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Background: This study aimed to investigate the improvement of pulmonary function in heart 
failure patients with restrictive patterns undergoing transcatheter aortic valve replacement (TAVR).
Methods: A total of 80 patients with heart failure and restrictive patterns undergoing TAVR due to 
severe aortic stenosis were included in this study. Spirometry and gas diffusion were assessed 
before and 4–6 months after TAVR. Pre- and post-TAVR measures were compared using paired 
t-tests.
Results: Spirometry demonstrated increased absolute and percentage predicted total lung capacity 
(TLC), forced vital capacity (FVC), residual volume (RV), forced expiratory volume in the 
first second (FEV1), and forced vital capacity (FVC). FEV1/FVC decreased due to 
a pronounced increase in FVC. Additionally, the diffusing capacity for carbon monoxide 
(DLCO) increased significantly.
Conclusion: Pulmonary function improves in heart failure patients with restrictive patterns 
undergoing TAVR.
Keywords: pulmonary function, heart failure, transcatheter aortic valve replacement

Introduction
The prevalence of left ventricular dysfunction is between 6% and 11% when the 
ejection fraction (EF) falls below 30% in patients undergoing transcatheter aortic 
valve replacement (TAVR) for severe aortic stenosis. It can rise to 46% when the 
EF is between 30% and 50%.1–3 A negative prognostic impact of TAVR was 
reported in the FRANCE 2 registry for patients with clinical signs of heart failure.4

Two distinct spirometric patterns are described by the Global Initiative for Chronic 
Obstructive Lung Disease (GOLD). The common abnormality in these patterns is 
a forced expiratory volume in the first second (FEV1) of <80%. The restrictive pattern 
was defined as FEV1/forced vital capacity (FVC) ratio (FEV1/FVC) >70%, whereas the 
obstructive pattern was defined as FEV1/FVC <70%.5 Decreased total lung capacity due 
to reduced lung compliance was the main component of restriction. It is associated with 
an impaired functional status and frailty in older patients.5 Obstructive patterns are well 
documented, especially in chronic obstructive pulmonary disease (COPD). However, 
restrictive patterns in heart failure have not been well characterized in the literature. The 
mortality is higher in older adults with airflow restriction. Therefore, more attention 
should be paid to the diagnosis and prognosis of this condition.

Patients with heart failure develop pulmonary functional abnormalities ranging 
from minimal restriction to mixed restriction/obstruction.6 Several pathophysiological 
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consequences of heart failure, including increased left ven-
tricular filling pressure and pulmonary edema, may provoke 
these spirometric alterations. A restrictive pattern may 
emerge in the presence of decreased lung volume and due 
to the diffusing capacity for carbon monoxide (DLCO). 
However, the FEV1/FVC remained within the normal 
range. Bronchial edema may cause an obstructive pattern 
(low FEV1/FVC) in heart failure. The pulmonary function 
in heart failure patients with restrictive patterns undergoing 
TAVR has not been well studied. Moreover, the mutual 
interaction between heart failure with severe aortic stenosis 
and pulmonary function needs to be elucidated. There is 
mounting evidence that cardiac causes play an incontrover-
tible role in pre-TAVR pulmonary dysfunction in severe 
aortic stenosis.

Hence, we hypothesized that TAVR improves static 
and dynamic lung parameters, gas diffusion, and func-
tional status. To our knowledge, there are no studies in 
the literature that have evaluated pulmonary function in 
pure heart failure patients undergoing TAVR. We sought to 
investigate the pulmonary function in this setting.

Materials and Methods
Study Location
The institution at which the work was performed: 
Bezmialem Foundation University, Faculty of Medicine, 
Department of Cardiology, Istanbul, Turkey.

Study Population
A total of 220 patients who underwent transfemoral TAVR 
due to severe aortic stenosis between 2013 and 2016 were 
retrospectively analyzed. A flowchart of the search strat-
egy is shown in Figure 1. A total of 167 patients had 
a New York Heart Association (NYHA) class II to IV 
and an EF ≤ 35%. Among these, 103 patients had an 
FEV1 <80% and FEV1/FVC ratio >70%. Twenty-three 
patients were excluded from the study. Finally, 80 conse-
cutive patients (mean age: 79.79 ± 8.47 years) were 
enrolled in the study. Blood pressure higher than 140/90 
mmHg and prior antihypertensive drug use were diag-
nosed as hypertension. The measurement should be ver-
ified at least three times in all patients. A fasting blood 
glucose level of 7.0 mmol/L or higher and prior antidia-
betic drug use were diagnosed as diabetes mellitus. Total 
cholesterol levels of 5.2 mmol/L or higher and prior statin 
use were diagnosed as hyperlipidemia. The main diagnos-
tic criteria for coronary artery disease were as follows: a) 

