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Abstract

Background: Transcatheter closure of secundum atrial septal defects 
(ASDs) is a widely accepted intervention in adults with left-to-right 
shunting and right heart volume overload. However, the time course 
and magnitude of cardiac remodeling and functional improvement af-
ter closure remain incompletely defined. This study evaluated serial 
echocardiographic changes in right heart structure and hemodynam-
ics following ASD closure.

Methods: In this single-center retrospective cohort, adults who under-
went transcatheter secundum ASD closure between January 2020 and 
December 2023 were included. Echocardiography was performed at 
baseline, immediately post-procedure, at 3 to 6 months, and at 1 year. 
Parameters included right atrial (RA) area and volume index (RAVI), 
right ventricular (RV) dimensions, pulmonary valve velocities, RV 
systolic pressure (RVSP), mean pulmonary artery pressure (mPAP), 
tricuspid annular plane systolic excursion (TAPSE), and tricuspid re-
gurgitation (TR) severity. Analyses used Wilcoxon signed-rank tests, 
Chi-square tests, repeated-measures analysis of variance (ANOVA)/
multivariate ANOVA (MANOVA), and mixed-effects models.

Results: Eighty patients were included (mean age: 42.3 ± 15.0 years; 
72.5% female). Immediately after closure, significant reductions were 

observed in TR Vmax (-20.8 cm/s, P = 0.0005), pulmonary valve 
Vmax (-32.1 cm/s, P < 0.0001), Vmean (-18.6 cm/s, P < 0.0001), 
velocity time integral (VTI) (-6.9 cm, P < 0.0001), RA area (-2.6 cm2, 
P < 0.0001), RAVI (-7.0 mL/m2, P < 0.0001), RVSP (-7.7 mm Hg, P 
< 0.0001), QP:QS (-0.8, P ≤ 0.0001), and mPAP (-10.0 mm Hg, P = 
0.0007). Improvements were sustained at 3 - 6 months (n = 54) and 
at 1 year (n = 19).

Conclusions: Transcatheter ASD closure in adults results in early and 
sustained improvements in RA and ventricular remodeling, pulmo-
nary pressures, and TR severity. These findings underscore the role of 
echocardiography in longitudinal surveillance and support timely in-
tervention in patients with significant shunting (QP:QS > 1.5). Larger 
multicenter studies with extended follow-up and correlation to clini-
cal outcomes are warranted.

Keywords: Transcatheter; Atrial septal defect; Right heart; Pulmo-
nary pressure; Congenital heart disease

Introduction

Atrial septal defect (ASD) is among the most common con-
genital heart disease encountered in adults, with the secundum 
type accounting for approximately 70-75% of cases [1]. Many 
cases remain undiagnosed until adulthood, when patients may 
present with exertional dyspnea, atrial arrhythmias, right heart 
volume overload, or paradoxical embolism [2]. Chronic right-
sided volume loading can impair exercise capacity, increase 
arrhythmia risk, and eventually contribute to right heart fail-
ure, underscoring the importance of timely closure.

The advent of transcatheter closure has transformed the 
management of secundum ASDs, providing a minimally inva-
sive alternative to surgical repair with high procedural success 
rates and low complication risk [3]. In appropriately selected 
patients, percutaneous device closure eliminates left-to-right 
shunting and promotes reverse remodeling of the right atrium 
and right ventricle, along with improvements in pulmonary 
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pressures and functional tricuspid regurgitation (TR) [4].
Echocardiography is central to the management of ASD, 

from initial diagnosis and defect sizing to serial post-closure 
follow-up. Prior studies have shown early improvements in 
RA and RV dimensions, pulmonary pressures, and TR sever-
ity after transcatheter closure [5-9]. However, the trajectory 
and durability of these changes in adults remain incompletely 
characterized. In particular, volumetric indices such as the 
right atrial volume index (RAVI), which may better capture 
atrial remodeling than simple linear or area-based measures, 
have been under-reported. Furthermore, most published series 
provide limited longitudinal follow-up beyond the early post-
procedural phase.

This study aimed to evaluate echocardiographic and 
hemodynamic changes at four timepoints: baseline, imme-
diately post-procedure, 3 to 6 months, and 1 year following 
transcatheter secundum ASD closure in adults. The primary 
objective was to characterize right heart remodeling, pulmo-
nary hemodynamic changes, and TR severity over time. By 
including volumetric parameters and applying robust statisti-
cal approaches, this study seeks to provide contemporary evi-
dence on the physiologic benefits and durability of transcath-
eter intervention in an adult cohort.

Materials and Methods

Study design and population

This retrospective cohort study was conducted at a tertiary car-
diac center in Saudi Arabia. Adult patients (≥ 18 years) who 
underwent transcatheter closure of a secundum ASD between 
January 2020 to December 2023, were eligible. All patients 
underwent transcatheter closure with the Amplatzer septal oc-
cluder under combined echocardiographic and fluoroscopic 
guidance.

Inclusion criteria were: 1) A confirmed diagnosis of se-
cundum ASD with evidence of left-to-right shunting; and 2) 
Evidence of right heart volume overload, as determined by 
transthoracic echocardiography (TTE) and/or transesophageal 
echocardiography (TEE). Exclusion criteria included complex 
congenital heart disease, severe pulmonary hypertension (de-
fined as mean pulmonary artery pressure (mPAP) ≥ 50 mm Hg 
or pulmonary vascular resistance > 8 Wood units), or contrain-
dications to device closure.

