distance [10].

Whether pulmonary vascular changes are relevant outside of COPD and emphysema, how-

ever, is unclear.

We therefore performed full-lung CTs in a population-based cohort to test whether lower

total pulmonary vascular volume (TPVV) on CT is associated with impaired LV filling on

MRI and dyspnea. We hypothesized a priori that associations would be of greater magnitude

among ever-smokers. We also examined left atrial volume and MRI signs of LV relaxation.

Finally, we tested whether a contrast-enhanced MRI measure of pulmonary microvascular

blood volume was associated with lower LV filling in a second sample.
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Materials and methods

Multi-Ethnic Study of Atherosclerosis

The Multi-Ethnic Study of Atherosclerosis (MESA) is a prospective cohort study that recruited

6814 participants from six U.S. communities who were white, African-American, Hispanic or

Chinese-American and ages 45–84 years in 2000–02 and excluded those with clinical cardio-

vascular disease (angina, stroke or TIA, heart failure, atrial fibrillation, cardiac procedure),

undergoing treatment for cancer, pregnancy, weight over 300 pounds, a chest CT scan in the

prior year, cognitive inability or language barrier (other than English, Spanish, Cantonese or

Mandarin), and conditions impeding long term follow up (serious medical condition, living in

a nursing home, or plans to leave the community within five years) [11]. In 2010–12 4716 par-

ticipants returned for follow-up. All were invited to undergo cardiac MRI at baseline; the 75%

who did were invited to repeat it in 2010–12.

The MESA Lung Study enrolled 3965 MESA participants sampled randomly among those with

baseline measures of endothelial function, consent for genetic analyses and attended an examina-

tion during the recruitment period in 2004–06 [12], and a random sample in 2010–12 undergoing

cardiac MRI (S1 Fig); all were invited to undergo full-lung CT and spirometry in 2010–12.

The protocols of MESA and all studies described herein were approved by the Institutional

Review Boards of all collaborating institutions (Columbia University Medical Center Institu-

tional Review Board, the Johns Hopkins University School of Medicine Joint Committee on

Clinical Investigation, the University of Minnesota Human Research Protection Program, the

Northwestern University Social and Behavioral Sciences Institutional Review Board, the Har-

bor-University of California Los Angeles (UCLA) Research and Education Institute Human

Subjects Committee, the UCLA Office of Human Research Protection Program, the University

of Vermont Committees on Human Research, the Wake Forest University Health Sciences

Office of Research Institutional Review Board, and the University of Washington Human Sub-

jects Division) and the NHLBI. All participants provided written informed consent.

Total pulmonary vascular volume on CT

Non-contrast chest CTs were acquired at suspended full inspiration on 64-detector scanners

following the SPIROMICS protocol with reconstruction in 0.625–0.75mm increments by a

high-spatial contrast algorithm [13]. Trained readers used dedicated software (Apollo, VIDA

Diagnostics) to segment the lungs and pulmonary vessels with visual confirmation.

TPVV was measured within the segmented lung as the volume of arteries and veins, includ-

ing vessel walls and luminal blood, down to approximately 1 mm in diameter (Fig 1) [14]. The

intraclass correlation coefficient on 10% replicate reading was 1.0. Percent TPVV is TPVV

indexed to CT lung volume. The TPVV (mean of 130.7 cm3 or 70.7 cm3/m2 in this study) cap-

tures approximately 25–30% of the pulmonary blood volume estimated using invasive meth-

ods (250–300 cm3/m2) [15, 16]. This difference is not unexpected, given that the TPVV does

not capture the microvasculature (capillary blood volume, estimated as ~140 mL) [17], pre-

capillary arterioles and venules, and that the main, right and left pulmonary arteries and veins

were excluded from the TPVV but included in invasive measures.

Cardiac magnetic resonance imaging

MRI imaging was performed on 1.5T scanners with a phased-array surface coil [18]. Ana-

lysts blinded to participant information assessed LV mass, volumes and function using cine

steady-state free precession pulse sequence acquired on 2-chamber, 3-chamber, 4-chamber

and short-axis planes [19]. LV mass, end-diastolic and end-systolic volume measurements

Pulmonary vascular volume, impaired left ventricular filling and dyspnea
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used semiautomatic contouring (CIM6.0, UniServices) [20]. LV mass was determined at

end-diastole as epicardial minus endocardial volume times myocardial specific gravity [19].

Stroke volume was calculated as end-diastolic volume minus end-systolic volume, LV ejec-

tion fraction as stroke volume divided by end-diastolic volume, and cardiac output as stroke

volume times heart rate. The interobserver intraclass correlation coefficients were 0.96 for

end-diastolic volume, and for 0.95 for mass.

Left atrial volumes were measured using CVI42 software (Circle Cardiovascular Imaging

Inc.). Horizontal and vertical long-axis cine steady-state free precession images were used to

measure the biplanar left atrial volume in end-systole [(8 x vertical area x horizontal area)/(3π
x ((vertical length + horizontal length)/2))], excluding the pulmonary veins and left atrial

appendage. The interobserver intraclass correlation coefficient for left atrial volume was 0.96.

T1 mapping was performed on a subset to detect myocardial fibrosis [18].

Those eligible for gadolinium received an intravenous bolus of 0.15 mmol/kg (Magnevist,

Bayer Healthcare Pharmaceuticals) and diffuse fibrosis was evaluated before and after contrast

injection at 12 and 25 minutes on one short axis mid-slice using a modified Look-Locker inver-

sion recovery (MOLLI) sequence over a single breath-hold. The inversion recovery echo trig-

gered sequence was three inversion pulses at 100, 200 and 350 ms, and T1 mapping was per-

formed using MASS research software (Department of Radiology, Leiden University Medical

Fig 1. 3-dimensional reconstruction of the vessels comprising the total pulmonary vascular volume

and the lungs on CT scan. Colors depict the 5 lobes of the lungs; shaded region, the lung volume.

https://doi.org/10.1371/journal.pone.0176180.g001
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Center). The partition coefficient was calculated as the slope using 3 times points (ΔR1myocardium/

ΔR1blood), and the extracellular volume (ECV) as (partition coefficient x 100 x [1 –hematocrit])

[21]. Greater myocardial fibrosis by MRI is indicated by lower post-contrast T1 time and higher

ECV [22, 23].

LV circumferential diastolic strain (Δ length/mean length, %) was measured using the har-

monic phase method on four mid-ventricular segments from short-axis-tagged slices [24]. Peak

early diastolic strain rate was measured on strain-by-time curves as the peak rate of change in

early diastolic strain (%/msec). The strain relaxation index is the ratio of early/total relaxation

time divided by the peak early diastolic strain rate (msec/%) [25]. Lower peak early diastolic

strain rate and higher strain relaxation index indicate impaired myocardial relaxation.

In the second sample with measures of pulmonary microvascular blood volume on con-

trast-enhanced MRI, left atrial volumes were measured using multimodality tissue-tracking

software version 6.0 (Toshiba) [26]. RV parameters were measured using QMASS software

version 4.2 (Medis) [27]. Ostial pulmonary vein cross-sectional area was assessed using multi-

planar reformation software (Volume Viewer 15.10.4; General Electric) [28].

Pulmonary microvascular blood volume on MRI

Pulmonary microvascular blood volume was measured on contrast-enhanced MRI among 142

participants who were ages 50–79 years and had smoked at least 10 pack-years [29]. Pulmonary

microvascular blood flow and mean transit time were calculated from signal intensity-by-time

curves following a 0.1 mmol/kg gadolinium bolus on 3D-spoiled gradient-recalled echo images

at functional residual capacity. Pulmonary microvascular blood volume was calculated as blood

flow times mean transit time [29]. Measurements were obtained in the peripheral 2cm on 1cm

coronal slices. The mean pulmonary microvascular blood volume applied to the entire lung

(142cm3 [76.6cm3/m2]) was similar to Weibel’s morphological estimate of 140mL [17].

Respiratory symptoms

Trained interviewers assessed respiratory symptoms using standard questionnaires [30]. Dys-

pnea was defined as more breathlessness walking on level ground, hills or stairs compared to

those of same age, or breathlessness that causes one to stop walking, i.e., a modified Medical

Research Council score of 2 or greater [31]. Wheezing was defined as any wheeze within 12

months, and chronic cough as occurring for at least 3 of the past 12 months.

Covariate information

Age, sex, race/ethnicity, education and medical history were self-reported. Ever-smoking was

defined as over 100 lifetime cigarettes, current smoking as self-report of smoking within 30

days or urinary cotinine over 568 nmol/L [12], and pack-years as years smoking times packs/

day. Height, weight, blood pressure, fasting glucose, serum creatinine, total cholesterol, high-

density lipoprotein cholesterol (HDL-C) and triglycerides were measured using standard tech-

niques [32]. Hypertension was defined as blood pressure�140/90 mmHg, or self-report and

antihypertensive medication use. Diabetes was defined as fasting glucose�7.0 mmol/L or

hypoglycemic medication use. Resting arterial hemoglobin saturation was measured by pulse

oximetry (CMS-50F, Contec Medical Systems). Total body water was estimated by body com-

position scale (BCS-2, Valhalla Scientific). Physical activity was self-reported [33]. Agatston

coronary artery calcium score was calculated on gated cardiac CTs [34]. Medication inventory

assessed medication use [35].

