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A B S T R A C T   

Background: Both chronic obstructive pulmonary disease (COPD) and right ventricular (RV) dysfunction are 
common factors that have been associated with poor prognosis after aortic valve replacement (AVR). Since there 
is still uncertainty about the impact of COPD on RV function and dilatation in patients undergoing AVR, we 
sought to explore RV function and remodeling in the presence and absence of COPD as well as their prognostic 
implications. 
Methods: Patients who received surgical or transcatheter AVR due to severe AS were screened for COPD. De
mographic and clinical data were collected at baseline while echocardiographic measurements were performed 
at baseline and 1 year after AVR. The study end-point was all-cause mortality. 
Results: In total 275 patients were included, with 90 (33%) patients having COPD. At 1-year follow-up, mild 
worsening of tricuspid annular planar systolic excursion and RV dilatation were observed in patients without 
COPD, while there were significant improvements in RV longitudinal strain, RV wall thickness but dilatation of 
RV outflow tract distal dimension in the COPD group compared to the baseline. On multivariable analysis, the 
presence of COPD provided significant incremental prognostic value over RV dysfunction and remodeling. 
Conclusions: At 1-year after AVR, RV function and dimensions mildly deteriorated in non-COPD group whereas 
COPD group received significant benefit of AVR in terms of RV function and hypertrophy. COPD was inde
pendently associated with >2-fold all-cause mortality and had incremental prognostic value over RV dysfunction 
and remodeling.   

1. Introduction 

Aortic stenosis (AS) is the most common valvular heart disease 
worldwide, and surgical or transcatheter aortic valve replacement 
(AVR) is the only treatment that improves survival of patients with se
vere AS [1]. Prior to AVR preoperative risk prediction scores are 
routinely used to assess mortality risk, with COPD being an important 
component in the risk estimation [2–4]. COPD is the most prevalent 
chronic pulmonary disease, and one-third of deaths in patients with 
COPD can be attributed to a cardiovascular cause (including severe AS) 
[5]. Moreover, RV dysfunction also frequently occurs in patients with AS 
due to pulmonary hypertension (caused by elevated left-sided filling 

pressures), RV volume overload (caused by fluid retention or concomi
tant TR), myocardial ischemia (caused by concomitant coronary disease 
or AS itself), and ventricular interdependence (caused by septal 
dysfunction) [6]. 

Various studies have evaluated the prognostic value of RV dysfunc
tion in patients undergoing AVR [7–11], but only few studies focused on 
patients with COPD with or without RV dysfunction/remodeling who 
underwent AVR [4,12]. As a consequence, there is still uncertainty 
concerning the impact of COPD on RV function and dilatation in patients 
undergoing AVR. Accordingly, we sought to assess RV remodeling and 
dysfunction in patients with or without COPD after AVR and to deter
mine the prognostic implications of COPD and RV parameters in patients 
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undergoing AVR. 

2. Methods 

2.1. Study population and data collection 

Patients who underwent surgical or transcatheter AVR (SAVR or 
TAVR) at Leiden University Medical Center (Leiden, The Netherlands) 
between January 2001 and July 2017 were screened for the presence/ 
absence of COPD. Severe AS was defined as mean aortic valve gradient 
≥40 mmHg and/or peak aortic jet velocity ≥ 4 m/s and/or aortic valve 
area (AVA) <1.0 cm2 [or indexed aortic valve area (AVAi) <0.6 cm2/ 
m2] [13,14]. Patients who received only medical therapy, aortic valve 
balloon dilatation or who had incomplete pulmonary functional data 
(PFT) were excluded. Patients who did not undergo follow-up TTE at 1- 
year follow-up were also excluded (Supplementary Fig. 1). The therapy 
(SAVR or TAVR) was decided during heart team discussions. The pa
tients’ demographic and clinical data at baseline (symptoms, comor
bidities, medical therapy and pulmonary function tests) were 
retrospectively collected from electronic medical records (EPD-Vision 
11.8.4.0; Leiden University Medical Center, Leiden, The Netherlands) 
(HiX; ChipSoft, Amsterdam, The Netherlands). The study was approved 
by the Institutional Review Board, who waived the need for patient 
written informed consent due to the retrospective nature of the study. 