Echocardiographic assessment

Echocardiographic studies were performed using a standard-
ized protocol on the Philips iE33 system at four timepoints: 
baseline (pre-procedure), immediately post-procedure, 3 to 6 
months, and 1 year. Parameters were analyzed in accordance 
with the American Society of Echocardiography (ASE)/Euro-
pean Association of Cardiovascular Imaging (EACVI) Rec-
ommendations for Cardiac Chamber Quantification [10] and 
the ASE Guidelines for Echocardiographic Assessment of the 
Right Heart [11], and included the following: 1) Right heart: 

right atrial (RA) and right ventricular (RV) dimensions, RA 
area, RAVI, RV systolic pressure (RVSP), and mPAP; 2) Valve 
and shunt: TR severity, pulmonary valve velocities (Vmax, 
Vmean, velocity time integral (VTI)), and QP:QS ratio; 3) Left 
heart: left atrial volume index (LAVI), left ventricular ejec-
tion fraction (LVEF), and left ventricular end-diastolic volume 
index (LVEDVI); 4) RV systolic function: tricuspid annular 
plane systolic excursion (TAPSE, cm) and tissue Doppler-
derived RV systolic velocity (RV S, cm/s); 5) ASD diameter 
was measured by echocardiography. Device size was selected 
in accordance with manufacturer recommendations, typically 
4 - 6 mm larger than the maximal ASD diameter, taking into 
account surrounding rim adequacy and patient anatomy.

Examinations were performed by experienced sonogra-
phers and interpreted by board-certified cardiologists blinded 
to clinical data. Discrepancies were resolved by consensus.

Guideline-directed medical therapy (GDMT) assessment

GDMT records were reviewed at each timepoint (baseline, 
immediate post-procedure, 3 - 6 months, and 1 year). Classes 
included beta-blockers, ACE inhibitors/angiotensin receptor 
blockers/angiotensin receptor-neprilysin inhibitors (ACEI/
ARB/ARNI), diuretics, pulmonary vasodilators, and an-
tiarrhythmics. Other cardio-active agents were recorded when 
applicable. Medication use was summarized descriptively and 
included in sensitivity analyses.

Clinical outcomes

Functional status was assessed at each follow-up visit using 
the New York Heart Association (NYHA) functional classifi-
cation, based on clinician documentation and patient-reported 
exercise tolerance. Rhythm status was determined from rou-
tine 12-lead electrocardiograms (ECG) and review of medical 
records for documented arrhythmia events. Formal exercise 
testing, systematic arrhythmia monitoring, and quality-of-life 
instruments were not performed

Statistical analysis

Continuous variables were expressed as mean ± standard de-
viation (SD) or median with interquartile ranges, depending 
on distribution. Paired comparisons across timepoints were 
performed using the Wilcoxon signed-rank test for non-nor-
mally distributed variables, and repeated-measures analysis of 
variance (ANOVA) for normally distributed variables such as 
LVEF, LV volumes. Multivariate ANOVA (MANOVA) was 
used to assess joint changes in RA and RV dimensions. Cat-
egorical variables, including TR severity, were analyzed us-
ing the Chi-square test simplicity and consistency with prior 
literature. We acknowledge that paired categorical or ordinal 
regression methods may provide greater precision but were 
not feasible given the small number of patients with complete 
1-year data and sparse category distributions.



Articles © The authors   |   Journal compilation © Cardiol Res and Elmer Press Inc™   |   https://cr.elmerpub.com 423

AlRahimi et al Cardiol Res. 2025;16(5):421-432

To account for attrition and repeated measures, we addi-
tionally fitted mixed-effects models with a random intercept 
for each subject. Fixed covariates included age, sex, and base-
line ASD/device size. Sensitivity analyses further incorporated 
medication category as a covariate. Adjusted estimates with 
95% confidence intervals (CIs) are presented for RVSP, mPAP, 
TR velocity, RAVI, and RV/LV ratio.

Analyses were conducted on available paired data without 
imputation, as follow-up echocardiograms were not completed 
in all patients. A P value < 0.05 was considered statistically 
significant. All statistical analyses were performed using JMP 
software (SAS Institute, Cary, NC).

Sample size and ethics

Sample size was calculated to detect a medium effect size (Co-
hen’s d > 0.5) for changes in RVSP, with 80% power and α = 
0.05, requiring at least 64 patients for paired comparisons. The 
study included 81 patients who underwent ASD closure and 
met this requirement, although follow-up was incomplete for 
some patients.

The study was approved by the Institutional Review Board 
of King Abdullah International Medical Research Center 
(KAIMRC; approval number: 0000045324). It was conducted 
in compliance with the ethical standards of the responsible in-
stitution on human subjects as well as with the Helsinki Dec-
laration.

Results

Baseline demographic and procedural characteristics

A total of 80 adult patients underwent transcatheter ASD clo-
sure. The mean age was 42.3 ± 15.0 years, with 25.0% younger 
than 30 years, 32.5% between 30 and 45 years, and 42.5% older 
than 45 years. The majority of patients were female (72.5%). 
The mean body surface area (BSA) was 1.72 ± 0.23 m2, with 
nearly half (46.3%) between 1.6 and 1.8 m2. The mean ASD 
diameters was 2.4 ± 0.6 cm (range: 0.8 - 3.6 cm). Most defects 
(79%) were in the moderate range (1.8 - 3.2 cm), while 15% 
were small (< 1.8 cm) and 6% were large (> 3.2 cm). Device 
sizes ranged from 10 to 40 mm, with moderate defects typi-
cally closed using 24 - 36 mm devices, small defects with 16 
- 24 mm devices, and large defects with 36 - 40 mm devices.

Procedural success was achieved in all patients (100%), 
and there were no major complications (e.g., device emboliza-
tion, cardiac perforation, or emergency surgery), or clinically 
significant residual shunt at discharge (Table 1).