Spirometry was conducted according to American Thoracic Society-European Respiratory

Society guidelines [36], using National Health and Nutrition Examination Survey III equations

Pulmonary vascular volume, impaired left ventricular filling and dyspnea
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for predicted values (0.88 correction-factor for Chinese-Americans) [37]. Airflow limitation

was defined as pre-bronchodilator FEV1/FVC<0.7, and restrictive ventilatory defect as FVC

<lower limit of normal and FEV1/FVC>0.7. Percent emphysema was defined as the percent-

age of voxels below -950 Hounsfield units (HU) on full-lung CTs (Vida Diagnostics). Reference

equations defined emphysema on CT (percent emphysema above the upper limit of normal)

and predicted total lung volume on CT [38]. Lung regions between -600 and -250 HU were con-

sidered high attenuation areas on CT, reflecting subclinical interstitial lung disease [39].

Statistical analysis

Associations between TPVV and LV measures were estimated using generalized linear and

additive regression. Preliminary models adjusted for age, sex, race/ethnicity, height, weight,

education, CT manufacturer and milliamperes. Full models added smoking status, pack-years,

cardiac risk factors, creatinine, diuretic use, lung function and percent emphysema. Additive

interactions were tested in the full model for smoking history (ever vs. never), age, sex and

race/ethnicity. Missing data was minimal except for spirometry (11%) and pack-years (6%),

and was addressed by multiple imputation.

Associations between TPVV and respiratory symptoms were estimated using logistic

regression. Preliminary models adjusted for age, sex, race/ethnicity, height, weight, smoking

status, pack-years, CT manufacturer and milliamperes. Full models also included predictors of

dyspnea: lung function, percent emphysema and LV ejection fraction.

Statistical significance was defined by a two-tailed P-value <0.05. Analyses were performed

using SAS 9.3 (SAS Institute) and R package 3.2.3 (The R Project).

Results

Study participants

Of 4716 participants evaluated in 2010–12, 3136 underwent full-lung CT, of whom 2303 com-

pleted cardiac MRI and were included in analyses (S1 Fig). There were small differences in

demographics, smoking, percent emphysema and TPVV between included and excluded par-

ticipants (S1 Table).

Participants were a mean (±SD) age of 69±9 years (range 54–94), 49% male, 40% white,

27% African-American, 20% Hispanic and 14% Chinese-American. Fifty-three percent

reported ever smoking cigarettes, 10% currently smoked and 31% of ever-smokers reported

less than 10 pack-years. Twenty-seven percent had airflow limitation and 10% had emphysema

on CT. The mean TPVV was 130.7±34.9 cm3.

Ever-smokers were more likely to be white or African-American males, to have hyperten-

sion, airflow limitation, and greater LV mass index and LV mass/end-diastolic volume ratio

compared to never-smokers (Table 1). Percent TPVV was similar in the two groups; after

adjustment for CT manufacturer and milliamperes, percent TPVV tended to be lower in ever-

smokers compared to never-smokers (2.70 vs. 2.72; P = 0.11).

Across quintiles, lower values of percent TPVV were associated with greater age, BMI and

percent emphysema, white and Chinese-American race/ethnicity, current smoking, hyperten-

sion, diuretic use, airflow limitation (S2 Table).

Total pulmonary vascular volume and LV filling

Among all participants, a lower TPVV was associated with decrements in LV end-diastolic vol-

ume (fully-adjusted effect estimate -5.12mL/SD TPVV [95% CI, -6.80 to -3.43, P-value<0.001]).

Pulmonary vascular volume, impaired left ventricular filling and dyspnea
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Table 1. Characteristics of MESA lung participants with measurement of LV on cardiac MRI and total

pulmonary vascular volume.

Ever-smokers

(N = 1226)

Never-smokers

(N = 1077)

Age, years 69.3±8.9 68.4±9.2

Male, no. (%) 719 (58.6) 398 (37.0)

Race/ethnicity, no. (%)

White 551 (44.9) 361 (33.5)

African-American 357 (29.1) 254 (23.6)

Hispanic 225 (18.4) 224 (20.8)

Chinese-American 93 (7.6) 238 (22.1)

Body mass index, kg/m2 28.3±5.0 27.5±5.2

Cigarette smoking status, no. (%)

Current smoker 220 (17.9) -

Former smoker 1006 (82.1) -

Pack-yearsa 26.6±26.2 -

10 or fewer pack-years, no (%) 337 (31.1) -

Greater than 10 pack-years, no (%) 747 (68.9) -

Hypertension, no. (%) 729 (59.5) 612 (56.8)

Systolic blood pressure, mmHg 122.4±19.8 123.3±19.6

Total cholesterol, mmol/L 4.65±1.0 4.87±0.9

HDL cholesterol, mmol/L 1.42±0.4 1.47±0.4

Triglycerides, mmol/L 1.23±0.7 1.24±0.7

Diabetes, no. (%) 222 (18.2) 186 (17.4)

Fasting glucose, mmol/L 5.6±1.4 5.5±1.3

Serum creatinine, μmol/L 82.2±22.1 76.9±26.5

Diuretic use, no. (%) 335 (27.3) 237 (22.0)

Airflow limitation, no. (%)b 352 (31.3) 208 (21.3)

Percent emphysema, median (IQR) 1.83 (0.69, 3.84) 1.11 (0.48, 2.54)

Percent predicted total lung volume on CT 1.05±0.18 1.02±0.16

Report of dyspnea on exertion, no. (%) 306 (25.0) 237 (22.2)

Report of wheezing, no. (%) 172 (14.0) 81 (7.5)

Report of chronic cough, no. (%) 135 (11.0) 85 (7.9)

TPVV, cm3 vessel 137.7±34.9 122.6±33.1

Percent TPVV, % of lung volume 2.70±0.27 2.71±0.26

Heart rate, bpmc 65.7±11.0 66.9±11.2

LV end-diastolic volume index, mL/m2 64.8±14.9 64.0±12.7

Stroke volume index, mL/m2 39.4±8.6 39.8±8.1

Cardiac index, L/min/m2c 2.6±0.6 2.6±0.6

LV mass index, g/m
2

68.5±14.5 64.1±12.7

LV mass/end-diastolic volume ratio, g/mL 1.09±0.25 1.02±0.21

LV ejection fraction, % 61.4±7.4 62.5±7.1

Left atrial volume index, mL/m2d 36.4±11.1 36.3±11.0

Peak early diastolic strain rate, %/msece 0.11±0.06 0.13±0.06

Strain relaxation index, msec/%f 2.34±1.74 2.09±1.53

25-min post-contrast T1 time, msecg 520±40 518±43

Extracellular volume fraction, %h 26.8±3.1 26.9±3.0

Data are presented as no. (%) or mean±SD, except as noted. Abbreviations: HDL, high density lipoprotein;

IQR, interquartile range; TPVV, total pulmonary vascular volume.
a Among 1084 ever-smokers reporting pack-years.
b Airflow limitation defined as pre-bronchodilator FEV1/FVC <0.7.
c Among 1152 ever-smokers, 1018 never-smokers.
d Among 1056 ever-smokers, 943 never-smokers.
eAmong 997 ever-smokers and 1055 never-smokers.
fAmong 926 ever-smokers and 1000 never-smokers.
g Among 548 ever-smokers and 420 never-smokers.
h Among 238 ever-smokers and 169 never-smokers.

https://doi.org/10.1371/journal.pone.0176180.t001
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The association between TPVV and LV end-diastolic volume was modified by smoking history

(P-interaction = 0.03); results were therefore stratified by smoking.

Among ever-smokers, a lower TPVV was associated with decrements in LV end-diastolic

volume, stroke volume and cardiac output (Table 2). A lower TPVV was associated with a

lower LV mass and greater LV mass/end-diastolic volume ratio but not with LV ejection

fraction.

The association was similar among those with and without airflow limitation (Fig 2) and

emphysema (S2 Fig), and the association was approximately linear across TPVV values. Addi-

tionally, the association among those smoking 0–10 pack-years was of similar magnitude as

for those smoking more than 10 pack-years (S3 Fig). Results for percent TPVV were similar

(S3 Table).

Among never-smokers, there were smaller magnitude associations between TPVV and LV

end-diastolic volume and LV mass; findings were null for other LV parameters (Table 2).

Findings for LV end-diastolic volume among ever-smokers were consistent across strata of

sex, race/ethnicity, age, smoking, hypertension, diabetes and LV ejection fraction, with stron-

ger associations among current smokers and those without diabetes (S4 Fig). The association

was also significant among ever-smokers without asthma, without a restrictive ventilatory

defect and without a measured or self-reported lung disease (S4 Fig). Additional adjustment

for FEV1/FVC ratio, high attenuation areas on CT, LV ejection fraction, pulse oximetry, total

body water, physical activity, coronary artery calcium, and medication use had little impact on

Table 2. Mean differences in LV parameters associated with a 1 SD lower total pulmonary vascular volume, stratified by smoking status.

