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ABSTRACT: Background: Patent ductus arteriosus (PDA) can cause left-heart volume overload and functional
mitral regurgitation (MR), although some patients have structural mitral abnormalities requiring repair. We compared
MR and cardiac remodeling after isolated PDA closure and PDA closure combined with mitral valvuloplasty (MVP).
Methods: This single-center retrospective study included 68 children treated between February 2013 and February
2025: isolated PDA transcatheter occlusion (IPTO, n = 34), isolated PDA surgical ligation (IPSL, n = 20), and PDA
ligation with concomitant mitral valvuloplasty (PLMVP, n = 14). Body-size-adjusted cardiac dimensions were analyzed
at baseline and discharge, while MR outcomes were assessed at the latest follow-up. Linear mixed-effects models
evaluated temporal changes, and Analysis of Covariance (ANCOVA) assessed net MR-area reduction after adjustment
for baseline MR area, age, and PDA size. Results: PLMVP patients had numerically larger PDA diameters, more
severe MR, and greater left-heart enlargement at baseline. All groups showed significant early reverse remodeling
and MR reduction (p < 0.001), with the greatest immediate MR-area reduction in PLMVP. From discharge to the
latest follow-up, adjusted MR area decreased further in IPTO, remained stable in IPSL, and increased numerically in
PLMVP but remained below baseline; the group-by-time interaction was not significant (p = 0.108). After adjustment,
intervention strategy was not independently associated with net MR-area reduction (p = 0.874). Conclusions: MR
improved after interventions involving PDA closure. In patients without structural mitral abnormalities, isolated
closure was associated with reverse remodeling and MR regression. In PLMVP patients, improvement reflected the
combined effects of PDA closure, volume-overload relief, and anatomically indicated mitral repair. Concomitant MVP
should be individualized according to valve morphology.
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1 Introduction

Patent ductus arteriosus (PDA) remains one of the most prevalent congenital heart anomalies in the
pediatric population [1,2]. While small, restrictive shunts are often benign, a hemodynamically significant
left-to-right shunt induces progressive pulmonary overcirculation and chronic volume overload on the left
heart [3,4]. This sustained excessive preload predisposes to left ventricular (LV) dilation and compensatory
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eccentric hypertrophy. As the LV geometry becomes increasingly spherical and the left atrium enlarges, the
native mitral annulus is inevitably stretched. This progressive annular dilation, coupled with the outward
displacement of the papillary muscles and consequent leaflet tethering, may ultimately contribute to mitral
regurgitation (MR), which is predominantly functional/secondary in patients without intrinsic mitral valve
abnormalities [5,6].

The optimal management strategy for pediatric patients presenting with PDA complicated by moderate-
to-severe MR remains a subject of intense and ongoing clinical controversy [5,7,8]. Although the principal
focus of this study was PDA-associated functional/secondary MR, some patients also had intrinsic mitral
valve morphological abnormalities. In these patients, PDA-related left-heart volume overload may further
aggravate MR, and concomitant MVP may be indicated according to the valve anatomy. One established
school of thought advocates for concomitant PDA ligation and surgical mitral valvuloplasty (MVP). The
primary advantage of this aggressive approach is the immediate and comprehensive anatomical correction
of the incompetent valve, theoretically preventing the long-term hemodynamic burden of chronic MR [8].
However, this strategy is highly invasive, necessitating cardiopulmonary bypass and cardioplegic arrest.
Furthermore, surgical manipulation of the pediatric mitral apparatus—often performed without rigid annu-
loplasty rings to preserve somatic growth potential—carries substantial risks, including future geometric
mismatch, delayed progressive mitral stenosis, and an elevated likelihood of challenging reoperations [9,10].
Conversely, in patients without intrinsic mitral valve abnormalities, an alternative, conservative strategy
emphasizes the functional/secondary contribution of PDA-related volume overload to MR. Proponents of
isolated PDA closure argue that eliminating the ductal shunt effectively eradicates the underlying hemo-
dynamic culprit [5,7]. By completely offloading the left heart, this strategy relies on the robust intrinsic
capacity of the growing pediatric myocardium to undergo spontaneous reverse remodeling, allowing the
mitral annulus to shrink and leaflet coaptation to be naturally restored without the morbidities associated
with concurrent valvular intervention [11,12].

Despite the strong physiological rationale for the conservative approach, definitive empirical evidence
comparing the longitudinal outcomes of these two distinct strategies is scarce. Given the relatively elevated
surgical risks and the uncertain long-term durability of pediatric MVP, determining whether concurrent
valvuloplasty offers any true additive benefit over isolated shunt closure is of paramount clinical rele-
vance [13,14]. Therefore, the aim of this study was to comprehensively evaluate the longitudinal impact
of isolated PDA closure compared with combined PDA closure and concurrent MVP. By retrospectively
analyzing a decade of institutional data, we sought to delineate the trajectories of left heart reverse remod-
eling and compare the definitive net regression of MR, thereby providing robust evidence to refine surgical
decision-making for this specific cohort.