Immediate post-procedure changes

Immediately after closure, significant reductions were observed 
in pulmonary flow indices: TR Vmax decreased by -20.8 cm/s 
(95% CI: -30.1 to -11.5, P = 0.0005), pulmonary valve Vmax 

Table 1.  Baseline Demographic and Procedural Characteristics of Patients Undergoing Transcatheter ASD Closure (N = 80)

Demographic characteristics
    Age (years) 42.32 ± 15
        < 30 20 (25.0%)
        30 - 45 26 (32.5%)
        > 45 34 (42.5%)
    Gender
        Male 22 (27.5%)
        Female 58 (72.5%)
    BSA (m2) 1.72 ± 0.23
        < 1.6 21 (26.3%)
        1.6 - 1.8 37 (46.3%)
        > 1.8 22 (27.5%)
Procedural characteristics
    ASD size (cm) 2.4 ± 0.6 (range 0.8 - 3.6)
        < 1.8 cm 12 (15.0%)
        1.8 - 3.2 cm 63 (79.0%)
        > 3.2 cm 5 (6.0%)
    Device size (mm) Range 10 - 40 (most 24 - 36)
    Procedural success 80 (100%)
    Residual shunt/major complications 0 (0%)

Values are expressed as mean ± SD or n (%). ASD: atrial septal defect; BSA: body surface area; SD: standard deviation.
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by -32.1 cm/s, (95% CI: -41.2 to -23.0, P < 0.0001), Vmean 
by -18.6 cm/s, (95% CI: -26.5 to -10.7, P < 0.0001), and VTI 
by -6.9 cm, (95% CI: -9.2 to -4.6, P < 0.0001). RA remodeling 
was also evident, with decreases in length (-0.1 cm, 95% CI: 
-0.2 to -0.01, P = 0.0183), width (-0.6 cm, 95% CI: -0.8 to 
-0.4, P < 0.0001), area (-2.6 cm2, 95% CI: -3.2 to -2.0, P < 
0.0001), and RA volume index (-7.0 mL/m2, 95% CI: -8.9 to 
-5.1, P < 0.0001). RVSP (-7.7 mm Hg, 95% CI: -9.8 to -5.6, P 
< 0.0001) and mPAP (-10.0 mm Hg, 95% CI: -14.2 to -5.8, P 
= 0.0007) also decreased significantly. TAPSE improved (+0.2 
cm, 95% CI: +0.1 to +0.3, P < 0.0001). The QP:QS ratio de-
creased from 1.8 to approximately 1.0 (-0.8, 95% CI: -1.0 to 
-0.6, P < 0.0001). LVEF, LAVI, LVEDVI, RV/LV ratio, and RV 
S’ velocity showed no significant changes (P > 0.05) (Table 
2). Repeated-measures ANOVA confirmed overall reductions 
in RA/RV dimensions (F = 12.34, P < 0.001) and pulmonary 
pressures (F = 15.67, P < 0.001).

Early follow-up (3 - 6 months)

Follow-up data were available for 54 patients. Significant re-
ductions persisted in TR Vmax (-28.9 cm/s, 95% CI: -40.2 to 
-17.6, P = 0.0006), pulmonary valve Vmax (-34.2 cm/s, 95% 

CI: -47.8 to -20.6, P = 0.003), Vmean (-21.4 cm/s, 95% CI: 
-33.6 to -9.2, P = 0.0035), and VTI (-8.9 cm, 95% CI: -13.5 
to -4.3, P = 0.0028). RA dimensions decreased further: width 
(-0.8 cm, 95% CI: -1.0 to -0.6, P < 0.0001), length (-0.2 cm, 
95% CI: -0.3 to -0.1, P = 0.0007), RA area (-3.7 cm2, 95% CI: 
-4.6 to -2.8, P < 0.0001), and RA volume index (-7.9 mL/m2, 
95% CI: -10.1 to -5.7, P < 0.0001). RVSP decreased by -11.8 
mm Hg (95% CI: -15.4 to -8.2, P = 0.0008), QP:QS by -0.8 
(95% CI: -1.0 to -0.6, P = 0.002) and mPAP by -10.8 mm Hg 
(95% CI: -15.2 to -6.4, P = 0.005). TAPSE, RV/LV ratio, RV 
size, EF, and LAVI showed no significant changes (Table 3). 
MANOVA confirmed reductions in combined RA/RV dimen-
sions (Wilks’ Lambda = 0.82, P = 0.002).

One-year follow-up

At 1 year, echocardiographic data were available for 19 pa-
tients. Significant reductions were observed in TR Vmax (-4.2 
cm/s, 95% CI: -8.4 to -0.01, P = 0.050), pulmonary valve 
Vmax (-17.9 cm/s, 95% CI: -28.6 to -7.2, P = 0.006), Vmean 
(-6.2 cm/s, 95% CI: -10.8 to -1.6, P = 0.008), VTI (-3.6 cm, 
95% CI: -6.2 to -1.0, P = 0.007), and RV/LV ratio (-0.1, 95% 
CI: -0.18 to -0.02, P = 0.016). RA remodeling was stable, with 

Table 2.  Immediate Post-Procedural Echocardiographic and Hemodynamic Changes (N = 80)

Parameters Before Immediate Difference
Wilcoxon signed-rank test

W P value
Blood flow velocities at the tricuspid 
valve orifice (TR Vmax, cm/s)

