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Abstract

Background—We aimed to assess whether chronic obstructive pulmonary disease (COPD) is 

associated with expansion of the myocardial extracellular volume (ECV) using T1 measurements.

Methods—Adult COPD patients (GOLD stage 2 or higher) and free of known cardiovascular 

disease were recruited. All study patients underwent measures of pulmonary function, 6-minute 

walk test, serum measures of inflammation, overnight polysomnography, and a contrast CMR 

study.
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Results—Eight patients with COPD were compared to 8 healthy control subjects. The mean 

predicted FEV1% of COPD subjects was 68%. Compared to controls, patients had normal left 

ventricular (LV) and right ventricular size, mass, and function. However, as compared to controls, 

the LV remodeling index (median 0.87 IQR 0.43 vs. median 0.62 IQR 0.17, p=0.03) and active 

left atrial emptying fraction was increased (median 46 IQR 8 vs. median 38 IQR 10, p=0.005), and 

passive left atrial emptying fraction was reduced (median 24 IQR 10 vs. median 44 IQR 20, 

p=0.007). The ECV was increased in patients with COPD (median 0.32 IQR 0.05 vs. median 0.27 

IQR 0.05, p=0.001). The ECV showed a strong positive association with LV remodeling (r = 0.72, 

p = 0.04) and an inverse association with the 6-minute walk duration (r = −0.79, p = 0.02) and 

passive left atrial emptying fraction (r = −0.68, p = 0.003).

Conclusions—Expansion of the ECV, suggestive of diffuse myocardial fibrosis, is present in 

COPD and is associated with LV remodeling, reduced left atrial function and exercise capacity.

Introduction

Cardiovascular morbidity and mortality among patients with chronic obstructive pulmonary 

disease (COPD) is high, 1-3 but the mechanisms are unknown. Myocardial fibrosis is a 

marker of increased risk among broad groups of patients with cardiovascular disease 4, 5 and 

is confirmed pathologically in patients with advanced lung disease.6 Cardiac magnetic 

resonance (CMR) with the additive contrast technique of late gadolinium enhancement 

(LGE) is the gold-standard technique for the detection of replacement myocardial fibrosis.7 

However, among patients with COPD, LGE is not detected,8 likely because LGE-based 

CMR measures for detection of myocardial fibrosis underestimate fibrosis when the entire 

myocardium is diffusely involved.9 Determination of the myocardial extracellular volume 

(ECV) by T1 measurements is a robust method for quantifying diffuse myocardial 

fibrosis.10-12 The ECV by CMR has been validated against histological measures of 

fibrosis,10, 11 is associated with measures of myocardial function,13 and is an independent 

predictor of mortality among broad populations with cardiovascular disease.14 We 

hypothesized that an expanded ECV would provide this marker of increased cardiovascular 

risk in patients with COPD. To design a definitive study, we first performed a pilot study 

where we measured the ECV in a small well-characterized cohort of patients with COPD.

Methods

Study population

The study was approved by the local institutional review board and all participants gave 

their written informed consent. This study was completed over a period of 6 months from 

January to June, 2011, at Brigham and Women's Hospital. Adult patients (≥18 years of age) 

with known COPD as diagnosed by a pulmonologist (defined as Global Initiative for 

Chronic Obstructive Lung Disease, GOLD stage 2 or higher and ≥10 pack-years of smoking 

history) were screened. Patients with standard contraindications to a CMR (e.g. 

claustrophobia, ferromagnetic devices etc), receiving positive airway pressure therapy, 

uncontrolled COPD, known cardiovascular disease, a clinical history of heart failure or 

reduced ejection fraction, hypertension, diabetes, or pregnant women were excluded. After a 

telephone screening, patients presented for a history and physical examination, pulmonary 
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function tests, blood tests, overnight polysomnography, 6 minute walk test, and a CMR 

study the next morning. Pulmonary function tests, including lung volumes and diffusing 

capacity, were performed according to the guidelines of the American Thoracic Society.15 