Prior to AVR, PFT were executed by performing plethysmography 
with a single-breath technique according to the recommendations of the 
European Respiratory Society and the American Thoracic Society [15]. 
Forced expiratory volume in the first second (FEV1), forced vital ca
pacity (FVC), and Tiffeneau index (ratio of FEV1/FVC) were expressed as 
absolute values and percentage of a theoretical value calculated by 
Global Lung Function 2012 Eqs. [16]. Patients were divided into 2 
groups: “non-COPD” (FEV1 > 75% of the predicted value) and “COPD” 
(FEV1 ≤ 75% of the predicted value) groups based on the definition by 
The Society of Thoracic Surgeons (STS) Adult Cardiac Surgery Database 
[17]. 

2.2. Transthoracic echocardiography 

TTE was performed within 3 months before and 1 year after AVR 
using commercially available ultrasound systems (Vivid-7, E9 and E95; 
GE Healthcare, Horten, Norway). The images were digitally stored and 
retrospectively analyzed by experienced echocardiographers (EchoPAC 
version 203; GE-Vingmed, Horten, Norway). The ultrasound systems 
were equipped with MS5 and 4Vc-D 4D matrix cardiac probes. Two- 
dimensional, color, spectral continuous- and pulsed-wave Doppler im
ages were obtained from the parasternal, apical and subcostal views. 

The assessment of left ventricular (LV) dimensions and function were 
performed according to contemporary guidelines and included LV end- 
diastolic diameter and end-systolic diameter, interventricular septal 
thickness and posterior wall thickness on parasternal recordings. From 
the apical 2- and 4-chamber views, the LV end-diastolic volume and end- 
systolic volume were measured and LV ejection fraction (LVEF) was 
derived using the biplane Simpson’s method [18]. The LV mass was 
calculated based on the Devereux formula and indexed for body surface 
area (BSA). Left atrial (LA) volumes were measured according to the 
biplane method of disks and indexed for body surface area. For evalu
ating LV diastolic function, peak early (E) and late (A) diastolic veloc
ities were obtained by pulsed-wave Doppler recordings of the 
transmitral flow [19]. To estimate LV filling pressures, the E/e’ ratio was 
calculated combining the average e’ measured at both the lateral and 
septal mitral annulus by tissue Doppler imaging on the apical four- 
chamber view. The estimation of pulmonary artery systolic pressure 
(PASP) was estimated from the tricuspid regurgitation (TR) peak jet 
velocity, applying the simplified Bernoulli equation and adding 3, 8, or 
15 mmHg depending on the diameter and collapsibility of the inferior 
vena cava [20]. 

The severity of mitral and tricuspid regurgitation was graded from 
color and continuous wave Doppler recordings based on previous 
related recommendations [21]. Mean and peak transvalvular aortic 
pressure gradients were calculated according to the Bernoulli equation, 
while peak aortic jet velocity was calculated using continuous-wave 
Doppler data from the apical three- or five-chamber views [22]. After 
measuring the LV outflow tract diameter and velocity time integrals of 
the aortic valve and the LV outflow tract, the AVA was estimated using 
the continuity equation and indexed for BSA. 

LV global longitudinal strain (GLS) was measured based on 2-dimen
sional speckle tracking analysis from apical 2-, 3-, and 4- chamber views 
using commercially available software (EchoPac, version 203; General 
Electric; Vingmed Ultrasound) [18]. The endocardial border was auto
matically traced including the entire myocardium and manually 
adjusted when necessary. LV GLS was automatically calculated as the 
average peak systolic strain of 17 LV segments and presented as absolute 
value. 

2.3. RV function and geometry 

All RV measurements were obtained from an RV focused apical view. 
At end-diastole, basal, mid-cavity and longitudinal dimensions, as well 
as the tricuspid annulus diameter were measured [20]. RV outflow tract 
(RVOT) proximal and distal dimensions, as well as RV wall thickness 
were measured in end-diastole according to the guidelines [20]. RV 
systolic function was quantified according to tricuspid annular plane 
systolic excursion (TAPSE) and RV dysfunction was defined as TAPSE 
<17 mm. The ratio TAPSE/PASP was calculated as measure of RV- 
pulmonary artery coupling and a cut-off of <0.55 was used to defined 
uncoupling as previously proposed [23]. RV end-diastolic and end- 
systolic area were manually assessed by tracing the RV endocardium, 
while RV fractional area change (FAC) was calculated from these values. 

RV free wall strain was evaluated using speckle tracking strain 
analysis [24]. The region of interest was adjusted manually to contour 
the RV free wall and interventricular septum. Consequently, the RV 
consisted of 6 segments (3 segments for the free wall and 3 segments for 
the interventricular septum). RV free wall strain was calculated as the 
mean of the RV basal, mid, and apical segments of the free wall, 
excluding the septal segments. In this study, LV and RV longitudinal 
strain are presented in absolute values. 