Ever-smokers

(N = 1226)

Estimate (95% CI)

P-value Never-smokers

(N = 1077)

Estimate (95% CI)

P-value

LV end-diastolic volume, mL

Model 1 -4.44 (-6.64, -2.24) <0.001 -1.18 (-3.42, 1.06) 0.30

Model 2 -6.88 (-9.18, -4.58) <0.001 -2.71 (-5.18, -0.24) 0.03

Stroke volume, mL

Model 1 -3.08 (-4.41, -1.75) <0.001 -0.45 (-1.93, 1.02) 0.55

Model 2 -4.54 (-5.93, -3.15) <0.001 -1.46 (-3.08, 0.16) 0.08

Cardiac output, L/mina

Model 1 -0.15 (-0.24, -0.06) 0.002 -0.06 (-0.17, 0.05) 0.30

Model 2 -0.24 (-0.34, -0.14) <0.001 -0.10 (-0.22, 0.02) 0.09

LV mass, g

Model 1 -1.37 (-3.27, 0.52) 0.16 -0.73 (-2.69, 1.24) 0.47

Model 2 -4.65 (-6.59, -2.71) <0.001 -2.26 (-4.37, -0.14) 0.04

LV mass/end-diastolic volume ratio, g/mL

Model 1 0.029 (0.010, 0.048) 0.003 0.006 (-0.013, 0.025) 0.54

Model 2 0.025 (0.005, 0.044) 0.01 0.005 (-0.017, 0.026) 0.67

LV ejection fraction, %

Model 1 -0.41 (-0.99, 0.17) 0.16 0.51 (-0.17, 1.19) 0.14

Model 2 -0.51 (-1.14, 0.12) 0.12 0.32 (-0.44, 1.08) 0.41

Model 1: Adjusted for age, sex, race/ethnicity, height, weight, education, CT scanner manufacturer and milliamperes. Model 2: Additionally adjusted for total

cholesterol, high density lipoprotein cholesterol, triglycerides, hypertension, systolic blood pressure, diabetes, fasting glucose, creatinine, diuretic use,

percent predicted FEV1 and percent emphysema, as well as current smoking status and pack-years for ever-smokers
a Cardiac output available for 1152 ever-smokers and 1018 never-smokers.

https://doi.org/10.1371/journal.pone.0176180.t002
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the results (S4 Fig), while there was a greater magnitude association after adjustment for per-

cent predicted total lung volume on CT.

Total pulmonary vascular volume, left atrial volume, diastolic strain and

myocardial fibrosis

A lower TPVV was associated with lower left atrial volume overall (-3.28 mL/SD TPVV, P-

value<0.001) and among ever-smokers (S4 Table). There was no evidence for a relationship of

TPVV to peak early diastolic strain rate or strain relaxation index (S4 Table). Among ever-

smokers a lower TPVV was associated with a shorter post-contrast T1 time and a higher extra-

cellular volume (ECV) fraction, the latter significant only in the fully-adjusted model, while

results for never-smokers were non-significant (S4 Table).

Pulmonary microvascular blood volume and LV filling, left atrial volume

and pulmonary vein area

In a second sample of 142 ever-smokers, 56% of whom had COPD (full characteristics in S5

Table), lower pulmonary microvascular blood volume on MRI was associated with lower LV

end-diastolic volume, stroke volume and pulmonary vein area, and greater LV mass/end-dia-

stolic volume ratio (S6 Table). Results remained significant after adjustment for RV parameters.

Total pulmonary vascular volume and respiratory symptoms

Twenty-three percent of participants reported dyspnea, 11% reported wheezing and 9%

chronic cough. In the overall sample, a lower TPVV was associated with dyspnea in unadjusted

Fig 2. Generalized additive multivariate model of relationship between total pulmonary vascular volume and LV end-diastolic volume among

ever-smokers (A) without airflow limitation and (B) with airflow limitation. Results are adjusted for age, sex, race/ethnicity, height, weight, education,

CT scanner manufacturer and milliamperes, current smoking, pack-years, total cholesterol, high density lipoprotein cholesterol, triglycerides, hypertension,

systolic blood pressure, diabetes, fasting glucose, creatinine, diuretic use and percent emphysema. (Missing data for Fig 2 follows a single imputation

approach.) Panel A (Without airflow limitation): N = 771, P-linearity<0.001, P-nonlinearity = 0.59. Panel B (With airflow limitation): N = 352, P-linearity = 0.02,

P-nonlinearity<0.001. The increase in LV EDV seen at lower values of TPVV flattens after adjustment for LV ejection fraction.

https://doi.org/10.1371/journal.pone.0176180.g002
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and fully-adjusted analyses (OR 1.24/SD TPVV; P-value = 0.02). The association between

TPVV and dyspnea was also modified by smoking history (P-interaction = 0.03).

Among ever-smokers, a lower TPVV was associated with dyspnea and wheezing indepen-

dent of lung function, percent emphysema and LV ejection fraction (Table 3). Associations of

TPVV with dyspnea and wheezing persisted among ever-smokers without airflow limitation

or emphysema (dyspnea: OR 1.55/SD TPVV, P-value = 0.01; wheezing: OR 1.75/SD TPVV,

P-value = 0.01). There were no associations between TPVV and respiratory symptoms among

never-smokers in adjusted models.

Discussion

In this large, population-based study, a lower pulmonary vascular volume was associated with

decrements in left atrial volumes, LV end-diastolic volume, stroke volume and cardiac output,

and with dyspnea among persons who had smoked more than 100 lifetime cigarettes, includ-

ing those without demonstrable smoking-related lung disease. These findings suggest that sub-

tle changes in the pulmonary vasculature–which are generally unobserved in clinical practice–

may impair LV filling and contribute to respiratory symptoms in ever-smokers in the general

population in the absence of impaired LV relaxation.

This is the first study of which we are aware to assess the pulmonary vasculature, cardiac

function and dyspnea in a population-based sample. Small studies have correlated pulmonary

blood volume with cardiac output and LV stroke volume in valvular heart disease [40, 41], and

with LV end-diastolic volume index in severe emphysema [42]. Dyspnea on exertion has been

attributed to the inability to augment pulmonary blood flow during exercise in pulmonary

arterial hypertension [43, 44] and tricuspid regurgitation [45]. In addition, a lower volume of

small pulmonary vessels on CT was correlated with reduced six minute walk distance in smok-

ers, most of whom had COPD [10].

A potential mechanism for these findings is diffuse, smoking-related pulmonary microvas-

cular damage leading to reduced pulmonary blood flow, causing reduced inflow to the LV.

Smaller pulmonary capillary volumes are seen in smoke-exposed animals [46] and pulmonary

Table 3. Association of respiratory symptoms with 1 standard deviation lower total pulmonary vascular volume stratified by smoking history.

Ever-smokers

(N = 1226)

Odds Ratio (95% CI)

P-value Never-smokers

(N = 1074)

Odds Ratio (95% CI)

P-value

Dyspneaa

Unadjusted 1.61 (1.40, 1.85) <0.001 1.37 (1.17, 1.62) <0.001

Model 1 1.58 (1.28, 1.94) <0.001 1.03 (0.80, 1.34) 0.80

Model 2 1.46 (1.15, 1.85) 0.002 0.92 (0.69, 1.23) 0.58

Wheezing

Unadjusted 1.35 (1.14, 1.59) <0.001 1.34 (1.04, 1.73) 0.03

Model 1 1.59 (1.24, 2.04) <0.001 1.14 (0.77, 1.69) 0.51

Model 2 1.41 (1.06, 1.87) 0.02 0.89 (0.56, 1.40) 0.61

Chronic cough

Unadjusted 1.09 (0.91, 1.30) 0.36 1.15 (0.90, 1.46) 0.26

Model 1 1.00 (0.76, 1.32) 0.997 1.06 (0.71, 1.56) 0.79

Model 2 0.94 (0.69, 1.28) 0.69 0.85 (0.55, 1.33) 0.49

Model 1: adjusted for age, sex, race/ethnicity, height, weight, CT manufacturer and milliamperes, and current smoking and pack-years for ever-smokers.

Model 2: additionally adjusted for percent predicted FEV1, percent emphysema and LV ejection fraction
a Dyspnea was reported for 1222 ever-smokers and 1065 never-smokers.

https://doi.org/10.1371/journal.pone.0176180.t003
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arterial remodeling occurs in smokers [47]. As the pulmonary circulation accommodates high

blood flow (~5–6 L/minute) over a low pressure gradient (~10 mmHg), minor but diffuse

damage to the pulmonary vasculature may reduce blood flow to the left heart. Another possi-

bility is that other smoking-related pulmonary changes, such as small airways disease-associ-

ated hyperinflation compressing the pulmonary vasculature [29, 48], or regional hypoxic

vasoconstriction [49], may have contributed to the findings.