Lung function measures of specific interest included forced expiratory volume at 1 second 

(FEV1), the degree of hyperinflation (as measured by residual volume divided by the total 

lung capacity, RV/TLC%), and the forced expired flow from 25-75% (FEF25-75%). Blood 

samples were collected for measurement of markers of inflammation (hs-CRP and IL-6) as 

well as a hematocrit and creatinine. All study subjects with COPD underwent a supervised 

in-laboratory polysomnography to exclude the co-existence of previously undiagnosed 

obstructive sleep apnea. Sleep studies were scored by an experienced, blinded sleep 

technologist according to standard criteria 16 and patients with an apnea-hypopnea index 

(AHI) ≥10/hour were a priori excluded. These patients were included in a prior published 

study detailing cardiovascular structure among patients with the overlap syndrome.17 All 

COPD study participants also completed the Epworth Sleepiness Scale to assess daytime 

sleepiness 18 and the Modified Medical Research Council (MMRC) score to assess dyspnea 

before the polysomnography.18We recruited healthy volunteer controls by open enrolment 

using an IRB approved research website (http://clinicaltrials.partners.org/).11 We 

specifically excluded volunteers with chest pain on exertion, any active or prior history of 

heart disease, stroke, diabetes, malignancy, sleep apnea, hypertension, an irregular heart 

rhythm or atrial fibrillation, or any form of kidney disease. Healthy volunteers underwent 

testing with a comprehensive questionnaire detailing medical and medication history, peak 

flow measurement, standard anthropometric data, measurement of blood pressure, pulse, 

serum creatinine and hematocrit, followed by a full CMR study with contrast. Healthy 

volunteers underwent a history and a physical examination by a board-certified 

pulmonologist. Healthy volunteers did not undergo a sleep study, Epworth Sleepiness Scale, 

MMRC score, 6 minute walk test, full lung function testing or polysomnography.

Cardiac Magnetic Resonance

All images were acquired with EKG gating, breath-holding, and with the patient in a supine 

position as previously described.4 Subjects were imaged on 3.0-T CMR system (Siemens, 

Erlangen, Germany). The CMR protocol consisted of cine steady-state free precession 

imaging for left ventricular (LV), right ventricular (RV) volumes, function and mass. All 

parameters were indexed by dividing the value by body surface area.19 All patients 

underwent an LGE imaging protocol for replacement myocardial fibrosis. A segmented 

inversion-recovery pulse sequence for LGE was used starting 10-15 minutes after 

cumulative 0.15-mmol/kg dose of gadolinium DTPA (Magnevist, Bayer HealthCare 

Pharmaceuticals Inc, Wayne, New Jersey). The LV and RV remodeling index, as indices of 

concentric remodeling,20 were calculated by dividing the LV and RV mass by their 

respective end-diastolic volume.

Evaluation of Pulmonary Arterial Pressures

Pulmonary hypertension has been reported in patients with COPD. To assess indirectly 

whether pulmonary hypertension was present in this cohort we measured RV mass index 21 

and, among patients with COPD, peak and average PA blood velocity,22, 23 and pulmonary 

arterial (PA) size.23 The RV mass index has been shown to correlate with invasive measured 

Neilan et al. Page 3

Can J Cardiol. Author manuscript; available in PMC 2015 December 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

http://clinicaltrials.partners.org/


PA pressures, while peak and mean PA velocities are reduced in patients with pulmonary 

hypertension.23 Flow imaging was performed perpendicular to the main PA with a velocity-

encoded gradient echo sequence and a typical upper velocity limit of 150 cm/s (with further 

increases if any signal aliasing). The following typical imaging parameters were applied: 

repetition time/echo time: 5.9–7.5/2.3–3.1 ms; number of averages: 3; slice thickness: 5 mm; 

in-plane resolution: 1.0–2.0 mm; reconstructed cardiac phases: 30; temporal resolution: 