Previous coronary angiography showed ≥70% stenosis in 
at least one major epicardial coronary vessel; b) The 
patient had a history of post-coronary artery bypass graft 
or percutaneous coronary intervention. The components of 
stroke included transient ischemic attack and stroke 
(ischemic or hemorrhagic). Smoking status was defined 
as smoking prior to the hospitalization. Peripheral vascular 
disease was defined as claudication, carotid stenosis, 
planned or completed vascular surgery, or X-ray interven-
tion. We calculated the estimated glomerular filtration rate 
using the Chronic Kidney Disease Epidemiology 
Collaboration equation. Patients with any of the following 
were excluded: obstructive lung disease, intrinsic restric-
tive lung impairment (ie, interstitial lung diseases such as 
pneumoconiosis, pulmonary fibrosis, sarcoidosis, idio-
pathic pulmonary fibrosis, hypersensitivity pneumonitis 
causing inflammation and scarring of the lung tissue), 
extrinsic restrictive lung impairment (ie, neuromuscular 
disease affecting respiratory muscle function such as mus-
cular dystrophy, phrenic neuropathy, and other nerve and 
muscle disorders, musculoskeletal system abnormalities 
such as scoliosis, kyphosis, and chest wall deformities 
cause incomplete expansion of the lungs), malignancy, 
end-stage hepatic and renal failure, and acute cardiovas-
cular or cerebrovascular events within the preceding three 
months. Study was approved by Bezmialem University 
Ethics Committee and it was conducted in accordance 
with ethical principles described by the Declaration of 
Helsinki. The research involves no more than minimal 
risk to subjects hence patient consent to review their 

Figure 1 Flow chart of search strategy. 
Abbreviations: EF, ejection fraction; NYHA, New York Heart Association; TAVR, 
transcatheter aortic valve replacement; FVC, forced vital capacity; FEV1, forced 
expiratory volume in first second.
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medical records was not required by the Bezmialem 
University Ethics Committee. Additionally, patient data 
confidentiality is adequately protected.

Data Collection
Demographic, clinical, and laboratory data were recorded 
from a local database. The medical history, physical find-
ings, and laboratory data were evaluated at every clinical 
visit. Patients were regularly followed up in the cardiology 
outpatient clinic at Bezmialem University. All patients had 
spirometric data. Pulmonary function measurements, echo-
cardiography, and electrocardiography were recorded at 
baseline 1–2 days before TAVR. They were repeated 4–6 
months after TAVR.

Echocardiography
Transthoracic echocardiography (VIVID 7 Dimension 
Cardiovascular Ultrasound System) (Vingmed-General 
Electric, Horten, Norway) was performed at least twice 
(before the procedure and 4–6 months after the procedure) 
for each patient. The left ventricular diameters were measured 
by M-mode, and the left atrial area was calculated using the 
apical four-chamber view. Additionally, the Simpson method 
was the method of choice for calculating the EF. The aortic 
valve area and aortic mean gradient were calculated using 
valve planimetry and Doppler echocardiography. If the plani-
metric area was smaller than 1 cm2 and the mean transaortic 
gradient was greater than 40 mmHg, the stenosis was classi-
fied as severe. All echocardiographic examinations were per-
formed by two experienced cardiologists in the Bezmialem 
University echocardiography laboratory.

Device and Procedure
The procedure was performed via the transfemoral route 
under local anesthesia with conscious sedation. All 
patients received supplemental oxygen by face mask to 
maintain arterial oxygen saturation higher than 90%. 
A Medtronic CoreValve prosthesis (Medtronic, 
Minneapolis, MN, USA) was implanted through an 
Amplatz Extra Stiff guidewire under temporary pacing at 
a rate of 90–120 beats/min. Pre- and post-implantation 
balloon valvuloplasty was undertaken at the discretion of 
an interventional cardiologist. Valve position, paravalvular 
leakage, rhythm disturbances, and peripheral complica-
tions were evaluated comprehensively using fluoroscopy. 
Aspirin and clopidogrel were administered as antiplatelet 
drugs for one year after the procedure.