231.8 211.0 -20.8 -595.00 0.0005**

Pulmonary valve (Vmax, cm/s) 148.0 115.9 -32.1 -989.00 < 0.0001**
Pulmonary valve (Vmean, cm/s) 95.0 76.4 -18.6 -1,100.5 < 0.0001**
Pulmonary valve (VTI, cm) 31.1 24.2 -6.9 -1,076.5 < 0.0001**
RA size (length, cm) 5.1 5.0 -0.1 -488.00 0.018*
RA size (width, cm) 4.0 3.4 -0.6 -972.50 < 0.0001**
RA area (cm2) 16.0 13.4 -2.6 698.0 < 0.0001
RA volume index (RAVI, mL/m2) 26.9 19.6 -7.0 583.0 < 0.0001
RV size (length, cm) 6.5 7.1 0.6 754.5 0.0002**
RV size (base width, cm) 4.1 4.2 0.1 -250.50 0.2317
RV/LV ratio 1.0 1.0 0.0 351.5 0.0919
RV S’ velocity (cm/s) 13.2 12.0 -1.2 -393.5 0.0586
TAPSE (cm) 2.2 2.4 0.2 814.5 < 0.0001**
LA size (LAVI, mL/m2) 28.6 27.3 -1.3 -274.5 0.1897
LV size (LVEDVI, mL/m2) 43.9 41.2 -2.7 -299.50 0.152
EF (%) 57.7 56.5 -1.2 -239.00 0.2542
RVSP (mm Hg) 30.3 22.6 -7.7 -917.00 < 0.0001**
mPAP (mm Hg) 21.7 11.7 -10.0 -687.00 0.0007**
QP:QS 1.8 1.0 -0.8 -903.5 < 0.0001**

*P < 0.05; **P < 0.01. RA: right atrial; RAVI: right atrial volume index; RV: right ventricular; RVSP: RV systolic pressure; mPAP: mean pulmonary 
artery pressure; TAPSE: tricuspid annular plane systolic excursion; TR: tricuspid regurgitation; VTI: velocity time integral; RV S’ velocity: RV systolic 
velocity; LA: left atrial; LAVI: left atrial volume index; LV: left ventricular; LVEDVI: left ventricular end-diastolic volume index; EF: ejection fraction.
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no further reduction in RAVI or RA width. RVSP showed a 
modest increase compared to early follow-up (+6.5 mm Hg, 
95% CI: -0.01 to +13.0, P = 0.050) (Table 4).

Baseline vs. 1-year comparison

Among 19 patients with complete 1-year follow-up, RA re-
modeling parameters demonstrated significant improvement. 
RA area decreased by -3.4 cm2 (95% CI: -6.7 to -0.1, P = 
0.040) and RAVI by -7.5 mL/m2 (95% CI: -14.5 to -0.5, P = 
0.036). These changes were accompanied by reductions in 
TR Vmax (-33.1 cm/s, 95% CI: -64.2 to -2.0, P = 0.036), pul-
monary valve Vmax (-52.1 cm/s, 95% CI: -79.0 to -25.2, P = 
0.001), Vmean (-27.6 cm/s, 95% CI: -41.8 to -13.4, P = 0.001), 
VTI (-12.5 cm, 95% CI: -19.6 to -5.4, P = 0.001), RV/LV ratio 
(-0.2, 95% CI: -0.34 to -0.06, P = 0.013), mPAP (-10.2 mm Hg, 
95% CI: -18.8 to -1.6, P = 0.024), and QP:QS (-0.8, 95% CI: 
-1.4 to -0.2, P = 0.013). RVSP remained significantly lower 
than baseline (-5.3 mm Hg, 95% CI: -9.6 to -1.0, P = 0.013) 
(Table 5). These findings confirm effective shunt elimination 
and pulmonary hemodynamic normalization, with sustained 
RA and RV reverse remodeling at 1 year. Sensitivity analyses 
excluding patients with interval TR worsening or newly identi-
fied pulmonary disease yielded similar results.

These results are further illustrated in Figure 1, which 
highlights the temporal trends in Qp:Qs, TR Vmax, and mPAP, 
together with other right heart remodeling indices.

TR severity

TR severity improved significantly at all follow-up intervals. 
Compared to baseline, TR grade distributions shifted toward 
lower severity immediately post-procedure (n = 80, χ2 = 48.82, 
P < 0.0001), at 3 - 6 months (n = 54, χ2 = 50.89, P < 0.0001), 
at 1 year (n = 19, χ2 = 35.82, P = 0.003), and in baseline to 1 
year paired comparisons (n = 19, χ2 = 26.27, P = 0.010) (Table 
6). The distribution of TR severity across timepoints is sum-
marized in Figure 2.

Mixed-effects models

In adjusted mixed-effects models accounting for age, sex, and 
baseline ASD/device size, significant improvements were ob-
served across multiple echocardiographic parameters. RVSP 
and mPAP decreased immediately after closure, with reduc-
tions sustained at 3 - 6 months and attenuated but still sig-
nificant at 1 year. TR velocity and RV/LV ratio followed a 

Table 3.  Echocardiographic Changes at Early (3 - 6 Months) Follow-Up (N = 54)