30-60 ms. Values for pulmonary flow velocities were compared to published reports.23

Left Atrial Function

Left atrial (LA) volumes were calculated from using the area-length method from the two 

and the four-chamber views as previously described.24 LA volumes were measured at the 

end of ventricular systole (defined as the frame immediately prior to opening of the mitral 

leaflets, LA VOLmax), at the end of passive LV filling (defined as the frame immediately 

prior to LA contraction, LA VOLbac) and at the end of ventricular diastole, (LA VOLmin). 

Left atrial volumes were indexed to body surface area. From the LA volumes the following 

parameters were calculated: LA passive function (LAPEF) = (LA VOLmax – LA VOLbac) × 

100%/LA VOLmax and 2) LA active emptying fraction (LACEF) = (LA VOLbac – LA 

VOLmin) × 100%/LA VOLbac.

Extracellular Volume Fraction

T1 measurements were performed with a Look-Locker sequence with a non-slice-selective 

adiabatic inversion pulse, followed by a gradient-echo acquisition (slice thickness 8 mm, TR 

> 3 RR intervals pre-contrast and 2 RR intervals post-contrast).11 The T1 sequence was 

performed in a single slice in the mid-ventricle and was repeated in the same mid LV short-

axis slice once before and 3 additional times after the injection of gadolinium spanning a 

20-30 minute period. For each Look-Locker sequence the endo- and epicardial borders of 

the LV were traced and divided into 6 standard segments) and segments were numbered 1 

through 6 starting from the anterior RV insertion point and proceeding in a clockwise 

direction (MASS Research, Leiden University Medical Centre, The Netherlands). The slope 

of the linear relationship (the partition coefficient for gadolinium, λGd) was calculated and 

an ECV for all 6 myocardial segments was quantified as reported previously. 11, 25 A global 

ECV for each patient or healthy volunteer was then calculated by averaging the 6 

myocardial segmental values.

Statistical methods

Descriptive statistics are presented as medians with interquartile ranges for continuous 

variables and as numbers and percentages for categorical variables. Data were assessed for 

normality of distribution and homogeneity of variance. Due to the small sample size, 

continuous variables were analyzed using Mann–Whitney tests, and categorical variables 

were analyzed using Fisher's exact test. The relationships between two different parameters 

were evaluated by simple correlation analysis. Two sided p-values of ≤0.05 were considered 

significant. All analyses were performed using GraphPad Prism 5 (GraphPad Software Inc; 

Chicago, IL) and SigmaPlot Version 11.0 (Systat Software Inc; San Jose, CA).
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Results

From a consecutive series of 58 patients with known COPD, 25 subjects were excluded 

(exclusion criteria included hypertension, diabetes, poorly controlled COPD, known sleep 

apnea, and routine contra-indications to the performance of a CMR, Figure 1). From this 

group, 33 patients were scheduled for study visits, of whom, 15 cancelled prior to the visit. 

The cohort of 18 patients all underwent testing; 7 of these had previously undiagnosed sleep 

apnea and were excluded leaving the final study population of 11 patients. Of these 11 

patients all underwent a CMR study but 3 were unable to complete the CMR study, 2 due to 

claustrophobia and 1 due to an inability to breath-hold. This process left a final study 

population of 8 patients. Healthy volunteer subjects for comparison were selected from a 

larger cohort of 32 healthy volunteers to age- and gender-match the 8 subjects with COPD 

recruited as part of this study. There was no significant difference in age, gender, body mass 

index (BMI), body surface area (BSA), heart rate, blood pressure or hematocrit between 

COPD patients and controls (Table 1). All patients, both from the cohort of healthy 

volunteers used in this study and the study subjects self identified as being Caucasian. The 

peak flow of the 8 healthy volunteers averaged 398 litres/min for the female volunteers and 

560 litres/min for the male volunteers.