2.4. Follow-up and endpoint definition 

All patients were followed-up for the occurrence of all-cause mor
tality (study end-point). Survival data were ascertained from the 
departmental Cardiology Information System and the Social Security 
Death Index and were complete for all patients. 

2.5. Statistical analysis 

Continuous variables are presented as mean ± SD if they had a 
normal distribution, whereas non-normal distributed variables are pre
sented as median and interquartile range. The adherence of normality 
was verified using the Kolmogorov-Smirnov test and visual assessment 
of histograms. Normally distributed continuous data was compared 
using the Student’s t-test while the Mann-Whitney test was performed 
for non-normally distributed data. Categorical variables are expressed as 
absolute numbers and percentages, and compared using the Chi-square 
test. Clinical data were completed for all patients; for the echocardio
graphic parameters, <5% of values were missing for the left heart 
measures, and <10% were missing for the right heart measures except 
for RV strain values (available in n = 236). We used the paired t-test and 
McNemar test for comparison of the variables between baseline and 
follow-up. The time of AVR was used as the time of inclusion. Cumu
lative event-rates were compared across groups with the log-rank test. 
To evaluate the association between COPD severity and all-cause 
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mortality in patients treated with AVR, univariate Cox regression anal
ysis were performed. Clinically relevant and statistically significant (p <
0.05) associates at the univariable analysis were included in the multi
variable Cox regression analysis (with the number limited to the number 
of events), and the calculated hazard ratios (HR) were presented with 
95% confidence interval (CI). To investigate the incremental value of 
COPD over clinical and conventional echocardiographic parameters to 
predict outcome, a likelihood ratio test was performed. The change in 
global Chi-square (χ2) values was calculated and reported. A 2-sided p- 
value <0.05 was considered statistically significant. Statistical analysis 
was performed using IBM SPSS version 25.0 (SPSS Inc., IBM Corp). 

3. Results 

3.1. Baseline characteristics 

A total of 275 patients with paired baseline and 1-year follow-up 
echocardiograms were included, of which 185 (67%) patients were 
assigned to the “non-COPD” group and 90 (33%) patients to the “COPD” 
group, based on the PFT. Baseline clinical characteristics at the time of 
AVR are summarized in Table 1. The median age of the study population 
was 79 years (IQR 72–84 years) and 157 patients (57%) were men. 
Patients without COPD had more often dyslipidemia and more often 
used aspirin and statins. Patients with COPD were more likely to have 
atrial fibrillation, more frequently used diuretics and anticoagulation 
therapy, more symptomatic (according to the NYHA class), and had 
more diminished pulmonary function tests, compared to the non-COPD 
group. 

Baseline echocardiographic parameters are shown in Table 2. Pa
tients in the COPD group had higher heart rate, larger LV end-systolic 
diameter and volume, lower LV ejection fraction and LV GLS values, 
compared to patients in the group without COPD. Aortic valve severity 
was not different between both groups. 

Patients with COPD presented with more impaired RV longitudinal 
strain and TAPSE, thicker RV wall, more RV dilatation, higher pulmo
nary artery systolic pressures and lower TAPSE/PASP ratio as compared 
to patients in the non-COPD group. 

3.2. Changes in right ventricular function after AVR 

At 1-year follow-up, 34 patients (12.4%) died and were excluded 
from paired comparison analysis. To evaluate the impact of COPD on RV 
function and dimensions before and after AVR, echocardiographic ex
aminations at baseline and 1-year follow-up in both the COPD and non- 
COPD groups were compared and reported in Fig. 1 and Supplementary 
Table 1. In patients without COPD, significant worsening of TAPSE, 
slight thickening of RV wall and dilatation of RV dimensions at the basal 
and mid cavity level as well as more frequently RV-pulmonary artery 
uncoupling were observed at 1-year follow-up after AVR. In contrast, 
there were significant improvement in RV longitudinal strain, decrease 
in RV wall thickness but dilatation of RV outflow tract distal dimension 
in the COPD group. Moderate or severe tricuspid regurgitation was 
significantly reduced in both groups. 