Parameters Before Early post Difference
Wilcoxon signed-rank test

W P value
Blood flow velocities at the tricuspid valve orifice (TR Vmax, cm/s) 231.8 202.9 -28.9 -695.00 0.0006**
Pulmonary valve (Vmax, cm/s) 148.0 113.8 -34.2 -350.00 0.003**
Pulmonary valve (Vmean, cm/s) 95.0 73.6 -21.4 -345.00 0.0035**
Pulmonary valve (VTI, cm) 31.1 22.2 -8.9 -347.00 0.0028**
RA size (length, cm) 5.1 4.9 -0.2 -389.50 0.0007**
RA size (width, cm) 4.0 3.2 -0.8 -470.00 < 0.0001**
RA area (cm2) 16.0 12.3 -3.7 275.0 < 0.0001
RA volume index (RAVI, mL/m2) 26.9 19.0 -7.9 232.0 < 0.0001
RV size (length, cm) 6.5 6.4 -0.1 188 0.1157
RV size (base width, cm) 4.1 4.1 0.0 -180.00 0.1322
RV/LV ratio 1.0 0.9 -0.1 11.5 0.9243
RV S’ velocity (cm/s) 13.2 13.5 0.3 -172.00 0.1512
TAPSE (cm) 2.2 2.2 0.0 -13.00 0.9144
LA size (LAVI, mL/m2) 28.6 28.2 -0.4 -247.00 0.0373*
LV size (LVEDVI, mL/m2) 43.9 43.2 -0.7 -217.00 0.0686
EF (%) 57.7 58.6 0.9 -9.00 0.9407
RVSP (mm Hg) 30.3 18.5 -11.8 -390.00 0.0008**
mPAP (mm Hg) 21.7 10.9 -10.8 -232.00 0.005**
QP:QS 1.8 1.0 -0.8 -360.00 0.002**

*P < 0.05; **P < 0.01. RA: right atrial; RAVI: right atrial volume index; RV: right ventricular; RVSP: RV systolic pressure; mPAP: mean pulmonary 
artery pressure; TAPSE: tricuspid annular plane systolic excursion; TR: tricuspid regurgitation; VTI: velocity time integral; RV S’ velocity: RV 
systolic velocity; LA: left atrial; LAVI: left atrial volume index; LV: left ventricular; LVEDVI: left ventricular end-diastolic volume index; EF: ejection 
fraction.
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similar trajectory, showing consistent improvement across all 
timepoints. Importantly, RAVI also demonstrated significant 
reductions, reflecting early and sustained reverse remodeling 
of the right atrium. Sensitivity analyses incorporating medica-
tion category as an additional covariate yielded estimates of 
similar magnitude, confirming the robustness of these findings 
(Table 7).

Left heart function

Left ventricular systolic function (EF) and LV volumes 
(LVEDVI) remained stable across all timepoints (P > 0.05). 
Similarly, LAVI did not change significantly (P > 0.05) (Tables 
2-5).

Cardio-active medications

Medication use remained stable from baseline through follow-
up (Table 8). About one-third of patients were on diuretics, and 
one-quarter on ACEI/ARB/ARNI or beta-blockers. Pulmonary 
vasodilators and antiarrhythmics were less common (< 15%). 
Sensitivity analyses adjusting for medication category yielded 
findings consistent with primary models.

Clinical outcomes

At 3 - 6 months, 98.8% of patients with available follow-up 
(53/54) showed improvement in NYHA functional class and 
reported better exercise tolerance. These improvements were 
maintained at later follow-up. All patients remained in sinus 
rhythm on available ECGs, with no arrhythmia events docu-
mented in the medical records.

Discussion

This study evaluated echocardiographic and hemodynamic 
changes following transcatheter ASD closure in an adult 
population, with serial follow-up up to 1 year. The results 
demonstrate significant reduction in pulmonary pressure, 
improvement in right heart remodeling, and amelioration of 
TR severity. Procedural success was achieved in all patients 
without major complications or residual shunts, and at 1 year, 
sustained reverse remodeling of the right heart confirmed the 
durable efficacy of the intervention.

Our findings are consistent with prior evidence that per-
cutaneous ASD closure is safe and effective in adults. Im-
provements in right heart chamber size, RA volume index, 
and pulmonary hemodynamics were evident immediately after 

Table 4.  Echocardiographic Changes Between Early Follow-Up and at 1 year (N = 19)

Parameters Early post 1 Year Difference
Wilcoxon signed-rank test

W P value
Blood flow velocities at the tricuspid valve orifice (TR Vmax, cm/s) 202.9 198.7 -4.2 -50.00 0.050*
Pulmonary valve (Vmax, cm/s) 113.8 95.9 -17.9 -65.00 0.006**
Pulmonary valve (Vmean, cm/s) 73.6 67.4 -6.2 -60.00 0.008**
Pulmonary valve (VTI, cm) 22.2 18.6 -3.6 -65.00 0.007**
RA size (length, cm) 4.9 4.7 -0.2 -29.50 0.2574
RA size (width, cm) 3.2 3.4 0.2 30.00 0.3000
RA area (cm2) 12.3 12.6 0.3 8.0 0.6875
RA volume index (RAVI, mL/m2) 19.0 19.4 0.4 7.0 0.56
RV size (length, cm) 6.4 6.1 -0.3 5.50 0.9174
RV size (base width, cm) 4.1 3.6 -0.5 -47.50 0.0553
RV/LV ratio 0.9 0.8 -0.1 -59.00 0.016*
RV S’ velocity (cm/s) 13.5 13.3 -0.2 -4.00 0.8828
TAPSE (cm) 2.2 2.1 -0.1 -13.00 0.5247
LA size (LAVI, mL/m2) 28.2 28.0 -0.2 -18.50 0.4951
LV size (LVEDVI, mL/m2) 43.2 43.2 0.0 -11.50 0.7033
EF (%) 58.6 58.0 -0.6 -7.50 0.8536
RVSP (mm Hg) 18.5 25.0 6.5 50.00 0.0500
mPAP (mm Hg) 10.9 10.5 -0.4 -59.00 0.0155*
QP:QS 1.0 1.0 0.0 0.00 1.0000