Pulmonary Function
A spirometer (SensorMedics Corporation, Yorba Linda, 
CA, USA) was used to evaluate pulmonary function in 
the Pulmonary Medicine Department of Bezmialem 
University. The same device was used for all patients. 
Recent myocardial infarction and cranial, ophthalmologi-
cal, thoracic, and abdominal surgery were absolute contra-
indications for performing spirometry. NHANES III 
described age-, sex-, and race-specific normalized refer-
ence values for spirometric parameters. Additionally, we 
calculated the FEV1 and FVC from the NHANES III 
equations.7 Abnormal lung functions included % FEV1/ 
FVC or FVC below the lower limit of normal (ie, 5th 
percentile) and were further classified into obstructive 
and restrictive patterns. The obstructive pattern was 
defined as FEV1 <80% and FEV1/FVC <70%. On the 
other hand, the restrictive pattern was defined as FEV1 
<80% and FEV1/FVC >70%.8 Total lung capacity, FEV1, 
FVC, and residual volume were measured. We collected 
DLCO measurements according to the standards of the 
American Thoracic Society.9

Statistical Analysis
Data were analyzed using SPSS 17 (SPSS Inc., Chicago, 
IL, USA). Continuous parameters were expressed as mean 
± standard deviation, and categorical parameters were 
expressed as numbers and percentages. After testing the 
normality of distribution using the Shapiro–Wilk test, con-
tinuous variables were evaluated using either the paired 
sample t-test or the Mann–Whitney U-test. Moreover, the 
chi-squared test was performed for categorical variables. 
Statistical significance was set at p < 0.05.

Results
The study population consisted of 80 patients with a mean 
age of 79.79 ± 8.47 years. The gender distribution was nearly 
equal (m/f = 0.95). They were predominantly in the NYHA 
class III (73.8%), with a low EF (29.41 ± 4.86%), markedly 
dilated left ventricle (62.71 ± 6.59 mm) and pulmonary 
hypertension (45.89 ± 14.75 mmhg). The baseline character-
istics are summarized in Table 1. The pre-TAVR and post- 
TAVR clinical and echocardiographic parameters are shown 
in Table 2. There were significant improvements in left 
ventricular function, pulmonary artery pressure, and NYHA 
status. Figure 2 shows pre- and post-TAVR NYHA func-
tional class improvement (3.01 ± 0.51, 2.50 ± 0.63, 0.001). 
Spirometry after TAVR demonstrated an increased absolute 
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and percentage predicted total lung capacity (3.90 ± 0.37 vs 
4.61 ± 0.26 L, p < 0.001 and 64.56 ± 2.84 vs 80.20 ± 4.19%, 
p < 0.001), FVC (1.90 ± 0.34 vs 2.09 ± 0.63 L, p < 0.001 and 
67.50 ± 4.63 vs 74.46 ± 5.74%, p < 0.001), residual volume 
(1.47 ± 0.7 vs 1.69 ± 0.53 L, p < 0.001 and 64.43 ± 3.85 vs 
75.73 ± 5.26%, p < 0.001), FEV1 (1.45 ± 0.30 vs 1.49 ± 0.28 
L, p < 0.001 and 59.54 ± 3.43 vs 60.73 ± 3.19%, p < 0.001), 
FVC (1.90 ± 0.34 vs 2.09 ± 0.63 L, p < 0.001 and 67.50 ± 
4.63 vs 74.46 ± 5.74%, p < 0.001) (Tables 3 and 4). 
Spirometry revealed decreased FEV1/FVC (91.13 ± 5.46 vs 
88.33 ± 5.33%, p = 0.027) due to a pronounced increase in 

FVC (Table 4). DLCO increased significantly (10.04 ± 0.51 
vs 10.84 ± 0.39 mL/min/mmHg, p < 0.01 and 42.40 ± 4.62 vs 
46.74 ± 2.00%, p < 0.001) (Tables 3 and 4).

Discussion
The main finding of our study is that TAVR improves 
static (ie, total lung capacity, residual volume) and 
dynamic (ie, FEV1 and FVC) pulmonary functions, in 
accordance with increased lung conductance and volumes 
in heart failure patients with restrictive patterns. FEV1/ 
FVC decreased due to a pronounced increase in FVC. 
Additionally, the DLCO significantly increased. 
Spirometry showed minimal restrictive to mixed restric-
tive/obstructive pulmonary functional abnormalities in 
patients with heart failure.7–10 The inclusion criteria for 
the enrollment in this retrospective study were LVEF ≤ 
35%, NYHA class II to IV despite medical therapy, and 
FEV1 <80% and FEV1/FVC ratio >70% in heart failure 
with reduced ejection fraction patients without obstructive 
pulmonary functions. The initial pulmonary function 
revealed a restrictive pattern with severely depressed 
lung volumes.