3.3. Long-term outcomes 

During a median follow-up of 27 (IQR 16–56) months, 67 (24%) 
patients died. Kaplan-Meier survival curve showed that COPD patients 
had significantly lower survival rate compared to non-COPD patients at 
6-year follow-up in Supplementary Fig. 2. Univariable and multivariable 
Cox regression analysis for all-cause mortality is shown in Supplemen
tary Table 2; variables who were significant at the univariate analysis 
and of clinical relevance (LV GLS was preferred over LV ejection frac
tion) were included in the multivariable analysis, and COPD was inde
pendently associated with all-cause mortality (HR 2.679, 95% CI 
1.545–4.645; p < 0.001), together with previous myocardial infarction, 

diabetes mellitus, surgical AVR, and RV dysfunction. Similar results (HR 
0.972, 95% CI 0.951–0.993; p = 0.010) was obtained when including 
Tiffeneau index (as continuous variable) instead of COPD. Fig. 2 shows 
that the addition of COPD to a baseline model (Model 1), consisting of 
the variables independently associated with all-cause mortality at the 
multivariate analysis, resulted in a significant increase in �2 (from 

Table 1 
Baseline clinical characteristics in the overall population and when based on 
presence of COPD.   

Overall 
(n = 275) 

Baseline p-value* 

Without 
COPD 
(n = 185) 

With COPD 
(n = 90) 

Age, years 79.0 
(72.0–84.0) 

79.0 
(71.0–84.0) 

78.0 
(72.0–83.0) 

0.392 

Male gender, n(%) 157 (57) 100 (54) 57 (63) 0.145 
Body mass index, kg/ 

m2 
25.7 
(23.8–28.7) 

25.8 
(24.1–29.0) 

25.5 
(23.3–27.9) 

0.186 

Hypertension, n(%) 193 (70) 130 (70) 63 (70) 0.963 
Diabetes Mellitus, n 

(%) 
72 (26) 50 (27) 22 (24) 0.648 

Hyperlipidemia, n(%) 164 (60) 120 (65) 45 (49) 0.011* 
Coronary artery 

disease, n(%) 
143 (52) 102 (55) 41 (46) 0.136 

Previous myocardial 
infarction, n(%) 

54 (20) 37 (20) 17 (19) 0.828 

Smoking history, n 
(%) 

101 (37) 67 (36) 34 (38) 0.801 

Active smoker, n(%) 30 (11) 17 (9) 13 (14) 0.190 
Atrial fibrillation, n 

(%) 
87 (32) 48 (26) 39 (43) 0.004* 

CIED in pre-AVR, n 
(%) 

36 (13) 22 (12) 14 (16) 0.398 

Previous 
revascularization 
(PCI or CABG) 

119 (43) 84 (45) 35 (39) 0.306 

Systolic blood 
pressure (mmHg) 

139.5 ±
52.0 

142.7 ±
61.0 

132.8 ±
23.9 

0.137 

Diastolic blood 
pressure (mmHg) 

72.4 ± 14.5 72.8 ± 13.6 71.7 ± 16.3 0.584 

Beta-blocker, n(%) 146 (53) 102 (55) 44 (49) 0.330 
ACEi/ARB, n(%) 147 (53) 97 (52) 49 (54) 0.754 
Calcium antagonist, n 

(%) 
61 (22) 43 (23) 18 (20) 0.544 

Diuretics, n(%) 155 (56) 92 (50) 63 (70) 0.001* 
Aspirin, n(%) 131 (48) 97 (52) 34 (38) 0.022* 
OAC/NOAC, n(%) 93 (34) 55 (30) 38 (42) 0.040* 
Statin, n(%) 166 (60) 121 (65) 45 (50) 0.014* 
Estimated glomerular 

filtration rate (mL/ 
min/1.73m2) 

62.9 
(47.8–78.9) 

65.0 
(49.0–79.3) 

56.6 
(43.2–75.9) 

0.137 

NYHA class III or IV, 
n(%) 

141 (52) 88 (48) 53 (61) 0.049* 

Surgical AVR, n(%) 69 (25) 50 (27) 19 (21)  
0.288 Transcatheter AVR, n 

(%) 
206 (75) 135 (73) 71 (79) 

Pulmonary function 
test 

FVC, %  
92.8 ± 22.3  102.4 ±

18.1  
72.5 ± 15.3  <0.0001* 

FEV1, % 86.9 ± 25.2 100.1 ±
18.8 

59.8 ± 11.1 <0.0001* 

Tiffeneau index 
(FEV1/FVC) 

73.6 
(67.2–79.8) 

76.0 
(71.1–82.0) 