An alternative hypothesis is that the association of TPVV with reduced LV filling was due

to increased LV stiffness with increased LV end-diastolic pressure (i.e., impaired LV relaxation

or “diastolic dysfunction”). A lower TPVV was associated with concentric LV remodeling (i.e.,

greater LV mass/end-diastolic volume ratio), which suggests impaired LV relaxation [50],

however, this finding was due exclusively to the decrement in LV end-diastolic volume. Addi-

tionally, a lower TPVV was associated with a lower, not greater, left atrial volume, and there

was no association with impaired LV relaxation on MRI. Furthermore, reduced LV filling due

to LV stiffness would be expected to increase pulmonary blood volume, not decrease it. Finally,

a lower pulmonary microvascular blood volume was associated with smaller pulmonary veins,

further suggesting low-to-normal LV end-diastolic pressures, and no signs of impaired LV

relaxation on MRI. Hence, the finding for LV concentric remodeling is likely a false positive

sign for impaired LV relaxation in this setting. In conjunction with dyspnea in some patients,

this finding could be mistakenly attributed to HFpEF.

Nonetheless, the findings of a shorter 25-minute post-contrast T1 time and greater extracel-

lular volume fraction suggest that those with a lower TPVV have greater myocardial fibrosis.

While LV fibrosis occurs in HFpEF and correlates with LV stiffness [51], one study found a

parallel reduction in myocardial microvascular density [52] suggesting that LV fibrosis may be

secondary to systemic microvascular damage seen in smokers [53, 54]. Nevertheless, the

cumulative results from our general population sample suggest that a lower TPVV is associated

with a phenotype of impaired cardiac filling without an increase in LV end-diastolic pressure

(and thus distinct from HFpEF); the potential contribution of LV fibrosis to this phenotype

deserves further study.

Notably, the association between TPVV and LV filling was independent of measured lung

function, percent emphysema and high attenuation areas on CT and was present among par-

ticipants without functional or structural evidence of smoking-related lung disease. These

findings suggest that smoking-related changes in the pulmonary vasculature might contribute

to impaired cardiac filling and dyspnea independent of, and in the absence of, lung disease.

This may have potential implications for disease prevention, as some early pulmonary vascular

changes appear reversible [55].

A lower TPVV was associated with decrements in LV end-diastolic volume even among

participants who had smoked 0–10 pack-years. This suggests a risk to the pulmonary vascula-

ture associated with a smoking history that is usually considered insignificant for smoking-

related lung disease, but is consistent with increased cardiovascular risk observed in light and

intermittent smokers [56].

Strengths of this study include the use of novel quantitative pulmonary vascular measures

in a large, multiethnic, general population sample, MRI measures of cardiac structure and

function, and precise measures of potential confounders. However, several limitations should

be discussed.

First, the TPVV was measured on non-contrast CT and did not assess the microvasculature,

pulmonary arterial pressure or flow, and was not validated against invasive measures and is

not yet measured in clinical practice. While invasive measures were not feasible in a sample

this large, findings were confirmed in a second sample with direct measures of pulmonary

microvascular blood volume obtained on contrast-enhanced MRI, measures that were

Pulmonary vascular volume, impaired left ventricular filling and dyspnea
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consistent with global lung perfusion and correlated with diffusing capacity [57]. While diffus-

ing capacity was not measured in the larger cohort, it has limited utility for this study as a mea-

sure of the pulmonary vasculature as it would be expected to be low with both pulmonary

vascular damage and subclinical diastolic dysfunction. Additionally, mean values of TPVV are

approximately 25–30% of the pulmonary blood volume measured invasively; this difference is

not unexpected, given the included and detectable vessels. While measurement of pulmonary

blood volume is not feasible in current practice, the findings in this paper suggest further stud-

ies focusing on the pulmonary vasculature as a therapeutic target in HFpEF may be warranted.

Second, TPVV was higher in ever-smokers compared to never-smokers instead of lower as

would be expected with the hypothesized microvascular damage incurred by smoking. However,

this was largely due to differences in body size, as percent TPVV, normalized to lung volume,

tended to be lower in ever-smokers compared to never-smokers. While the microvasculature

itself is not included in the TPVV, and we are not able to differentiate arterial from venous vol-

umes, the described associations with a lower TPVV likely reflect a simultaneous reduction in

arterial, venous and microvascular volumes.

Third, echocardiography, commonly used to assess diastolic function of the LV, and dia-

stolic stress tests were not performed. However, MRI measures of impaired LV relaxation

directly measure strain and predict clinical events [25]. Additionally, results for left atrial vol-

ume and pulmonary vein area suggest reduced rather than elevated LV end-diastolic pressure,

consistent with the lower estimated left atrial pressure described in COPD [58]. Systemic arte-

rial stiffness, which has been associated with cigarette smoking [59], greater emphysema in

COPD [60] and with HFpEF [61, 62] was also not examined, although given the direction of

blood flow it would be unlikely for systemic arterial stiffness to alter pulmonary vascular

volumes.

Fourth, we were unable to assess the etiology of reduced TPVV or distinguish whether

reductions were related to vessel loss, hyperinflation-related compression, hypoxic pulmonary

vasoconstriction or RV dysfunction. RV measures were unavailable for the full cohort at this

exam, however, RV volumes have been found to be reduced in COPD [27], and were inversely

associated with percent emphysema [63] and dyspnea in MESA [64]. Importantly, adjustment

for RV measures in the second cohort did not impact the results, suggesting that a smaller RV

did not account for the findings. Reduced pulmonary artery distensibility has also been found

with increasing severity of COPD [65], a finding that could parallel the reduction in TPVV. Of

note, we have also found hyperinflation to be associated with increased LV mass and mass/

end-diastolic volume ratio among smokers, many with COPD [66]. However, hyperinflation

and hypoxemia are unlikely to fully explain the findings as results were strengthened after

adjustment for percent predicted total lung volume on CT, and unchanged after adjustment

for pulse oximetry and with restriction to those without evident lung disease.

Fifth, in this cross-sectional analysis, directionality is uncertain and selection bias is possi-

ble. It is unlikely that LV causes of impaired filling contributed to reductions in pulmonary

vascular volume, and results were unchanged after adjustment for LV ejection fraction. The

study was population-based and characteristics of the current sample were only modestly dif-

ferent from the overall sample, making selection bias an unlikely explanation for the results.

Finally, confounding is a concern in any observational study and residual confounding by

smoking, hypertension and body size is possible. However, major confounders were measured

precisely: current smoking was verified by urinary cotinine, blood pressure and medications

were measured directly. In addition, results were consistent using TPVV indexed to lung

volume.

In conclusion, in persons smoking more than 100 lifetime cigarettes a lower TPVV was

associated with reduced LV filling and a greater LV mass/end-diastolic volume ratio, and also

Pulmonary vascular volume, impaired left ventricular filling and dyspnea
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with increased dyspnea, including among persons without smoking-related lung disease. This

suggests that subclinical pulmonary vascular damage may negatively affect cardiac filling and

function, and contribute to symptoms in the general population.

Supporting information

S1 Fig. Study population.

(TIF)

S2 Fig. Generalized additive multivariate model of relationship between total pulmonary

vascular volume and LV end-diastolic volume among ever-smokers (A) without emphy-

sema and (B) with emphysema. Results are adjusted for age, sex, race/ethnicity, height,

weight, education, CT scanner manufacturer, milliamperes, current smoking, pack-years, total

cholesterol, high-density lipoprotein cholesterol, triglycerides, hypertension, systolic blood

pressure, diabetes, fasting glucose, creatinine, diuretic use, percent predicted FEV1. (Missing

data for S2 Fig follows a single imputation approach.) Panel A (Without emphysema):

N = 1078, P-linearity<0.001, P-nonlinearity = 0.14. Panel B (With emphysema): N = 148, P-

linearity = 0.03, P-nonlinearity = 0.41.

(TIF)

S3 Fig. Multivariate mean differences in LV end-diastolic volume per standard deviation

lower total pulmonary vascular volume stratified by cumulative pack-years of smoking.

Results are adjusted for age, sex, race/ethnicity, height, weight, education, CT scanner manu-

facturer, milliamperes, total cholesterol, high-density lipoprotein cholesterol, triglycerides,

hypertension, systolic blood pressure, diabetes, fasting glucose, creatinine, diuretic use, percent

predicted FEV1 and percent emphysema, as well as current smoking status for ever-smokers.

(TIF)

S4 Fig. Sensitivity analysis for mean difference in LV end-diastolic volume (mL) per 1

standard deviation lower total pulmonary vascular volume for ever-smokers. Abbrevia-

tions: LV EF = left ventricular ejection fraction, FEV1 = forced expiratory capacity in 1 second,

FVC = forced vital capacity, ACE = angiotensin converting enzyme, ARB = angiotensin II

receptor blocker. �Lung disease includes airflow limitation (FEV1/FVC<0.7), restrictive venti-

latory defect (FVC< lower limit of normal and FEV1/FVC>0.7), emphysema above the upper

limit of normal, and self-report of COPD, emphysema, asthma or pulmonary fibrosis. Results

are adjusted for age, sex, race/ethnicity, height, weight, education, CT scanner manufacturer,

milliamperes, current smoking, pack-years, total cholesterol, high-density lipoprotein choles-

terol, triglycerides, hypertension, systolic blood pressure, diabetes, fasting glucose, creatinine,

diuretic use, percent predicted FEV1 and percent emphysema. P-values for interactions: sex

0.19; race/ethnicity 0.33; age 0.34; current vs. former smoking 0.01; hypertension 0.72; diabetes

0.001; LV ejection fraction 0.34; asthma 0.63, restrictive ventilator defect 0.43; any lung disease

0.33.