COPD severity

Patients with COPD had a median duration of diagnosis of 5.5 years (interquartile range 

3.75 to 6.5). The median duration of smoking in pack years was 40 (interquartile range 19.4 

to 75). All patients were on an inhaled bronchodilator at the time of the study, three patients 

(37.5%) were on inhaled steroids, no patient was on oral prednisone and no patient had 

required in-patient admission for an acute exacerbation of COPD in the 12 month calendar 

period prior to the study. The average predicted FEV1 was 65±9%, average predicted FVC 

was 84±12%, FEV1/FVC was 0.6±0.07, DLCO 11.9±1.9mmol CO per min per kPa, 

FEF25-75 was 37±18%, and RV/TLC was 117±29%. The average apnea-hypopnea index 

was 4.9±1.5 events per hour, the oxygen desaturation index was 10.4±4.4 events per hour, 

and the MMRC score was 1.38±0.9. The 6-minute walk distance was 277±27 meters. The 

mean hs-CRP was 2.4±2.1 mg/l and mean IL-6 was 5.3±1.9 pg/ml.

Cardiac magnetic resonance measures of cardiac size, function and PA 
pressures—There was no difference in left atrial volume, LV volume, LV mass, or LV 

ejection fraction between patients with COPD as compared to healthy controls (Table 2). 

The LV remodeling index was increased in patients with COPD as compared to controls 

(median 0.87 [IQR 0.71, 1.14] vs. 0.62 [0.60, 0.77], p = 0.03, Figure 2). There was no 

difference in RV volumes, RV mass or RV function between patients with COPD and 

healthy controls. The peak and mean PA blood flow velocities were preserved at 95±15 

cm/sec and 15±6 cm/sec, respectively.23 In comparison, the peak and mean velocities in a 

group of healthy controls were 84±22 cm/sec and 16±5 cm/sec, respectively.23 The RV 

remodeling index was also similar between patients with COPD and controls (median 0.23 

[IQR 0.19, 0.29] vs. 0.23 [0.16, 0.25], p=0.72). No patient had replacement myocardial 

fibrosis detected using LGE imaging.
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Left atrial volumes and function—There was no difference in the maximum or 

minimal LA volumes between patients and controls (Table 2); however, LA volumes at the 

end of passive LV filling (LA VOLbac) was increased in patients as compared to controls 

(median 26 [IQR 23, 29] vs. 16 [14, 26], p=0.05). Left atrial passive function was reduced 

(LAPEF, median 24 [IQR 20, 30] vs. 44 [31, 51], p=0.007), while LA active function 

(LACEF, median 46 [IQR 41, 49] vs. 38 [33, 43], p=0.005) was increased in patients with 

COPD as compared to controls.

Extracellular volume fraction—The ECV was increased in patients with COPD as 

compared to controls (median 0.32 [IQR 0.31, 0.36] vs. median 0.27 [IQR 0.25, 0.30], 

p=0.001, Figure 2). Among healthy controls there was no difference in the segmental ECV 

from the anterior segment through to the anteroseptal segment (0.27±0.03, 0.27±0.03, 

0.28±0.03, 0.27±0.02, 0.28±0.02, 0.27±0.02, p = 0.87). Similarly, among patients with 

COPD, there was no difference in the segmental ECV values from the 6 different segments 

(0.33±0.03, 0.32±0.02, 0.32±0.03, 0.32±0.02, 0.35±0.05, 0.34±0.05, p = 0.73). 