66.4 
(54.9–73.6) 

<0.0001* 

Values are mean ± SD or n(%). *p Values represent differences between groups 
with and without COPD and are calculated by Student’s t-test and Mann- 
Whitney test for continuous variables (for normal and non-normal distribu
tion, respectively), and by chi-square test for categorical data. 
CIED=Cardiac implantable electronic device; AVR = Aortic valve replacement; 
ACEi = Angiotensin-converting enzyme inhibitor; ARB = Angiotensin-receptor 
blocker; OAC=Oral anticoagulant; NOAC = Non-vitamin K antagonist oral 
anticoagulant; EuroSCORE = European system for cardiac operative risk eval
uation; NYHA = New York heart association; FVC=Forced vital capacity; 
FEV=Forced expiratory volume; COPD=Chronic obstructive pulmonary disease; 
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43.431 to 57.380; p < 0.001), suggesting the incremental prognostic 
value of COPD over RV dysfunction. Similar results were observed when 
in Model 3 RV dimension were included instead of RV dysfunction in 
Supplementary Fig. 3. 

4. Discussion 

The current study explored RV dysfunction and remodeling together 
with COPD (documented on PFT) in patients undergoing AVR. The main 
findings are: 1) Patients with COPD undergoing AVR have more pro
nounced RV dysfunction and remodeling, RV hypertrophy and higher 
pulmonary systolic pressures compared to non-COPD patients. 2) After 
AVR, RV longitudinal strain improved, and RV hypertrophy regressed in 
COPD patients whereas RV function and dilatation as well as RV- 
pulmonary artery coupling slightly worsened in non-COPD patients. 3) 
In the COPD group, all-cause mortality was significantly and indepen
dently >2-fold increased after adjusting for prognostically relevant 
variables and parameters of RV dimension and function. 

4.1. Impact of COPD on RV geometry and function 

Recently, studies have reported on the clinical and prognostic rele
vance of RV function and size in different (non-)cardiovascular condi
tions [25]. Previous studies, using 2D echocardiography and right-heart 
catheterization, showed that RV hypertrophy, dilatation and systolic 
dysfunction were common in patients with COPD, regardless of pul
monary hypertension [12] [26] [27]. This finding suggests that right- 
sided cardiac remodeling starts early in the course of COPD and leads 
to RV function impairment, even at subclinical levels of elevated mean 

Table 2 
Baseline echocardiographic characteristics in the overall population and when 
based on presence of COPD.   

Overall 
(n = 275) 

Baseline p-value* 

Without COPD 
(n = 185) 

With COPD 
(n = 90) 

Heart rate at TTE 
(bpm) 

75.3 ± 14.7 74.0 ± 13.8 77.9 ± 16.2 0.042 

Tricuspid AV, n 
(%) 

246 (90) 163 (88) 83 (93)  
0.187 

Bicuspid AV, n 
(%) 

28 (10) 22 (12) 6 (7) 

LV function 
LV end- 

diastolic 
diameter 
(indexed), mm/ 
m2  

26.0 ± 4.9  25.7 ± 4.8  26.7 ± 5.1  0.096 

LV end-systolic 
diameter 
(indexed), mm/ 
m2 

17.7 
(14.4–21.9) 

17.0 
(14.0–20.9) 

19.4 
(15.6–24.3) 

0.014 

LV mass index, 
g/m2 

129.1 ±
37.4 

126.4 ± 35.6 134.8 ± 40.5 0.084 

LV end- 
diastolic 
volume 
(indexed), mm/ 
m2 

52.0 
(41.4–71.4) 

51.27 
(41.56–69.14) 

53.49 
(40.60–76.12) 

0.288 

LV end-systolic 
volume 
(indexed), mm/ 
m2 

22.8 
(15.8–42.4) 

21.8 
(15.0–37.6) 

26.3 
(18.3–49.5) 

0.026 

LV ejection 
fraction, % 

55.0 
(41.8–63.0) 

57.0 
(45.0–64.0) 

53.0 
(35.4–60.0) 