2 Materials and Methods

2.1 Study Population

In this retrospective, single-center cohort study, we queried our institutional database to identify
pediatric patients (<18 years of age) who were clinically diagnosed with both patent PDA and MR and
underwent intervention for a PDA complicated by concurrent MR between February 2013 and February 2025.
Patients were excluded if they had: (1) other major congenital heart defects requiring surgical correction
(except for clinically insignificant atrial or ventricular septal defects); (2) connective tissue disorders (e.g.,
Marfan syndrome); or (3) active infective endocarditis.
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Eligible patients were stratified into three groups based on the actual intervention received, which
was determined by a multidisciplinary heart team depending on the patient’s age, PDA morphology, and
the anatomical severity of the mitral valve apparatus:

The isolated PDA transcatheter occlusion group (IPTO, n = 34): Patients who underwent percutaneous
transcatheter PDA closure. The isolated PDA surgical ligation group (IPSL, n = 20): Patients who underwent
isolated surgical PDA ligation or division without concomitant mitral valve intervention. The PDA ligation
with mitral valvuloplasty group (PLMVP, n = 14): Patients who underwent surgical PDA closure combined
with concurrent MVP due to intrinsic structural abnormalities requiring repair (e.g., cleft mitral valve or
other leaflet/chordal abnormalities).

The study was approved by the Ethics Committee of Guangdong Provincial People’s Hospital (Grant
number: KY2025-105-01, February 2024) and adhered to the ethical requirements of the Declaration of
Helsinki. Consent forms from patients under eighteen years old were signed by the parents or legal
guardians. This study utilized only de-identified historical medical data and information from phone or
outpatient interviews, without any additional imaging or laboratory examinations.

2.2 Data Collection and Definition

Comprehensive clinical data were extracted from electronic medical records, including demographic
characteristics, baseline clinical status (e.g., New York Heart Association (NYHA) functional class), proce-
dural details, and postoperative outcomes. NYHA functional class was retrospectively determined from
documented clinical assessments and caregiver-reported symptoms in the medical records. Class I indi-
cated no limitation of physical activity; Class II indicated slight limitation, with ordinary activity causing
symptoms; and Class III indicated marked limitation, with less-than-ordinary activity causing symptoms.
Echocardiographic data were the primary focus of this study. Moderate-to-severe pulmonary arterial
hypertension (PAH) was assessed by echocardiography. Estimated systolic pulmonary artery pressure
(sPAP) was calculated as 4 × peak tricuspid regurgitation velocity2 plus estimated right atrial pressure.
Moderate PAH was defined as an estimated sPAP of 50–70 mmHg, and severe PAH as an estimated sPAP
of >70 mmHg; therefore, PAH ≥ moderate was defined as an estimated sPAP ≥ 50 mmHg. To accurately
capture the longitudinal hemodynamic evolution and reverse remodeling of the heart, echocardiographic
parameters were collected at three distinct time points: baseline (pre-intervention), at discharge (early
post-intervention), and at the latest follow-up. Early post-intervention echocardiography was defined as
the last inpatient transthoracic echocardiographic examination performed after the patient had returned
to the ward and achieved clinical stability, usually on the day before hospital discharge. Because the
timing of discharge varied according to the clinical course, the examination was not scheduled on a fixed
postoperative day. The latest follow-up was defined as the most recent available echocardiographic ex-
amination after hospital discharge. Follow-up duration was calculated from the date of intervention to
the date of this examination. Because follow-up was conducted as part of routine clinical care, its timing
was not prespecified and varied among patients. Consistent with the temporal physiological response,
structural dimensions including left ventricular end-diastolic diameter (LVEDD), left atrial (LA) diameter,
ascending aorta (AAO) diameter, and pulmonary artery (PA) size were evaluated at baseline, discharge, and
follow-up. To account for body-size-related variation, Z-scores for LA, LVEDD, left ventricular end-systolic
diameter (LVESD), right atrial (RA), PA, and AAO were calculated using the Boston Children’s Hospital
Z-Score Calculator (https://zscore.chboston.org/) [15], with the measurement-specific regression equation
selected according to the corresponding echocardiographic parameter and body surface area, follow-up
Z-scores were not calculated because height and weight data were incomplete. The severity of MR was

https://zscore.chboston.org/
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assessed using the absolute regurgitant jet area (MR Area, cm2) as a continuous variable and MR Grade as
a categorical variable. MR Grade was assigned primarily according to MR Area indexed to body surface
area (<4 cm2/m2, mild; 4–10 cm2/m2, moderate; and >10 cm2/m2, severe), and MR ≥ moderate was defined
as MR Grade ≥2.0. Both measures were longitudinally tracked at baseline, discharge, and follow-up. All
MR-related echocardiographic measurements were obtained using the standard apical four-chamber view.
Measurements were averaged over 3–5 consecutive cardiac cycles. Multiple echocardiographers were
involved across the study cohort; for each patient, the measurements were performed by one physician,
while MR severity was reviewed by another physician. Formal inter-observer and intra-observer variability
analyses were not performed.