(TIF)

S1 Table. Selected characteristics of MESA Exam 5 participants included and not included

in this analysis. Data are presented as no. (%) or mean±SD, except as noted. Abbreviations:

IQR, interquartile range; FEV1, forced expiratory volume in 1 second; FVC, forced vital capac-

ity; TPVV, total pulmonary vascular volume; LV, left ventricular. �Among ever-smokers

reporting pack-years, 1085 included and 826 not included in this analysis. †Among those with

spirometry, 2101 included and 1021 not included in the analysis. Airflow limitation defined as

pre-bronchodilator FEV1/FVC< 0.7. ‡Among 828 participants who underwent full-lung CT
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but not cardiac MRI. §Among 797 MESA Exam 5 participants who underwent cardiac MRI

but not full-lung CT. llAmong 2170 included in this analysis. ��Among 1999 included and 605

not included in this analysis. ††Among 2052 included and 697 not included in this analysis.
‡‡Among 1926 included and 630 not included in this analysis.

(PDF)

S2 Table. Selected characteristics of included participants by quintile of percent total pul-

monary vascular volume. Data are presented as % or mean±SD, except as noted. Abbrevia-

tions: IQR, interquartile range; FEV1, forced expiratory volume in 1 second; FVC, forced vital

capacity; TPVV, total pulmonary vascular volume. �For ever-smokers reporting pack-years,

N = 239, 211, 217, 202 and 215 across quintiles. †Airflow limitation defined as pre-bronchodi-

lator FEV1/FVC< 0.7.

(PDF)

S3 Table. Mean differences in LV parameters associated with a 1 standard deviation lower

percent total pulmonary vascular volume, stratified by smoking status. Model 1: Adjusted

for age, sex, race/ethnicity, height, weight, education, CT scanner manufacturer and milliam-

peres. Model 2: Additionally adjusted for total cholesterol, high-density lipoprotein choles-

terol, triglycerides, hypertension, systolic blood pressure, diabetes, fasting glucose, creatinine,

diuretic use, percent predicted FEV1 and percent emphysema, as well as current smoking sta-

tus and pack-years for ever-smokers. �Cardiac output available for 1152 ever-smokers and

1018 never-smokers.

(PDF)

S4 Table. Mean differences in left atrial volume, peak early diastolic strain rate, strain

relaxation index, T1 time and extracellular volume fraction associated with a 1 standard

deviation lower total pulmonary vascular volume on computed tomography, stratified by

smoking status. Model 1: Adjusted for age, sex, race/ethnicity, height, weight, education, CT

scanner manufacturer and milliamperes. Model 2: Additionally adjusted for total cholesterol,

high density lipoprotein cholesterol, triglycerides, hypertension, systolic blood pressure, diabe-

tes, fasting glucose, creatinine, diuretic use, percent predicted FEV1 and percent emphysema,

as well as current smoking status and pack-years for ever-smokers. �T1 time and extracellular

volume fraction models also adjusted for heart rate and left ventricular end-diastolic mass.

(PDF)

S5 Table. Characteristics of participants with LV parameters and pulmonary microvascular

blood volume measured on MRI. Data are presented as % or mean±SD, except as noted. Abbre-

viations: HDL, high-density lipoprotein; COPD, chronic obstructive pulmonary disease; GOLD,

Global initiative for chronic obstructive lung disease; IQR, interquartile range. �Calculated as

pulmonary microvascular blood volume (cm3 blood/100 cm3 lung) x total lung volume on CT

scans obtained at functional residual capacity, in 91 subjects.

(PDF)

S6 Table. Mean differences in LV parameters, left atrial volume and pulmonary vein area

associated with a 1 SD lower pulmonary microvascular blood volume on MRI in an inde-

pendent sample of ever-smokers (N = 142). Abbreviations: LV, left ventricular; EDV, end-

diastolic volume. Model 1: Adjusted for age, sex, race/ethnicity, height, weight, education and

cohort. Model 2: Additionally adjusted for smoking status, pack-years, total cholesterol, high

density lipoprotein cholesterol, triglycerides, hypertension, systolic blood pressure, diabetes,

fasting glucose, creatinine, diuretic use, percent predicted FEV1 and percent emphysema.

Model 3: Additionally adjusted for respective right ventricular parameter. �N = 141, 1

Pulmonary vascular volume, impaired left ventricular filling and dyspnea

PLOS ONE | https://doi.org/10.1371/journal.pone.0176180 April 20, 2017 14 / 19

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0176180.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0176180.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0176180.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0176180.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0176180.s010
https://doi.org/10.1371/journal.pone.0176180


participant with uninterpretable right ventricular measures on MRI. †N = 139, 3 participants

without left atrial volume or pulmonary vein area measurement. ‡Adjusted for right ventricu-

lar end-diastolic volume. N = 138, 1 participant with uninterpretable right ventricular mea-

sures on MRI.

(PDF)

Acknowledgments

The authors thank the other investigators, staff, and participants of the MESA Study for their

valuable contributions. A full list of participating MESA investigators and institutions can be

found at http://www.mesa-nhlbi.org.

Author Contributions

Conceptualization: CPA EAH JACL DAB RGB.

Data curation: EAH JACL AGB JVC MH KH EDM WSP MRP BAV CYL FZ KEW MB DAB

RGB.

Formal analysis: CPA RGB.

Funding acquisition: EAH JACL WSP MB DAB RGB.

Investigation: EAH JACL SMK AGB DRJ RK EDM WSP KEW MB DAB RGB.

Methodology: EAH JACL JVC MH KH MRP BMS BAV CYL FZ DAB RGB.

Software: EAH JVC.

Supervision: RGB.

Writing – original draft: CPA.

Writing – review & editing: CPA EAH JACL SMK AGB JVC MH KH DRJ RK EDM WSP

MRP BMS BAV CYL FZ KEW MB DAB RGB.

References
1. Murray CJ, Vos T, Lozano R, Naghavi M, Flaxman AD, Michaud C, et al. Disability-adjusted life years

(DALYs) for 291 diseases and injuries in 21 regions, 1990–2010: a systematic analysis for the Global

Burden of Disease Study 2010. Lancet. 2012; 380(9859):2197–223. https://doi.org/10.1016/S0140-

6736(12)61689-4 PMID: 23245608

2. Lozano R, Naghavi M, Foreman K, Lim S, Shibuya K, Aboyans V, et al. Global and regional mortality

from 235 causes of death for 20 age groups in 1990 and 2010: a systematic analysis for the Global Bur-

den of Disease Study 2010. Lancet. 2012; 380(9859):2095–128. https://doi.org/10.1016/S0140-6736

(12)61728-0 PMID: 23245604

3. Meyer T, Shih J, Aurigemma G. In the clinic. Heart failure with preserved ejection fraction (diastolic dys-

function). Ann Intern Med. 2013; 158(1):ITC5-1–ITC5-15.

4. Mentz RJ, Kelly JP, von Lueder TG, Voors AA, Lam CS, Cowie MR, et al. Noncardiac comorbidities in

heart failure with reduced versus preserved ejection fraction. J Am Coll Cardiol. 2014; 64(21):2281–93.

https://doi.org/10.1016/j.jacc.2014.08.036 PMID: 25456761

5. Borlaug BA. The pathophysiology of heart failure with preserved ejection fraction. Nat Rev Cardiol.

2014; 11(9):507–15. https://doi.org/10.1038/nrcardio.2014.83 PMID: 24958077

6. Pauwels RA, Buist AS, Calverley PM, Jenkins CR, Hurd SS, GOLD Scientific Committee. Global strat-

egy for the diagnosis, management, and prevention of chronic obstructive pulmonary disease. NHLBI/

WHO Global Initiative for Chronic Obstructive Lung Disease (GOLD) workshop summary. Am J Respir

Crit Care Med. 2001; 163(5):1256–76. https://doi.org/10.1164/ajrccm.163.5.2101039 PMID: 11316667

Pulmonary vascular volume, impaired left ventricular filling and dyspnea

PLOS ONE | https://doi.org/10.1371/journal.pone.0176180 April 20, 2017 15 / 19

http://www.mesa-nhlbi.org/
https://doi.org/10.1016/S0140-6736(12)61689-4
https://doi.org/10.1016/S0140-6736(12)61689-4
http://www.ncbi.nlm.nih.gov/pubmed/23245608
https://doi.org/10.1016/S0140-6736(12)61728-0
https://doi.org/10.1016/S0140-6736(12)61728-0
http://www.ncbi.nlm.nih.gov/pubmed/23245604
https://doi.org/10.1016/j.jacc.2014.08.036
http://www.ncbi.nlm.nih.gov/pubmed/25456761
https://doi.org/10.1038/nrcardio.2014.83
http://www.ncbi.nlm.nih.gov/pubmed/24958077
https://doi.org/10.1164/ajrccm.163.5.2101039
http://www.ncbi.nlm.nih.gov/pubmed/11316667
https://doi.org/10.1371/journal.pone.0176180


7. Barr RG, Bluemke DA, Ahmed FS, Carr JJ, Enright PL, Hoffman EA, et al. Percent emphysema, airflow

obstruction, and impaired left ventricular filling. N Engl J Med. 2010; 362(3):217–27. https://doi.org/10.