0.005 

LV global 
longitudinal 
strain, % 

13.6 ± 4.6 14.3 ± 4.3 12.2 ± 4.7 <0.0001 

Stroke volume 
index, mL/m2 

35.0 ± 11.6 35.3 ± 11.2 34.4 ± 12.5 0.553 

E/e’ (>14), n (%) 151 (55) 99 (54) 52 (58) 0.505 
Aortic stenosis 

severity 
Aortic valve 

area index, 
cm2/m2  

0.4 ± 0.1  0.4 ± 0.1  0.4 ± 0.1  0.336 

Mean gradient, 
mm Hg 

41.7 ± 16.2 42.1 ± 16.0 41.0 ± 16.8 0.592 

Peak velocity, 
cm/s 

4.0 ± 0.7 4.0 ± 0.7 4.0 ± 0.7 0.992 

RV systolic 
function 

RV 
longitudinal 
strain‡, %  

15.8 ± 5.6  16.4 ± 5.3  14.1 ± 5.9  0.004 

RV free wall 
strain, % 

19.8 ± 8.5 20.5 ± 8.6 18.2 ± 8.0 0.059 

Basal RV free 
wall 
longitudinal 
strain, % 

23.6 ± 9.0 24.2 ± 9.0 22.3 ± 9.1 0.149 

Mid RV free 
wall 
longitudinal 
strain, % 

22.0 ± 8.4 22.7 ± 8.5 20.4 ± 8.1 0.061 

Apical RV free 
wall 
longitudinal 
strain, % 

13.9 ± 10.9 14.7 ± 11.2 11.9 ± 10.0 0.082 

TAPSE, mm 19.8 ± 3.9 20.2 ± 3.8 18.9 ± 4.2 0.009 
TAPSE <17 
mm, n(%)(RV 
dysfunction) 53 (19) 26 (14) 27 (30) 0.002 
RV fractional 
area change, % 41.2 ± 9.1 41.2 ± 8.9 41.2 ± 9.6 0.961  

Table 2 (continued )  

Overall 
(n = 275) 

Baseline p-value* 

Without COPD 
(n = 185) 

With COPD 
(n = 90) 

RV geometry 
RV wall 

thickness, mm  5.6 ± 1.1  5.5 ± 1.1  6.0 ± 0.9  0.001 

RV outflow 
tract proximal 
diameter, mm 

33.7 ± 4.4 33.4 ± 4.0 34.8 ± 5.1 0.031 

RV outflow 
tract distal 
diameter, mm 

23.5 ± 3.4 23.7 ± 3.4 22.6 ± 3.3 0.045 

RV basal 
dimension, mm 40.8 ± 6.6 39.0 ± 5.7 44.4 ± 6.9 <0.0001 

RV dimension 
at mid cavity, 
mm 

26.5 ± 4.5 26.9 ± 4.5 25.1 ± 4.1 0.011 

RV longitudinal 
diameter, mm 

59.5 ± 5.9 59.1 ± 6.0 61.1 ± 5.3 0.028 

Tricuspid 
annular 
dimension, mm 

34.2 ± 4.9 33.9 ± 4.7 34.9 ± 5.4 0.176 

Moderate and 
severe TR, n(%) 149 (54) 96 (52) 53 (59) 0.275 

PASP, mmHg 33.1 ± 12.5 31.9 ± 12.1 35.7 ± 13.0 0.031 
TAPSE/PASP 
mm/mmHg 

0.70 ± 0.3 0.73 ± 0.4 0.6 ± 0.3 0.018 

TAPSE/ 
PASP<0.55, n 
(%) 

73 (32) 40 (25) 33 (45) 0.003 

Values are mean ± SD or n(%). *p Values represent differences between groups 
with and without COPD and are calculated by Student’s t-test and Mann- 
Whitney test for continuous variables (for normal and non-normal distribu
tion, respectively), and by chi-square test for categorical data. ‡ availability of 
variable is n = 236. 
AV = Aortic valve; LV = Left ventricular; RV = Right ventricular; TAPSE =
Tricuspid annular plane systolic excursion; TR = Tricuspid regurgitation; PASP 
= Pulmonary artery systolic pressure; COPD=Chronic obstructive pulmonary 
disease. 
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pulmonary artery pressure, pulmonary vascular resistance, and reduced 
pulmonary artery compliance [12]. The current study also showed more 
pronounced RV wall thickness, more dilated RV dimensions and more 
impaired systolic function (assessed with TAPSE as well as RV strain) in 
the COPD group. 