Increased left ventricular end-diastolic pressure leads 
to pulmonary edema and congestion in heart failure. In the 
acute phase, these changes result in cardiac decompensa-
tion. However, chronic elevation of the left ventricular 
filling pressure causes progressive pulmonary hyperten-
sion. Several pathophysiological consequences of heart 
failure, including low cardiac output,13 cardiomegaly,14 

respiratory muscle weakness,12 chronic pulmonary con-
gestion, and hypertension,11 may provoke abnormal pul-
monary function. Additionally, left ventricular 
hypertrophy and left atrial enlargement may deepen the 
effect of heart failure, causing diastolic dysfunction in 
severe aortic stenosis. TAVR breaks this vicious cycle by 
increasing the forward transmission through the prosthetic 
valve.

Traditionally, decreased DLCO and FEV1/FVC ≥70% 
have been used to detect restrictive pulmonary physiology, 
as observed in patients with pure heart failure. However, 
the exact mechanism that explains the association between 
decreased lung volumes and TAVR has not been charac-
terized in the literature. Magee et al postulated a moderate 
improvement in COPD severity in surgical aortic valve 
replacement (SAVR) and TAVR.15 They observed 
increased FEV1 and decreased brain natriuretic peptide 
(BNP) levels. The main reason for these alterations was 
the reversibility of airway obstruction due to edema in 

Table 1 Baseline Characteristics

(N = 80)

Age (years) 79.79 ± 8.47

Gender (male/female) 41/39

NYHA class

II (%) 10 (12.4)
III (%) 59 (73.8)

IV (%) 11 (13.8)

GFR (mL/min/1.73m2) 54.50 ± 21.91

Coronary artery disease (%) 44 (55.0)

Smoking (%) 36 (45.0)
Hypertension (%) 56 (70.0)

Dyslipidemia (%) 8 (10.0)

Peripheral vascular disease (%) 6 (7.5)
Diabetes mellitus (%) 27 (33.8)

Cerebrovascular accident (%) 3 (3.8)

Logistic Euroscore 16.85 ± 5.84

Notes: Data is presented as means ± SD or n (%). 
Abbreviations: NYHA, New York Heart Association; GFR, glomerular filtration 
rate.

Table 2 Clinical and Echocardiographic Response to TAVR

PRE-TAVR POST-TAVR p Value

EF (mean %) 29.41 ± 4.86 30.23 ± 4.93 P < 0.001

LVDD (mm) 62.71 ± 6.59 62.10 ± 6.87 P < 0.001

PAP (mmhg) 45.89 ± 14.75 40.61 ± 14.21 P < 0.001

NYHA class 3.01 ± 0.51 2.50 ± 0.63 P < 0.001

GFR (mL/min/1.73m2) 54.50 ± 21.91 54.71 ± 21.83 0.280

Medication

ACE inhibitors/ARBs (%) 70 (87.5) 78 (97.5) 0.011

Beta blockers (%) 73 (91.2) 78 (97.5) 0.096

Diuretics (%) 73 (91.2) 77 (96.2) 0.208

Digoxin (%) 40 (50.0) 41 (51.2) 0.320

Note: Data is presented as means ± SD or n (%). 
Abbreviations: EF, ejection fraction; LVDD, left ventricular diastolic diameter; PAP, 
pulmonary artery pressure; NYHA, New York Heart Association; GFR, glomerular 
filtration rate; ACE, angiotensin-converting enzyme; ARB, angiotensin receptor 
blocker.
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heart failure. It is noteworthy that this study was con-
ducted in patients with a typical obstructive pattern. 
Another study with COPD patients undergoing TAVR 
demonstrated decreased BNP and increased EF in all 
COPD categories, suggesting improved overall cardiac 
function.16 However, no change in DLCO has been 
reported.16 The main proposal was that restrictive lung 
physiology was not altered after TAVR. In contrast, we 
found a 4.34% increase in the DLCO. The main mechan-
ism underlying this improvement could be related to the 
reversibility of the restrictive pattern under specific 
conditions.