1056/NEJMoa0808836 PMID: 20089972

8. Oelsner EC, Lima JA, Kawut SM, Burkart KM, Enright PL, Ahmed FS, et al. Non-invasive tests for the

diagnostic evaluation of dyspnea among outpatients: the Multi-Ethnic Study of Atherosclerosis (MESA)

Lung Study. Am J Med. 2014.

9. Cuttica MJ, Colangelo LA, Shah SJ, Lima J, Kishi S, Arynchyn A, et al. Loss of Lung Health from Young

Adulthood and Cardiac Phenotypes in Middle Age. Am J Respir Crit Care Med. 2015; 192(1):76–85.

https://doi.org/10.1164/rccm.201501-0116OC PMID: 25876160

10. Estepar RS, Kinney GL, Black-Shinn JL, Bowler RP, Kindlmann GL, Ross JC, et al. Computed tomo-

graphic measures of pulmonary vascular morphology in smokers and their clinical implications. Am J

Respir Crit Care Med. 2013; 188(2):231–9. https://doi.org/10.1164/rccm.201301-0162OC PMID:

23656466

11. Bild DE, Bluemke DA, Burke GL, Detrano R, Diez Roux AV, Folsom AR, et al. Multi-Ethnic Study of Ath-

erosclerosis: objectives and design. Am J Epidemiol. 2002; 156(9):871–81. PMID: 12397006

12. Rodriguez J, Jiang R, Johnson WC, MacKenzie BA, Smith LJ, Barr RG. The association of pipe and

cigar use with cotinine levels, lung function, and airflow obstruction: a cross-sectional study. Ann Intern

Med. 2010; 152(4):201–10. https://doi.org/10.7326/0003-4819-152-4-201002160-00004 PMID:

20157134

13. Sieren JP, Newell JD Jr, Barr RG, Bleecker ER, Burnette N, Carretta EE, et al. SPIROMICS protocol for

multicenter quantitative computed tomography to phenotype the lungs. Am J Respir Crit Care Med.

2016; 194(7):794–806. https://doi.org/10.1164/rccm.201506-1208PP PMID: 27482984

14. Shikata H, McLennan G, Hoffman EA, Sonka M. Segmentation of Pulmonary Vascular Trees from Tho-

racic 3D CT Images. Int J Biomed Imaging. 2009;636240.

15. Giuntini C, Lewis ML, Luis AS, Harvey RM. A Study of the Pulmonary Blood Volume in Man by Quantita-

tive Radiocardiography. J Clin Invest. 1963; 42:1589–605. https://doi.org/10.1172/JCI104844 PMID:

14077387

16. Samet P, Bernstein WH, Lopez A, Levine S. Methodology of true pulmonary blood volume determina-

tion. Circulation. 1966; 33(6):847–53. PMID: 5328604

17. Weibel ER. Morphometry of the Human Lung: Springer; 1963.

18. Liu CY, Liu YC, Wu C, Armstrong A, Volpe GJ, van der Geest RJ, et al. Evaluation of age-related inter-

stitial myocardial fibrosis with cardiac magnetic resonance contrast-enhanced T1 mapping: MESA

(Multi-Ethnic Study of Atherosclerosis). J Am Coll Cardiol. 2013; 62(14):1280–7. https://doi.org/10.

1016/j.jacc.2013.05.078 PMID: 23871886

19. Donekal S, Venkatesh BA, Liu YC, Liu CY, Yoneyama K, Wu CO, et al. Interstitial fibrosis, left ventricu-

lar remodeling, and myocardial mechanical behavior in a population-based multiethnic cohort: the Multi-

Ethnic Study of Atherosclerosis (MESA) Study. Circ Cardiovasc Imaging. 2014; 7(2):292–302. https://

doi.org/10.1161/CIRCIMAGING.113.001073 PMID: 24550436

20. Young AA, Cowan BR, Thrupp SF, Hedley WJ, Dell’Italia LJ. Left ventricular mass and volume: fast cal-

culation with guide-point modeling on MR images. Radiology. 2000; 216(2):597–602.

21. Yi CJ, Wu CO, Tee M, Liu CY, Volpe GJ, Prince MR, et al. The association between cardiovascular risk

and cardiovascular magnetic resonance measures of fibrosis: the Multi-Ethnic Study of Atherosclerosis

(MESA). J Cardiovasc Magn Reson. 2015; 17:15. https://doi.org/10.1186/s12968-015-0121-5 PMID:

25827220

22. Sibley CT, Noureldin RA, Gai N, Nacif MS, Liu S, Turkbey EB, et al. T1 Mapping in cardiomyopathy at

cardiac MR: comparison with endomyocardial biopsy. Radiology. 2012; 265(3):724–32. https://doi.org/

10.1148/radiol.12112721 PMID: 23091172

23. Fontana M, White SK, Banypersad SM, Sado DM, Maestrini V, Flett AS, et al. Comparison of T1 map-

ping techniques for ECV quantification. Histological validation and reproducibility of ShMOLLI versus

multibreath-hold T1 quantification equilibrium contrast CMR. J Cardiovasc Magn Reson. 2012; 14:88.

https://doi.org/10.1186/1532-429X-14-88 PMID: 23272651

24. Osman NF, McVeigh ER, Prince JL. Imaging heart motion using harmonic phase MRI. IEEE Trans Med

Imaging. 2000; 19(3):186–202. https://doi.org/10.1109/42.845177 PMID: 10875703

25. Ambale-Venkatesh B, Armstrong AC, Liu CY, Donekal S, Yoneyama K, Wu CO, et al. Diastolic function

assessed from tagged MRI predicts heart failure and atrial fibrillation over an 8-year follow-up period:

the Multi-Ethnic Study of Atherosclerosis. Eur Heart J Cardiovasc Imaging. 2014; 15(4):442–9. https://

doi.org/10.1093/ehjci/jet189 PMID: 24145457

Pulmonary vascular volume, impaired left ventricular filling and dyspnea

PLOS ONE | https://doi.org/10.1371/journal.pone.0176180 April 20, 2017 16 / 19

https://doi.org/10.1056/NEJMoa0808836
https://doi.org/10.1056/NEJMoa0808836
http://www.ncbi.nlm.nih.gov/pubmed/20089972
https://doi.org/10.1164/rccm.201501-0116OC
http://www.ncbi.nlm.nih.gov/pubmed/25876160
https://doi.org/10.1164/rccm.201301-0162OC
http://www.ncbi.nlm.nih.gov/pubmed/23656466
http://www.ncbi.nlm.nih.gov/pubmed/12397006
https://doi.org/10.7326/0003-4819-152-4-201002160-00004
http://www.ncbi.nlm.nih.gov/pubmed/20157134
https://doi.org/10.1164/rccm.201506-1208PP
http://www.ncbi.nlm.nih.gov/pubmed/27482984
https://doi.org/10.1172/JCI104844
http://www.ncbi.nlm.nih.gov/pubmed/14077387
http://www.ncbi.nlm.nih.gov/pubmed/5328604
https://doi.org/10.1016/j.jacc.2013.05.078
https://doi.org/10.1016/j.jacc.2013.05.078
http://www.ncbi.nlm.nih.gov/pubmed/23871886
https://doi.org/10.1161/CIRCIMAGING.113.001073
https://doi.org/10.1161/CIRCIMAGING.113.001073
http://www.ncbi.nlm.nih.gov/pubmed/24550436
https://doi.org/10.1186/s12968-015-0121-5
http://www.ncbi.nlm.nih.gov/pubmed/25827220
https://doi.org/10.1148/radiol.12112721
https://doi.org/10.1148/radiol.12112721
http://www.ncbi.nlm.nih.gov/pubmed/23091172
https://doi.org/10.1186/1532-429X-14-88
http://www.ncbi.nlm.nih.gov/pubmed/23272651
https://doi.org/10.1109/42.845177
http://www.ncbi.nlm.nih.gov/pubmed/10875703
https://doi.org/10.1093/ehjci/jet189
https://doi.org/10.1093/ehjci/jet189
http://www.ncbi.nlm.nih.gov/pubmed/24145457
https://doi.org/10.1371/journal.pone.0176180


26. Habibi M, Chahal H, Opdahl A, Gjesdal O, Helle-Valle TM, Heckbert SR, et al. Association of CMR-

measured LA function with heart failure development: results from the MESA Study. JACC Cardiovasc

Imaging. 2014; 7(6):570–9. https://doi.org/10.1016/j.jcmg.2014.01.016 PMID: 24813967

27. Kawut SM, Poor HD, Parikh MA, Hueper K, Smith BM, Bluemke DA, et al. Cor pulmonale parvus in

chronic obstructive pulmonary disease and emphysema: the MESA COPD Study. J Am Coll Cardiol.