*P < 0.05; **P < 0.01. RA: right atrial; RAVI: right atrial volume index; RV: right ventricular; RVSP: RV systolic pressure; mPAP: mean pulmonary 
artery pressure; TAPSE: tricuspid annular plane systolic excursion; TR: tricuspid regurgitation; VTI: velocity time integral; RV S’ velocity: RV systolic 
velocity; LA: left atrial; LAVI: left atrial volume index; LV: left ventricular; LVEDVI: left ventricular end-diastolic volume index; EF: ejection fraction.
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Table 5.  Comparison of Baseline and 1-Year Follow-Up Echocardiographic Parameters (N = 19)

Parameters Before 1 year Difference
Wilcoxon signed-rank test

W P value
Blood flow velocities at the tricuspid valve orifice (TR Vmax, cm/s) 231.8 198.7 -33.1 -52.0 0.036*
Pulmonary valve (Vmax, cm/s) 148.0 95.9 -52.1 -70.0 0.001**
Pulmonary valve (Vmean, cm/s) 95.0 67.4 -27.6 -71.5 0.001**
Pulmonary valve (VTI, cm) 31.1 18.6 -12.5 -70.5 0.001**
RA size (length, cm) 5.1 4.7 -0.4 -38.0 0.123
RA size (width, cm) 4.0 3.4 -0.6 -55.5 0.013*
RA area (cm2) 16.0 12.6 -3.4 44.0 0.040
RA volume index (RAVI, mL/m2) 26.9 19.4 -7.5 43.0 0.036
RV size (length, cm) 6.5 6.1 -0.4 -3.0 0.952
RV size (base width, cm) 4.1 3.6 -0.5 -44.5 0.059
RV/LV ratio 1.0 0.8 -0.2 -55.5 0.013*
RV S’ velocity (cm/s) 13.2 13.3 0.1 -37.0 0.110
TAPSE (cm) 2.2 2.1 -0.1 -30.0 0.186
LA size (LAVI, mL/m2) 28.6 28.0 -0.6 -4.0 0.874
LV size (LVEDVI, mL/m2) 43.9 43.2 -0.7 36.0 0.129
EF (%) 57.7 58.0 0.3 -23.5 0.319
RVSP (mm Hg) 30.3 25.0 -5.3 -55.0 0.013*
mPAP (mm Hg) 21.7 10.5 -10.2 -51.0 0.024*
QP:QS 1.8 1.0 -0.8 -55.5 0.013*

*P < 0.05; **P < 0.01. RA: right atrial; RAVI: right atrial volume index; RV: right ventricular; RVSP: RV systolic pressure; mPAP: mean pulmonary 
artery pressure; TAPSE: tricuspid annular plane systolic excursion; TR: tricuspid regurgitation; VTI: velocity time integral; RV S’ velocity: RV systolic 
velocity; LA: left atrial; LAVI: left atrial volume index; LV: left ventricular; LVEDVI: left ventricular end-diastolic volume index; EF: ejection fraction.

Figure 1. Serial echocardiographic and hemodynamic changes following transcatheter ASD closure. Line graphs demonstrate 
changes in right ventricular systolic pressure (RVSP), mean pulmonary artery pressure (mPAP), tricuspid regurgitation velocity 
(TR Vmax), right atrial (RA) width, right atrial volume index (RAVI), and QP:QS ratio from baseline through immediate post-
procedure, at 3 - 6 months, and at 1-year follow-up. Values are shown as mean ± standard deviation. Significant reductions were 
observed in RVSP, mPAP, TR Vmax, RA dimensions, and RAVI after ASD closure, with improvements maintained at follow-up. 
mo: months; yr: year; ASD: atrial septal defect.
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closure and persisted at 1 year, underscoring the physiological 
benefit of eliminating left-to-right shunting before irreversible 
right heart dysfunction develops [12, 13].

Reductions in RVSP and mPAP further confirm reversal of 
right-sided pressure and volume overload. Although a modest 
rise in RVSP was observed at 1 year, it remained significantly 
below baseline. This small increase may reflect physiologic 
variability, changes in loading conditions, or the limited sam-
ple size at later follow-up. Overall, these hemodynamic im-
provements translate into clinical benefits, including improved 
exercise tolerance, reduced heart failure symptoms, and lower 
arrhythmia risk [14, 15].

RA and RV volume and dimensions improved signifi-
cantly, consistent with structural reverse remodeling. Reduc-
tions in the RAVI across all follow-up intervals provide ro-
bust evidence of unloading and remodeling at the atrial level, 
complementing decreases in RA area and width. These results 
underscore the value of RAVI as a sensitive marker for cham-
ber remodeling and support its role in serial surveillance. The 
transient increase in RV length observed immediately post-
procedure may reflect early adaptive remodeling, a finding re-
ported in earlier series [16]. Importantly, RV systolic function, 
as reflected by TAPSE, improved after closure despite stable 
RV S’ velocity, indicating enhanced contractile performance 
due to reduced afterload [17].

TR severity improved consistently, with many patients 

shifting from mild-moderate to trace or normal. This supports 
the concept that functional TR in ASD is largely secondary 
to right-sided dilation and can regress with chamber unload-
ing [18-20]. While TR changes were analyzed with Chi-square 
methods that do not fully account for paired ordinal data, the 
consistent trend across all intervals supports the robustness of 
this finding.

In contrast, LV systolic function and volumes remained 
stable. This highlights the relative independence of LV perfor-
mance in this adult cohort, although longer-term studies us-
ing LV strain may better characterize subtle inter-ventricular 
interactions.