In patients with COPD, RV hypertrophy and dilatation are considered 
to be a beneficial adaptation, allowing the ventricle to handle an in
crease in afterload and maintain a normal cardiac output. However, if 
this remodeling progresses, it ultimately causes RV dysfunction, which is 
associated with restricted peripheral oxygen delivery and exercise ca
pacity [27]. Furthermore, RV remodeling has been associated with 
increased pulmonary vascular resistance, caused by various factors. For 
example, alveolar hypoxia results in pulmonary vasoconstriction and 
vascular structural changes, subsequently causing RV remodeling and 
dysfunction [28]. Another important factor is systemic inflammation, 
which also shares similar pathophysiological pathways with athero
sclerosis and AS. Indeed, C-reactive protein, as well as other pro- 
inflammatory cytokines, such as interleukin (IL)-6 and monocyte che
moattractant protein-1, were correlated with pulmonary artery pres
sures in two recent studies [29,30]. It therefore seems that 
neurohormonal activation plays a key role in the preservation of 
ventriculo-arterial coupling in patients with pulmonary vascular 

disease. 

4.2. Changes in RV function and geometry after AVR 

In patients with AS, RV dysfunction and remodeling may relate to 
multiple factors, including pulmonary hypertension caused by elevated 
left-sided filling pressures, RV volume overload related to fluid retention 
or associated TR, myocardial ischemia caused by concomitant coronary 
disease or the AS itself, and ventricular interdependence due to septal 
dysfunction [6]. Few studies have demonstrated the change in RV 
function and dimensions after AVR. When comparing surgical versus 
transcatheter AVR, a previous study showed that RV performance after 
TAVR remained unchanged, whereas significant deterioration occurred 
after conventional surgery [31]. This may be related to the detrimental 
effects of pericardiotomy and, to a lesser degree, the need for cardio
pulmonary bypass. These results also suggest that patients with pre- 
existing RV dysfunction may benefit more from TAVI. Another study 
showed a significant improvement in RV longitudinal strain at 6 months 
after TAVR, including patients with elevated baseline PASP, which 
significantly decreased during follow-up [32], as observed also in the 
COPD subgroup of the current study. Moreover, a recent study including 
a large population of patients undergoing AVR (60% TAVR and 40% 

Fig. 1. Significant changes in RV parameters over time. 
a. Right ventricular longitudinal strain; b. RV outflow tract wall thickness from PLAX view; c. RV outflow tract distal diameter; d. Pulmonary artery systolic pressure 
between baseline and 1-year after aortic valve replacement in groups with and without COPD. 
*Significantly different from baseline (p < 0.05). RVOT = Right ventricular output tract; PLAX = Parasternal long-axis view; RV = Right ventricular; COPD=Chronic 
obstructive pulmonary disease. 
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SAVR) and having RV dysfunction (TAPSE <17 mm) at baseline, 35% 
showed improvement in RV function, 35% remained with RV dysfunc
tion, and 30% died at 1-year follow-up after TAVR [33]. These obser
vations suggest that RV dysfunction may be reversible in up to one third 
of patients undergoing AVR. Besides these findings, there are no specific 
data on RV function and remodeling after AVR in patients with COPD. 
The current data shows that significant improvement was observed in 
RV longitudinal strain, RV hypertrophy and significant tricuspid 
regurgitation while the RV distal outflow tract was slightly dilated in the 
COPD group 1 year after AVR (Fig. 2). In turn, the mild worsening in RV 
dimension and function observed in the non-COPD patients during 
follow-up, was still within normal range and the prognostic impact 
seems non-significant considering the better survival of this group as 
compared to COPD patients. 

4.3. Prognostic implications of RV dysfunction and COPD in patients 
received AVR 

It is well known that RV systolic function plays an important prog
nostic role in patients with severe AS. In previous studies, which used 
TAPSE and other criteria (FAC and S′) to define RV dysfunction, the 
prevalence of RV dysfunction was 24% and 19%, respectively [8,34]. 
Similarly in the current study, 19.3% of total study population showed 
RV dysfunction, and RV dysfunction was independently correlated with 
all-cause mortality. 

Moreover, Cremer et al. found that worsening RV function was more 
common in patients with dilated RV and at least moderate TR, and was 
associated with higher all-cause and cardiovascular mortality [7]. Pa
tients who had normal RV function at baseline and subsequently 
developed moderate or severe RV dysfunction at follow-up, had the 
worst prognosis. Moreover, the prevalence of COPD was higher in the 
worsening RV function group of TAVR (37.1% vs 30.1%), whereas it was 
almost equal in the SAVR groups (27.6% vs 29.4%). In addition, RV- 

pulmonary artery uncoupling, defined as TAPSE/PASP ratio < 0.55 
was present in 39% of total population and associated with a 2 fold- 
increase in the primary endpoint in the study by Cahill et al. [23]. 
Likewise in the current study, RV-pulmonary artery uncoupling was 
found in 32% of total patients and significantly associated with all-cause 
mortality, although only in univariate Cox regression analysis (HR 
1.871, 95% CI 1.077–3.250; p = 0.026, data of the multivariate analysis 
not shown). 