2014; 64(19):2000–9. https://doi.org/10.1016/j.jacc.2014.07.991 PMID: 25440095

28. Smith BM, Prince MR, Hoffman EA, Bluemke DA, Liu CY, Rabinowitz D, et al. Impaired left ventricular

filling in COPD and emphysema: is it the heart or the lungs? The Multi-Ethnic Study of Atherosclerosis

COPD Study. Chest. 2013; 144(4):1143–51. https://doi.org/10.1378/chest.13-0183 PMID: 23764937

29. Hueper K, Vogel-Claussen J, Parikh MA, Austin JH, Bluemke DA, Carr J, et al. Pulmonary microvascu-

lar blood flow in mild chronic obstructive pulmonary disease and emphysema. The MESA COPD Study.

Am J Respir Crit Care Med. 2015; 192(5):570–80. https://doi.org/10.1164/rccm.201411-2120OC PMID:

26067761

30. Comstock GW, Tockman MS, Helsing KJ, Hennesy KM. Standardized respiratory questionnaires: com-

parison of the old with the new. Am Rev Respir Dis. 1979; 119(1):45–53. https://doi.org/10.1164/arrd.

1979.119.1.45 PMID: 420437

31. Mahler DA, Wells CK. Evaluation of clinical methods for rating dyspnea. Chest. 1988; 93(3):580–6.

PMID: 3342669

32. MESA Manual of operations. 2008. Seattle: University of Washington [Available at: http://www.mesa-

nhlbi.org/publicDocs/MesaMop/MesaMop1-5-01.doc.]

33. Bertoni AG, Whitt-Glover MC, Chung H, Le KY, Barr RG, Mahesh M, et al. The association between

physical activity and subclinical atherosclerosis: the Multi-Ethnic Study of Atherosclerosis. Am J Epide-

miol. 2009; 169(4):444–54. https://doi.org/10.1093/aje/kwn350 PMID: 19075250

34. Bild DE, McClelland R, Kaufman JD, Blumenthal R, Burke GL, Carr JJ, et al. Ten-year trends in coro-

nary calcification in individuals without clinical cardiovascular disease in the Multi-Ethnic Study of Ath-

erosclerosis. PloS One. 2014; 9(4):e94916. https://doi.org/10.1371/journal.pone.0094916 PMID:

24743658

35. Smith NL, Psaty BM, Heckbert SR, Tracy RP, Cornell ES. The reliability of medication inventory meth-

ods compared to serum levels of cardiovascular drugs in the elderly. J Clin Epidemiol. 1999; 52(2):143–

6. PMID: 10201655

36. Miller MR, Hankinson J, Brusasco V, Burgos F, Casaburi R, Coates A, et al. Standardisation of spirome-

try. Eur Respir J. 2005; 26(2):319–38. https://doi.org/10.1183/09031936.05.00034805 PMID:

16055882

37. Hankinson JL, Kawut SM, Shahar E, Smith LJ, Stukovsky KH, Barr RG. Performance of American Tho-

racic Society-recommended spirometry reference values in a multiethnic sample of adults: the Multi-

Ethnic Study of Atherosclerosis (MESA) Lung Study. Chest. 2010; 137(1):138–45. https://doi.org/10.

1378/chest.09-0919 PMID: 19741060

38. Hoffman EA, Ahmed FS, Baumhauer H, Budoff M, Carr JJ, Kronmal R, et al. Variation in the percent of

emphysema-like lung in a healthy, nonsmoking multiethnic sample. The MESA Lung Study. Ann Am

Thorac Soc. 2014; 11(6):898–907. https://doi.org/10.1513/AnnalsATS.201310-364OC PMID:

24983825

39. Lederer DJ, Enright PL, Kawut SM, Hoffman EA, Hunninghake G, van Beek EJ, et al. Cigarette smoking

is associated with subclinical parenchymal lung disease: the Multi-Ethnic Study of Atherosclerosis

(MESA)-Lung Study. Am J Respir Crit Care Med. 2009; 180(5):407–14. https://doi.org/10.1164/rccm.

200812-1966OC PMID: 19542480

40. Dexter L, Haynes FW, Kuida H, Rapaport E. The pulmonary blood volume in mitral stenosis. J Clin

Invest. 1956; 35(12):1393–403. https://doi.org/10.1172/JCI103396 PMID: 13385338

41. Milnor WR, Jose AD, McGaff CJ. Pulmonary vascular volume, resistance, and compliance in man. Cir-

culation. 1960; 22:130–7. PMID: 14422672

42. Jorgensen K, Muller MF, Nel J, Upton RN, Houltz E, Ricksten SE. Reduced intrathoracic blood volume

and left and right ventricular dimensions in patients with severe emphysema: an MRI study. Chest.

2007; 131(4):1050–7. https://doi.org/10.1378/chest.06-2245 PMID: 17426209

43. Nootens M, Wolfkiel CJ, Chomka EV, Rich S. Understanding right and left ventricular systolic function

and interactions at rest and with exercise in primary pulmonary hypertension. Am J Cardiol. 1995; 75

(5):374–7. PMID: 7856531

44. Sun X-G, Hansen JE, Oudiz RJ, Wasserman K. Exercise pathophysiology in patients with primary pul-

monary hypertension. Circulation. 2001; 104(4):429–35. PMID: 11468205

Pulmonary vascular volume, impaired left ventricular filling and dyspnea

PLOS ONE | https://doi.org/10.1371/journal.pone.0176180 April 20, 2017 17 / 19

https://doi.org/10.1016/j.jcmg.2014.01.016
http://www.ncbi.nlm.nih.gov/pubmed/24813967
https://doi.org/10.1016/j.jacc.2014.07.991
http://www.ncbi.nlm.nih.gov/pubmed/25440095
https://doi.org/10.1378/chest.13-0183
http://www.ncbi.nlm.nih.gov/pubmed/23764937
https://doi.org/10.1164/rccm.201411-2120OC
http://www.ncbi.nlm.nih.gov/pubmed/26067761
https://doi.org/10.1164/arrd.1979.119.1.45
https://doi.org/10.1164/arrd.1979.119.1.45
http://www.ncbi.nlm.nih.gov/pubmed/420437
http://www.ncbi.nlm.nih.gov/pubmed/3342669
http://www.mesa-nhlbi.org/publicDocs/MesaMop/MesaMop1-5-01.doc
http://www.mesa-nhlbi.org/publicDocs/MesaMop/MesaMop1-5-01.doc
https://doi.org/10.1093/aje/kwn350
http://www.ncbi.nlm.nih.gov/pubmed/19075250
https://doi.org/10.1371/journal.pone.0094916
http://www.ncbi.nlm.nih.gov/pubmed/24743658
http://www.ncbi.nlm.nih.gov/pubmed/10201655
https://doi.org/10.1183/09031936.05.00034805
http://www.ncbi.nlm.nih.gov/pubmed/16055882
https://doi.org/10.1378/chest.09-0919
https://doi.org/10.1378/chest.09-0919
http://www.ncbi.nlm.nih.gov/pubmed/19741060
https://doi.org/10.1513/AnnalsATS.201310-364OC
http://www.ncbi.nlm.nih.gov/pubmed/24983825
https://doi.org/10.1164/rccm.200812-1966OC
https://doi.org/10.1164/rccm.200812-1966OC
http://www.ncbi.nlm.nih.gov/pubmed/19542480
https://doi.org/10.1172/JCI103396
http://www.ncbi.nlm.nih.gov/pubmed/13385338
http://www.ncbi.nlm.nih.gov/pubmed/14422672
https://doi.org/10.1378/chest.06-2245
http://www.ncbi.nlm.nih.gov/pubmed/17426209
http://www.ncbi.nlm.nih.gov/pubmed/7856531
http://www.ncbi.nlm.nih.gov/pubmed/11468205
https://doi.org/10.1371/journal.pone.0176180


45. Andersen MJ, Nishimura RA, Borlaug BA. The hemodynamic basis of exercise intolerance in tricuspid

regurgitation. Circ Heart Failure. 2014; 7(6):911–7. https://doi.org/10.1161/CIRCHEARTFAILURE.114.

001575 PMID: 25190672

46. Yamato H, Sun JP, Churg A, Wright JL. Cigarette smoke-induced emphysema in guinea pigs is associ-

ated with diffusely decreased capillary density and capillary narrowing. Lab Invest. 1996; 75(2):211–9.

PMID: 8765321

47. Santos S, Peinado VI, Ramirez J, Melgosa T, Roca J, Rodriguez-Roisin R, et al. Characterization of pul-

monary vascular remodelling in smokers and patients with mild COPD. Eur Respir J. 2002; 19(4):632–

8. PMID: 11998991

48. Stone IS, Barnes NC, James WY, Midwinter D, Boubertakh R, Follows R, et al. Lung deflation and car-

diovascular structure and function in COPD: a randomized controlled trial. Am J Respir Crit Care Med.