Medication use in this cohort remained stable across all 
timepoints, and sensitivity analyses adjusting for medication 
category yielded results consistent with the primary models. 
This suggests that the observed right heart reverse remodeling 
was unlikely to be driven by changes in pharmacotherapy. In 
line with guideline-directed medical therapy for heart failure 
and pulmonary hypertension, patients continued their baseline 
cardio-active medications without major adjustments, mini-
mizing the risk of treatment-related bias [21]. Nonetheless, 
residual confounding cannot be fully excluded, and the poten-
tial influence of concurrent medical therapy on post-closure 
remodeling warrants further investigation in larger prospective 
cohorts.

Most patients reported symptomatic improvement and 

Table 6.  Change in Tricuspid Regurgitation Severity Across Timepoints (Chi-square Analyses)

Comparison (n) TR 
Severity

None, 
n (%)

Trace, 
n (%)

Mild, 
n (%)

Moderate, 
n (%)

Severe, 
n (%)

Chi-square tests
χ2 P value

Baseline vs. immediate post (n = 80) Immediate 0 (0) 2 (2.5) 3 (3.8) 0 (0) 0 (0) 48.82 < 0.0001**
Trace 2 (2.5) 11 (13.8) 3 (3.8) 1 (1.3) 0 (0)
Mild 0 (0) 14 (17.5) 13 (16.3) 16 (20) 3 (3.8)
Moderate 0 (0) 0 (0) 1 (1.3) 7 (8.8) 1 (1.3)
Severe 0 (0) 0 (0) 1 (1.3) 0 (0) 2 (2.5)

Baseline vs. early post (3 - 6 months) (n = 54) Early post 0 (0) 2 (3.7) 0 (0) 0 (0) 0 (0) 50.89 < 0.0001**
Trace 3 (5.6) 10 (18.5) 3 (5.6) 0 (0) 0 (0)
Mild 3 (5.6) 4 (7.4) 7 (13.0) 1 (1.9) 1 (1.9)
Moderate 0 (0) 3 (5.6) 6 (11.1) 8 (14.8) 0 (0)
Severe 0 (0) 0 (0) 0 (0) 1 (1.9) 2 (3.7)

Early post (3 - 6 months) vs. one year (n = 19) 1 year 1 (5.3) 2 (10.5) 0 (0) 0 (0) 0 (0) 35.82 0.003**
Trace 5 (26.3) 2 (10.5) 1 (5.3) 1 (5.3) 0 (0)
Mild 1 (5.3) 0 (0) 2 (10.5) 1 (5.3) 0 (0)
Moderate 0 (0) 0 (0) 0 (0) 2 (10.5) 0 (0)
Severe 0 (0) 0 (0) 0 (0) 0 (0) 1 (5.3)

Baseline vs. 1 year (n = 19) 1 year 2 (10.5) 0 (0) 0 (0) 0 (0) 2 (10.5) 26.27 0.010**
Trace 4 (21.1) 2 (10.5) 3 (15.8) 0 (0) 0 (0)
Mild 1 (5.3) 1 (5.3) 3 (15.8) 0 (0) 0 (0)
Moderate 0 (0) 0 (0) 2 (10.5) 0 (0) 0 (0)
Severe 0 (0) 0 (0) 0 (0) 1 (5.3) 1 (5.3)

*P < 0.05; **P < 0.01. TR: tricuspid regurgitation.
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Figure 2. Distribution of tricuspid regurgitation (TR) severity before and after transcatheter ASD closure across follow-up inter-
vals. The stacked bar graph illustrates the proportion of patients with normal, trace, mild, moderate, and severe TR at baseline 
(pre-procedure), immediately post-procedure, at early follow-up (3 - 6 months), and at 1-year follow-up. A significant reduction 
in moderate-to-severe TR was observed immediately after the procedure, with sustained improvement during follow-up. ASD: 
atrial septal defect.

Table 7.  Adjusted Mixed-Effects Models for Key Echocardiographic Parameters

Outcome Timepoint (vs. baseline) Adjusted estimate (95% CI) P value
RVSP (mm Hg) Immediate post -7.4 (-9.8 to -5.0) < 0.001

3 - 6 months -8.1 (-10.7 to -5.5) < 0.001
1 year -5.2 (-9.8 to -0.6) 0.027

mPAP (mm Hg) Immediate post -4.8 (-7.1 to -2.5) < 0.001
3 - 6 months -5.6 (-8.4 to -2.7) < 0.001
1 year -4.9 (-9.0 to -0.8) 0.020

TR velocity (m/s) Immediate post -0.34 (-0.50 to -0.18) < 0.001
3 - 6 months -0.36 (-0.54 to -0.18) < 0.001
1 year -0.28 (-0.55 to -0.01) 0.044

RAVI (mL/m2) Immediate post -6.8 (-9.5 to -4.1) < 0.001
3 - 6 months -7.5 (-10.4 to -4.6) < 0.001
1 year -6.2 (-10.1 to -2.3) 0.003

RV/LV ratio Immediate post -0.12 (-0.16 to -0.08) < 0.001
3 - 6 months -0.15 (-0.20 to -0.10) < 0.001
1 year -0.11 (-0.19 to -0.03) 0.007

Adjusted mixed-effects models included age, sex, and baseline ASD size (and device size where available) as fixed covariates, with a random 
intercept for each subject. Estimates represent mean differences (95% CIs) from baseline for continuous variables. Additional sensitivity analyses 
incorporating medication category (Table 8) yielded similar results. CI: confidence interval; ASD: atrial septal defect; RAVI: right atrial volume index; 
RV: right ventricular; RVSP: RV systolic pressure; mPAP: mean pulmonary artery pressure; TR: tricuspid regurgitation; LV: left ventricular.
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better NYHA class within 3 - 6 months, which was maintained 
at 1 year. All remained in sinus rhythm on ECG. The absence 
of structured arrhythmia monitoring, formal exercise testing, 
or quality-of-life measures limited correlation of echocardio-
graphic findings with comprehensive clinical outcomes.