Representative ECV measurements in a patient with COPD and a healthy control are shown 

in Figure 3. Among patients with COPD, there was no statistically significant association 

between the ECV and the duration of COPD (r=0.51, p = 0.20), pack-years history (r = 0.21, 

p = 0.61), FEV1 (r = 0.04, p = 0.92), FVC (r=0.08, p = 0.88), FEV/FVC (r=−0.14, p = 0.76) 

or the DLCO (r=0.22, p = 0.62). There was also no association between the ECV and serum 

measures of inflammation (ECV vs. hs-CRP, r=−0.09, p = 0.83), and measures of RV size or 

function. ‘Four of the subjects were active smokers and four were prior smokers. We did not 

find a difference in the ECV between current and active smokers (median 0.33 [IQR 0.31, 

0.36] vs. 0.32 [0.30, 0.36], p=1.00). There was, however, a strong inverse association 

between ECV and the 6-minute walk distance (r=−0.79, p = 0.02) and LA passive emptying 

fraction (LAPEF, r =− 0.69, p = 0.003), and a positive association between the ECV and the 

LV remodeling index (r = 0.72, p = 0.04).

Discussion

In this pilot study, we performed a contrast CMR study in patients with COPD. Our 

hypothesis was that patients with COPD free of overt cardiovascular disease would have 

imaging evidence of diffuse myocardial fibrosis. We found that the ECV, a non-invasive 

measure of diffuse myocardial fibrosis, was elevated in patients with COPD. We found that 

an elevated ECV was associated with a low 6 minute walk time, reduced LA function, and 

adverse left ventricular remodeling.

We observed that an increased ECV had a strong association with reduced functional 

capacity, LA function, and adverse LV remodeling. The LV remodeling index provides an 

index of wall thickness to cavity size and is the equivalent of the echocardiogram-derived 

relative wall thickness.20 In patients with COPD, the increase in the LV remodeling index 

represented a combination of a minimally increased LV wall thickness and mass, with a 

relative reduction in the volume of the LV cavity. As a result, the ratio of LV mass to end-

diastolic volume increased. Concentric LV remodeling is associated with a reduction in 

systolic and diastolic function,26, 27 and is an independent marker of increased risk in 

patients with and without cardiovascular disease.28-30 There was also a strong inverse 
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association between the ECV and exercise duration. The 6 minute walk test is a robust 

measure of outcomes in patients with COPD.31, 32 These finding of an association between 

the ECV and functional status is novel in adults, and is in agreement with a previous 

description in a pediatric population.33 Finally, we found an inverse association between the 

ECV and passive LA function. We did not directly measure LV diastolic function, although 

it is known that LV diastolic function and LA passive ejection fraction are strongly 

related.34, 35 The novel finding of a relationship between the ECV as a measure of 

myocardial fibrosis and LA function passive function, as a surrogate for LV diastolic 

function, appears reasonable based on published data.36, 37

Ultimately, we aim to test our hypothesis that an expanded ECV will provide a biomarker 

identifying patients with COPD that are increased cardiovascular risk. The ECV has been 

validated as a non-invasive surrogate of myocardial fibrosis in both animals and 

humans,10, 11 in patients with heart failure is associated with measures of diastolic function 

and atrial enlargement,13 and provides independent prognostic information.14 There are 

limited data testing the presence of myocardial fibrosis in patients with COPD. Kohama and 

colleagues measured the extent of myocardial fibrosis in an autopsy study of a 

heterogeneous group of patients who died of advanced lung disease.6 They found that 

patients had increased myocardial fibrosis in the LV, specifically, the septum of the LV. 

There are limited non-invasive studies but Murphy and colleagues tested the prevalence of 

LGE, or replacement myocardial fibrosis, in a small population of patients with COPD.8 

Similar to our study, none of the 25 patients with COPD in the prior study had LGE. 

However, despite the lack of LGE in our study, we found that patients had evidence of 

diffuse interstitial fibrosis. While expansion of the ECV can occur due to pathological 

processes other than fibrosis and collagen, we believe that this explanation represents the 

most logical possibility in this cohort. We excluded patients with diabetes, making abnormal 

cross-linking of fibers unlikely, and our population had no clinical or imaging evidence of 

amyloid or sarcoid.