2016; 193(7):717–26. https://doi.org/10.1164/rccm.201508-1647OC PMID: 26550687

49. Motley HL, Cournand A, Werko L, Himmelstein A, Dresdale D. The influence of short periods of induced

acute anoxia upon pulmonary artery pressures in man. Am J Physiol. 1947; 150(2):315–20. PMID:

20258388

50. Paulus WJ, Tschope C, Sanderson JE, Rusconi C, Flachskampf FA, Rademakers FE, et al. How to

diagnose diastolic heart failure: a consensus statement on the diagnosis of heart failure with normal left

ventricular ejection fraction by the Heart Failure and Echocardiography Associations of the European

Society of Cardiology. Eur Heart J. 2007; 28(20):2539–50. https://doi.org/10.1093/eurheartj/ehm037

PMID: 17428822

51. Rommel KP, von Roeder M, Latuscynski K, Oberueck C, Blazek S, Fengler K, et al. Extracellular vol-

ume fraction for characterization of patients with heart failure and preserved ejection fraction. J Am Coll

Cardiol. 2016; 67(15):1815–25. https://doi.org/10.1016/j.jacc.2016.02.018 PMID: 27081022

52. Mohammed SF, Hussain S, Mirzoyev SA, Edwards WD, Maleszewski JJ, Redfield MM. Coronary

microvascular rarefaction and myocardial fibrosis in heart failure with preserved ejection fraction. Circu-

lation. 2015; 131(6):550–9. https://doi.org/10.1161/CIRCULATIONAHA.114.009625 PMID: 25552356

53. Ijzerman RG, Serne EH, van Weissenbruch MM, de Jongh RT, Stehouwer CD. Cigarette smoking is

associated with an acute impairment of microvascular function in humans. Clin Sci. 2003; 104(3):247–

52. https://doi.org/10.1042/CS20020318 PMID: 12605581

54. Kaufmann PA, Gnecchi-Ruscone T, di Terlizzi M, Schafers KP, Luscher TF, Camici PG. Coronary heart

disease in smokers: vitamin C restores coronary microcirculatory function. Circulation. 2000; 102

(11):1233–8. PMID: 10982536

55. Iyer KS, Newell JD Jr., Jin D, Fuld MK, Saha PK, Hansdottir S, et al. Quantitative dual-energy computed

tomography supports a vascular etiology of smoking-induced inflammatory lung disease. Am J Respir

Crit Care Med. 2016; 193(6):652–61. https://doi.org/10.1164/rccm.201506-1196OC PMID: 26569033

56. Schane RE, Ling PM, Glantz SA. Health effects of light and intermittent smoking: a review. Circulation.

2010; 121(13):1518–22. https://doi.org/10.1161/CIRCULATIONAHA.109.904235 PMID: 20368531

57. Hueper K, Parikh MA, Prince MR, Schoenfeld C, Liu C, Bluemke DA, et al. Quantitative and semiquanti-

tative measures of regional pulmonary microvascular perfusion by magnetic resonance imaging and

their relationships to global lung perfusion and lung diffusing capacity: the MultiEthnic Study of Athero-

sclerosis Chronic Obstructive Pulmonary Disease Study. Invest Radiol. 2013; 48(4):223–30. https://doi.

org/10.1097/RLI.0b013e318281057d PMID: 23385398

58. Boussuges A, Pinet C, Molenat F, Burnet H, Ambrosi P, Badier M, et al. Left atrial and ventricular filling

in chronic obstructive pulmonary disease. An echocardiographic and doppler study. Am J Respir Crit

Care Med. 2000; 162(2 Pt 1):670–5.

59. Tomiyama H, Hashimoto H, Tanaka H, Matsumoto C, Odaira M, Yamada J, et al. Continuous smoking

and progression of arterial stiffening: a prospective study. J Am Coll Cardiol. 2010; 55(18):1979–87.

https://doi.org/10.1016/j.jacc.2009.12.042 PMID: 20430271

60. McAllister DA, Maclay JD, Mills NL, Mair G, Miller J, Anderson D, et al. Arterial stiffness is independently

associated with emphysema severity in patients with chronic obstructive pulmonary disease. Am J

Respir Crit Care Med. 2007; 176(12):1208–14. https://doi.org/10.1164/rccm.200707-1080OC PMID:

17885263

61. Ohyama Y, Ambale-Venkatesh B, Noda C, Chugh AR, Teixido-Tura G, Kim JY, et al. Association of aor-

tic stiffness with left ventricular remodeling and reduced left ventricular function measured by magnetic

resonance imaging: the Multi-Ethnic Study of Atherosclerosis. Circ Cardiovasc Imaging. 2016; 9(7).

62. Kaess BM, Rong J, Larson MG, Hamburg NM, Vita JA, Cheng S, et al. Relations of central hemody-

namics and aortic stiffness with left ventricular structure and function: the Framingham Heart Study. J

Am Heart Assoc. 2016; 5(3):e002693. https://doi.org/10.1161/JAHA.115.002693 PMID: 27016574

Pulmonary vascular volume, impaired left ventricular filling and dyspnea

PLOS ONE | https://doi.org/10.1371/journal.pone.0176180 April 20, 2017 18 / 19

https://doi.org/10.1161/CIRCHEARTFAILURE.114.001575
https://doi.org/10.1161/CIRCHEARTFAILURE.114.001575
http://www.ncbi.nlm.nih.gov/pubmed/25190672
http://www.ncbi.nlm.nih.gov/pubmed/8765321
http://www.ncbi.nlm.nih.gov/pubmed/11998991
https://doi.org/10.1164/rccm.201508-1647OC
http://www.ncbi.nlm.nih.gov/pubmed/26550687
http://www.ncbi.nlm.nih.gov/pubmed/20258388
https://doi.org/10.1093/eurheartj/ehm037
http://www.ncbi.nlm.nih.gov/pubmed/17428822
https://doi.org/10.1016/j.jacc.2016.02.018
http://www.ncbi.nlm.nih.gov/pubmed/27081022
https://doi.org/10.1161/CIRCULATIONAHA.114.009625
http://www.ncbi.nlm.nih.gov/pubmed/25552356
https://doi.org/10.1042/CS20020318
http://www.ncbi.nlm.nih.gov/pubmed/12605581
http://www.ncbi.nlm.nih.gov/pubmed/10982536
https://doi.org/10.1164/rccm.201506-1196OC
http://www.ncbi.nlm.nih.gov/pubmed/26569033
https://doi.org/10.1161/CIRCULATIONAHA.109.904235
http://www.ncbi.nlm.nih.gov/pubmed/20368531
https://doi.org/10.1097/RLI.0b013e318281057d
https://doi.org/10.1097/RLI.0b013e318281057d
http://www.ncbi.nlm.nih.gov/pubmed/23385398
https://doi.org/10.1016/j.jacc.2009.12.042
http://www.ncbi.nlm.nih.gov/pubmed/20430271
https://doi.org/10.1164/rccm.200707-1080OC
http://www.ncbi.nlm.nih.gov/pubmed/17885263
https://doi.org/10.1161/JAHA.115.002693
http://www.ncbi.nlm.nih.gov/pubmed/27016574
https://doi.org/10.1371/journal.pone.0176180


63. Grau M, Barr RG, Lima JA, Hoffman EA, Bluemke DA, Carr JJ, et al. Percent emphysema and right ven-

tricular structure and function: the MESA Lung and MESA-RV Studies. Chest. 2013; 144(1):136–44.

https://doi.org/10.1378/chest.12-1779 PMID: 23450302

64. Kaufmann MR, Barr RG, Lima JA, Praestgaard A, Jain A, Tandri H, et al. Right ventricular morphology

and the onset of dyspnea: the MESA-Right Ventricle Study. PLoS One. 2013; 8(2):e56826. https://doi.

org/10.1371/journal.pone.0056826 PMID: 23457622

65. Liu CY, Parikh MA, Gomes AS, Vogel-Claussen J, Bluemke DA, Lima JA, et al. Chronic Obstructive

Pulmonary Disease (COPD) is associated with pulmonary artery stiffness—the MESA COPD Study. J

Cardiovasc Magn Res. 2013; 15(Suppl 1):O62.

66. Smith BM, Kawut SM, Bluemke DA, Basner RC, Gomes AS, Hoffman E, et al. Pulmonary hyperinflation

and left ventricular mass: the Multi-Ethnic Study of Atherosclerosis COPD Study. Circulation. 2013; 127

(14):1503–11, 11e1-6. https://doi.org/10.1161/CIRCULATIONAHA.113.001653 PMID: 23493320

Pulmonary vascular volume, impaired left ventricular filling and dyspnea

PLOS ONE | https://doi.org/10.1371/journal.pone.0176180 April 20, 2017 19 / 19

https://doi.org/10.1378/chest.12-1779
http://www.ncbi.nlm.nih.gov/pubmed/23450302
https://doi.org/10.1371/journal.pone.0056826
https://doi.org/10.1371/journal.pone.0056826
http://www.ncbi.nlm.nih.gov/pubmed/23457622
https://doi.org/10.1161/CIRCULATIONAHA.113.001653
http://www.ncbi.nlm.nih.gov/pubmed/23493320
https://doi.org/10.1371/journal.pone.0176180