Pulmonary artery systolic pressure (PASP) strongly 
predicts death and provides incremental and clinically 
relevant prognostic information among patients with 
heart failure17 and severe aortic stenosis.18 Conditions 
such as aortic stenosis, left ventricular dysfunction, mitral 

regurgitation, and diastolic dysfunction lead to increased 
LV end-diastolic pressure, resulting in elevated pressures 
in the pulmonary venous circulation and consecutively 
inducing arterial vasoconstriction and pulmonary arterial 
remodeling.17,19 Recent studies have reported that TAVR 
leads to systolic pulmonary artery pressure reduction with 
baseline pulmonary hypertension. In concordance with 
other studies, we found a significant decrease in the 
PASP. This may have a positive effect on pulmonary 
function.

We demonstrated a significant improvement in the 
NYHA class at six months in our study (−0.51 class). 
Eight studies20–27 qualitatively reported improvements in 
the NYHA class after TAVR. In most studies, there was an 
average improvement of ≥1 NYHA class after TAVR at 6– 

Figure 2 NYHA-class at baseline and 6-months postoperative. 
Abbreviation: NYHA, New York Heart Association.

Table 3 Pulmonary Function Tests (Absolute Values) (n=80)

PRE-TAVR POST-TAVR p Value

Total lung capacity (L) 3.90 ± 0.37 4.61 ± 0.26 < 0.001

Residual Volume (L) 1.47 ± 0.75 1.69 ± 0.53 < 0.001
FVC (L) 1.90 ± 0.34 2.09 ± 0.63 < 0.001

FEV 1 (L) 1.45 ± 0.30 1.49 ± 0.28 < 0.001

DLCO (mL/min/mmHg) 10.04 ± 0.51 10.84 ± 0.39 < 0.001

Note: Data is presented as means ± SD or n (%). 
Abbreviations: FVC, forced vital capacity; FEV1, forced expiratory volume in 
first second; DLCO, diffusing capacity of the lungs for carbon monoxide.

Table 4 Pulmonary Function Tests (Percentage Predicted Values) 
(n=80)

PRE-TAVR POST-TAVR p Value

Total lung capacity (%) 64.56 ± 2.84 80.20 ± 4.19 < 0.001

Residual Volume (%) 64.43 ± 3.85 75.73 ± 5.26 < 0.001

FVC(%) 67.50 ± 4.63 74.46 ± 5.74 < 0.001

FEV1(%) 59.54 ± 3.43 60.73 ± 3.19 < 0.001

FEV1/FVC(%) 91.13 ± 5.46 88.33 ± 5.33 0.027

DLCO (%) 42.40 ± 4.62 46.74 ± 2.00 < 0.001

Note: Data is presented as means ± SD or n (%). 
Abbreviations: FVC, forced vital capacity; FEV1, forced expiratory volume in 
first second; DLCO, diffusing capacity of the lungs for carbon monoxide.
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11 months (range: −0.8, −2.1 class), 12–23 months (−0.8, 
−2.1 class), 24–35 months (−1.2, −2.6 class), and ≥ 36 
months (−1.2, −1.6 class). However, several studies28–31 

showed a mean change of < 1 NYHA class and the lower 
end of the 95% confidence interval near 0, indicating that 
a large proportion of patients failed to improve after 
TAVR. We found only −0.51 class improvement at six 
months. This relatively low increase could be attributed 
to heart failure.

The average improvement in the NYHA class and 
pulmonary function does not necessarily mean that every 
individual derives the same benefit. Identifying patients 
who are most likely to have functional and pulmonary 
benefits is crucial to achieve optimal health outcomes 
and prevent avoidable harm.

Additionally, there is an increased usage of diuretics, 
beta-blockers, angiotensin-converting enzyme inhibitors, 
and angiotensin receptor blockers in post-TAVR patients. 
This has a positive impact on the NYHA class, ejection 
fraction, and pulmonary function.

This study was designed as a single-center, observa-
tional, retrospective study. Information was obtained from 
the electronic medical data. The limitations of this study 
include the subjectivity of pre- and post-TAVR pulmonary 
function tests and selection bias for TAVR. Further, large 
prospective studies may allow a better assessment of 
restrictive pulmonary function in patients with heart fail-
ure undergoing TAVR.

Conclusions
Pulmonary functions significantly improved in heart fail-
ure patients with a restrictive pattern undergoing TAVR.
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