The causes of an increased ECV and myocardial fibrosis in this population are unclear. We 

cannot exclude secondary pulmonary hypertension.38 However, we believe that the 

pulmonary pressures are unlikely to have been markedly elevated for several reasons. 

Firstly, our patients had relatively preserved FEV1, and important pulmonary hypertension 

is uncommon in ambulatory COPD patients especially until the FEV1 falls below 50%.39 

Secondly, right ventricular mass has been reported to correlate well with catheterization-

derived mean pulmonary pressures. We found no significant difference in RVMI. Thirdly, 

peak and mean PA velocities, which are reduced in patients with pulmonary hypertension,23 

were preserved in this population. In our study the FEV1% was 68% of predicted, in 

comparison to an FEV1% of 41% in the study of Vonk-Noordegraaf and colleagues 40 and 

an FEV1 of over 40% in the study of Hilde and colleagues.41 We also tested for occult sleep 

apnea as sleep apnea is a frequently under-diagnosed co-morbidity in patients with COPD,42 

and treatment of undiagnosed sleep apnea has been shown to reverse pulmonary 

hypertension,43 and reduce COPD-exacerbation related hospitalizations and mortality.44 

However, none of our patients included in this study had sleep apnea using a threshold of 

apnea hypopnea index of less than 10 events per hour. We therefore believe that the most 

likely mechanism for an increase in myocardial fibrosis involves the association between 
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COPD, inspiratory intrathoracic pressures, and LV afterload.45, 46 Patients with COPD can 

generate markedly negative pleural pressure on inspiration 47 (e.g. during hyperinflation 

with auto-PEEP), and it is possible that these pressures may increase LV wall stress from an 

increased afterload and induce myocardial fibrosis.

Our study has some limitations which merit discussion. This was a pilot study with small 

numbers, which limits some of the statistical interpretations. Our sample size would have 

limited the ability to detect difference in measures such as LV mass, RV mass, RV 

remodeling index.46 Further, we were unlikely to detect significant differences in descriptive 

variables between groups that may have led to bias in interpretation; however, qualitative 

assessment of the groups suggests that the COPD patients and controls were well-matched. 

We acknowledge that smoking amongst the COPD patients may have contributed to 

increased ECV; further studies are needed to clarify this issue. Our study included selected 

patients from a single medical center, which could affect the generalizability of our findings. 

The study was approved by the local IRB and all testing and data recording were done 

prospectively and as part of the pre-specified study protocol. This protocol did not include 

the performance of an echo and a right heart catheterization. We also did not perform a 

formal sleep study or full pulmonary function test in our healthy volunteers. However, none 

of our volunteers were smokers, none had a history of pulmonary disease, were of normal 

weight, had normal spirometry, and all underwent a thorough history and physical 

examination by a licensed pulmonologist making the probability for presence of occult 

pulmonary disease relatively low. A future area of research is to test methods for 

measurement of the ECV in the RV free wall. However, at present, we are unable to 

measure the ECV in a non-hypertrophied RV free wall as the spatial resolution is not 

sufficient. Finally, we did not test LV and RV systolic function beyond measures of EF or 

test whether an expanded ECV was associated with subtle RV dysfunction.41

Conclusions

In conclusion, patients with COPD without clinical heart failure have an increased 

extracellular volume. This increase in the ECV in COPD is associated with measures of 

exercise capacity and adverse LV remodeling. The mechanism for this increase is not clear 

but is likely due to myocardial fibrosis. Further data through mechanistic research and 

clinical trials are required to determine if this preliminary finding can be replicated in larger 

studies, whether the increase in the ECV is associated with the risk for development of 

subsequent heart failure, and whether intervention based on this measure can reduces the 

risk for development of adverse clinical outcomes in this high-risk population.
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Brief summary