In the study by Medvedovsky et al., RV FW LS did not change 
significantly at 1-year follow-up, but RV FW LS was associated with all- 
cause mortality at 1 year follow-up (HR 1.06; 95% CI, 1.01–1.11) [34]. 
Similarly in the current study, RV FW LS was not significantly improved 
in the COPD group after AVR; in turn, RV FW LS was not independently 
associated with the outcome (although a trend was observed), possibly 
in relation with a limited statistical power (measure available in a lower 
number of patients). 

In previous studies, using the STS definition with PFT, COPD was an 
independent predictor of mortality in patients undergoing AVR and 
suggested the routine use of PFT during patient selection for AVR 
[35,36]. In particular, Mok et al. suggested that the lower survival seen 
in patients with COPD was related to a higher rate of noncardiac death 
caused by respiratory failure (12.8% vs 0.9%, p < 0.001) and FEV1 was 
independently associated with a higher rate of pulmonary complications 
[35]. Also, another study showed that moderate or severe COPD was 
associated with an increased 1-year mortality (adjusted HR = 2.07; 95% 
CI, 1.30–3.29; P = 0.002) and an independent predictor of mortality 
after SAVR or TAVR [36]. Interestingly, most COPD patients died due to 
periprocedural pulmonary complications and had higher utilization of 
ICU, but were also characterized by worse NYHA functional class and 
lower exercise capacity at baseline, which failed to improve at follow-up 
(35, 36). Similarly in the current study, we found that COPD patients 
had worse NYHA class and higher medication use. However, this study 
highlights for the first time the fact that COPD portends an increased risk 

Model 1 Model 2
(incorporated with COPD)

HR (95% Cl) p-value HR (95% Cl) p-value

Previous MI, (yes/no) 1.784 (1.039-3.065) 0.036 1.862 (1.082-3.204) 0.025

Diabetes mellitus, (yes/no) 2.134 (1.300-3.506) 0.003 2.486 (1.497-4.126) <0.001

Surgical AVR, (vs Transcatheter AVR) 0.301 (0.148-0.609) <0.001 0.278 (0.136-0.567) <0.001

RV dysfunc�on, (yes/no) 2.263 (1.340-3.822) 0.002 1.843 (1.078-3.151) 0.025

COPD, (yes/no) - - 2.659 (1.603-4.411) <0.001

Fig. 2. Incremental prognostic value of COPD on top of RV dysfunction. 
The bar charts illustrate the incremental prognostic value of COPD in Model 2 adjusted for the baseline characteristics, including RV dysfunction (Model 1), which 
were significantly associated with all-cause mortality at the multivariate Cox regression analysis. Below the bar charts, there are corresponding Cox regression models 
including significant variables from univariate Cox regression analysis with hazard ratios with 95% confidence intervals and p-values. 
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of mortality after AVR, independently from RV dilatation and dysfunc
tion, which were described previously to be very frequent in COPD 
patients. Therefore, COPD patients can show a significant improvement 
after in AVR in RV remodeling and function, which will improve their 
long-term mortality, but they still remain at higher risk as compared to 
non-COPD patients due to this specific comorbidity. 

4.4. Limitations 

The present study has some limitations. Since the study design is a 
single-centered retrospective study, there may be confounders that 
could not be adjusted for in the statistical analysis. The inclusion criteria 
of having a PFT and 1-year follow-up echocardiography available could 
have led to selection bias, especially when follow-up echocardiography 
is routine practice in our center for patients undergoing transcatheter 
AVR but not for the ones undergoing surgical AVR. Also, the specific 
cause of death was not systematically available in this study and a 
separate analysis for cardiovascular mortality could not be performed. 
At last, discrepant results of COPD can be caused by STS definition 
instead of the GOLD classification. 

5. Conclusion 

At 1-year after AVR, RV function and dimension mildly deteriorated 
in non-COPD patients while patients with COPD had significant benefit 
from AVR in terms of RV function and hypertrophy. COPD was inde
pendently associated with 2-fold all-cause mortality and had the incre
mental prognostic value over RV dysfunction and remodeling. 
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