Recent studies provide further insight into outcomes 
across age groups. Meta-analytic data confirm that closure 
in elderly patients is feasible and beneficial, although the de-
gree of remodeling may be attenuated by comorbidities [22]. 
Large-scale population studies have demonstrated improved 
survival and reductions in heart failure and stroke after closure 
compared with matched controls [23]. These findings support 
the prognostic benefit of intervention across age groups, while 
emphasizing that earlier closure may maximize benefit.

Contemporary real-world data also reinforce procedural 
safety and sustained improvements in right heart function, 
consistent with the excellent outcomes observed in this study 
[24]. Together, these complementary reports strengthen the 
external validity of our findings and confirm reproducibility 
across diverse healthcare systems.

Nonetheless, diagnosis of ASD in adults is frequently de-
layed, particularly in patients with comorbidities or ventricular 
dysfunction. Reports highlight that ASDs may be under-rec-
ognized in patients presenting with heart failure or pulmonary 
hypertension, leading to missed opportunities for timely clo-
sure [25]. This underscores the importance of comprehensive 
echocardiographic evaluation, guided by ASE/EACVI recom-
mendations, to ensure accurate diagnosis, appropriate device 
selection, and structured follow-up [10, 11].

A key strength of this study is the blinded echocardio-
graphic analysis and the use of robust statistical methods, 
including mixed-effects models accounting for attrition and 
baseline covariates. Sensitivity analyses confirmed the stabil-
ity of the findings.

In summary, transcatheter ASD closure in adults was as-
sociated with favorable reverse remodeling, normalization of 
pulmonary hemodynamics, and excellent procedural safety, 
with sustained benefit at 1 year. When integrated with recent 
meta-analyses and population-based studies, these results rein-
force that percutaneous closure provides durable clinical and 
hemodynamic improvements across age groups. Echocardiog-
raphy remains central for post-procedural surveillance, and in 
line with international practice guidelines, structured follow-
up should include serial imaging at 1 month, 6 - 12 months, 

and periodically thereafter to monitor remodeling, device posi-
tion, and valve function [26-28].

Future research should focus on larger multicenter cohorts 
with longer follow-up, integration of clinical outcomes such as 
exercise capacity and arrhythmia burden, and advanced statis-
tical methods for categorical outcomes.

Limitations

This study has several limitations. Its single-center, retrospec-
tive design and considerable loss to follow-up restrict the 
generalizability of long-term findings. Only 54 patients had 
early post-procedural data and 19 had 1-year follow-up, which 
reduces the precision of durability estimates and introduces 
potential attrition bias. The small 1-year cohort also limited 
the use of more robust statistical methods for categorical out-
comes; TR severity was analyzed using Chi-square methods, 
which do not fully account for paired and ordinal data. Al-
though ordinal regression would have been preferable, sparse 
category distributions precluded its application. Future studies 
in larger cohorts applying such approaches may yield strong-
er estimates. The modest increase in RVSP at 1 year should 
likewise be interpreted with caution given the small sample 
size. Clinical outcomes were assessed through routine chart 
review, with functional status determined clinically rather than 
by standardized exercise testing, and arrhythmia outcomes 
derived from ECGs without systematic rhythm monitoring or 
quality-of-life assessments. Finally, the high rate of missed 
follow-ups was largely related to logistical challenges such as 
travel distance, scheduling conflicts, and the coronavirus dis-
ease 2019 (COVID-19) pandemic period, rather than adverse 
clinical events. Nonetheless, attrition may have introduced 
bias if patients with persistent symptoms or complications 
were underrepresented at later timepoints.

Conclusions

Transcatheter closure of secundum ASDs in adults results in 
early and sustained improvements in right heart structure, pul-
monary pressures, and TR severity, accompanied by sympto-
matic benefit. These findings highlight the importance of early 
detection, timely intervention, and structured longitudinal 

Table 8.  Cardio-Active Medication Use Across Follow-Up

Medication class Baseline (n = 80) Immediate post (n = 80) 3 - 6 months (n = 54) 1 year (n = 19)
Beta-blockers 24 (30%) 23 (29%) 15 (28%) 5 (26%)
ACEI/ARB/ARNI 20 (25%) 19 (24%) 14 (26%) 4 (21%)
Diuretics 28 (35%) 26 (33%) 17 (31%) 7 (37%)
Pulmonary vasodilators 6 (8%) 5 (6%) 3 (6%) 1 (5%)
Antiarrhythmics 9 (11%) 9 (11%) 6 (11%) 2 (11%)
Other cardio-active medications 5 (6%) 4 (5%) 3 (6%) 1 (5%)

Medication use was stable across follow-up and was included as a covariate in adjusted models (Table 7). ACEI/ARB/ARNI: angiotensin-converting 
enzyme inhibitors/angiotensin receptor blockers/angiotensin receptor-neprilysin inhibitors.
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surveillance. Echocardiography remains central for assessing 
procedural success and long-term remodeling, in line with cur-
rent ASE/EACVI guideline recommendations, reinforcing its 
role as the cornerstone of follow-up. In appropriately selected 
adult patients with significant left-to-right shunting, transcath-
eter closure provides a safe and effective therapeutic option. 
Larger multicenter studies with standardized clinical outcome 
measures, guideline-directed follow-up protocols, and longer 
observation periods are warranted to confirm and extend these 
observations.
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