The mechanistic association between COPD and cardiovascular morbidity and mortality 

is not completely understood; thus we aimed to assess whether diffuse myocardial 

fibrosis was evident in patients with COPD compared with controls. Our study indicates 

that expansion of the myocardial extracellular volume, suggestive of diffuse myocardial 

fibrosis, is present in COPD and is associated with left ventricular remodeling, reduced 

left atrial function and exercise capacity.
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Figure 1. 
Study flow diagram: AHI: apnea-hypopnea index; COPD: chronic obstructive pulmonary 

disease
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Figure 2. 
Comparison of the ECV (A) and the LV remodeling index (B) between patients with COPD 

and healthy controls; * = p < 0.05.
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Figure 3. 
Representative bulls eye comparison of the ECV between a healthy control (average ECV 

0.27) and a patient with COPD (average ECV of 0.33). The figure shows a short-axis view 

of the mid-slice of the left ventricle with the ECV of each segment represented by color 

using the color chart to the right.
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Table 1

Study subject characteristics

Variable Healthy Controls (n=8) COPD (n=8) p value

Age, years 63 (56, 68) 60 (57, 68) 0.96

Female gender, n (%) 6 (86%) 6 (86%) 1.00

Body Mass Index (kg/m2) 25.9 (23.1, 35.1) 26.6 (22.0, 29.1) 0.72

Body Surface Area (m2) 1.8 (1.7, 2.0) 1.8 (1.7, 1.9) 0.80

Heart rate (beats/minute) 70 (59, 81) 67 (55, 68) 0.33

Systolic blood pressure (mmHg) 125 (121, 129) 128 (117, 129) 0.88

Diastolic blood pressure (mmHg) 74 (65, 79) 69 (68, 70) 0.38

Hematocrit, % 45 (39, 46) 44 (42, 46) 0.96

Results are expressed as median (lower quartile, upper quartile), unless otherwise specified.
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Table 2

Comparison of CMR Measures between Healthy Controls and COPD Subjects.

Variable Healthy Controls (n=8) COPD (n=8) p value

Maximal LA volume index, ml/m2 31 (27, 38) 36 (33, 38) 0.28

LA volume before atrial contraction LA VOLbac, ml/m2 16 (14, 26) 26 (23, 29) 0.05

Minimal LA volume index, ml/m2 10 (9, 15) 15 (13, 16) 0.10

LA passive ejection fraction (LAPEF, %) 44 (31, 51) 24 (20, 30) 0.007

LA contractile ejection fraction (LACEF, %) 38 (33, 43) 46 (41, 49) 0.005

Right atrial area index, cm2/m2 5.2 (4.2, 7.9) 7.2 (6.4, 11.1) 0.04

Left ventricular end-diastolic volume index, ml/m2 66 (55, 81) 64 (56, 67) 0.57

Left ventricular end-systolic volume index, ml/m2 25 (19, 33) 24 (21, 28) 0.96

Left ventricular ejection fraction, percent 61 (58, 69) 63 (56, 66) 0.51

Left ventricular mass index, g/m2 46 (39, 56) 55 (49, 63) 0.08

Left ventricular remodeling index, g/ml 0.62 (0.60, 0.77) 0.87 (0.71, 1.14) 0.03

Right ventricular end-diastolic volume index, ml/m2 65 (56, 70) 71 (51, 85) 0.51

Right ventricular end-systolic volume index, ml/m2 29 (25, 38) 32 (24, 43) 1.00

Right ventricular ejection fraction, percent 54 (50, 60) 53 (51, 54) 0.57

Right ventricular mass index, g/m2 13 (11, 16) 16 (14, 16) 0.28

Right ventricular remodeling index, g/ml 0.23 (0.16, 0.25) 0.23 (0.19, 0.29) 0.72

Extracellular Volume (ECV) 0.27 (0.25, 0.30) 0.32 (0.31, 0.36) 0.001

Results are expressed as median (lower quartile, upper quartile); COPD: chronic obstructive pulmonary disease, LV: left ventricular, RV: right 
ventricular
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