2.3 Statistical Analysis

Continuous variables were initially assessed for normality using the Shapiro-Wilk test and visual
inspection of Q-Q plots. Given the presence of non-normally distributed data and small sample sizes in
certain subgroups (particularly Group 3), continuous variables are presented uniformly as medians with
interquartile ranges (IQR). Categorical variables are expressed as frequencies and percentages. To address
the treatment-selection bias inherent in the retrospective design (baseline inequalities among the three
groups), rigorous statistical adjustments were employed:

Baseline Comparisons: Continuous baseline characteristics were compared using the Kruskal-Wallis H
test, followed by Dunn’s post-hoc test with Bonferroni correction for pairwise comparisons. Categorical
variables were compared using the Fisher-Freeman-Halton exact test to strictly account for expected cell
counts of less than 5.

Longitudinal Reverse Remodeling: A Linear Mixed-Effects Model (LMM) was constructed to analyze
the longitudinal evolution of LA, LVEDD, LVESD, RA, AAO, and PA Z-scores, as well as MR Area. The
model incorporated Time, Group, and their interaction (Group∗Time) as fixed effects, and a random intercept
for each patient to account for within-subject correlation. To reduce confounding from measured baseline
differences, the model was adjusted for predefined baseline covariates, including age, PDA size, baseline
NYHA class, and the presence of moderate-to-severe pulmonary arterial hypertension. These covariates
were selected based on their clinical relevance and potential associations with treatment allocation and
cardiac remodeling: age and PDA size reflect developmental status and shunt-related volume load, whereas
NYHA class, respiratory infection history, and moderate-to-severe pulmonary arterial hypertension reflect
baseline clinical and hemodynamic disease severity. Data derived from the LMM are reported as estimated
marginal means ± standard error (SE).

Analysis of Net Reduction: To evaluate the definitive net improvement in MR, the absolute reduction
in MR area (ΔMR, calculated as baseline minus follow-up) was compared among groups using Analysis of
Covariance (ANCOVA), with baseline MR area, age, and PDA size entered as covariates.

All statistical analyseswere performed using SPSS Statistics, version 31.0 (IBMCorp., Armonk, NY, USA).
A two-sided p-value of <0.05 was considered statistically significant for main effects, while a Bonferroni-
adjusted threshold was applied for post-hoc multiple comparisons.

3 Results

3.1 Baseline Characteristics and Treatment-Selection Bias

A total of 68 pediatric patients were included in this study, comprising 34 in IPTO Group, 20 in IPSL
Group, and 14 in PLMVPGroup. Baseline demographic and clinical characteristics are summarized in Table 1.
Consistent with the real-world, non-randomized nature of this cohort, significant treatment-selection bias
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was observed at baseline. Patients in PLMVP Group had more severe baseline MR and greater left-heart
enlargement than the other groups, whereas PDA diameter differed numerically but not significantly
among the three groups (p = 0.053). The distribution of sex and the incidence of respiratory infections
were comparable across all groups. The median echocardiographic follow-up duration was 348 days (IQR,
97.0–850.5) in the IPTO group, 365 days (IQR, 75.5–823.3) in the IPSL group, and 837 days (IQR, 169.0–1507.5)
in the PLMVP group. Follow-up duration did not differ significantly among the three groups (p = 0.314).

3.2 Longitudinal Reverse Remodeling of Cardiac Structures

To account for the inherent baseline inequalities, LMMs were utilized to evaluate the longitudinal
trajectories of cardiac reverse remodeling, adjusting for baseline PDA size, age, NYHA class, and the
presence of moderate-to-severe PAH (Table 2).

Following the elimination of the left-to-right shunt, a highly significant overall reduction was observed
in LVEDD and LA size across the entire cohort (Main effect of Time, p < 0.001). Notably, the trajectories
of reverse remodeling differed significantly among the intervention strategies. The interaction between
treatment group and time was highly significant for both LVEDD (p = 0.010) and LA diameter (p = 0.008).
Estimated marginal means revealed that while all groups experienced structural regression, Group 3 demon-
strated the steepest reduction trajectory, reflecting a dramatic anatomical response following concurrent
intervention on the mitral apparatus.

3.3 Evolution and Trajectories of Mitral Regurgitation Severity

The longitudinal evolution of MR was assessed at three critical junctures: baseline, at discharge (early
phase), and at the latest follow-up (Table 2).

In the immediate postoperative period (baseline to discharge), all three groups achieved a substantial
reduction in the absolute MR area. PLMVP Group, which had the largest baseline MR area, exhibited a
drastic early decline, confirming the immediate mechanical efficacy of concurrent MVP.

However, diverging trajectories were observed during the late follow-up period (discharge to follow-up).
While the adjusted MR area in IPTO Group continued to decrease (from 1.220 to 0.721 cm2) and IPSL Group
remained largely stable (from 0.956 to 0.899 cm2), PLMVP Group showed a numerical increase in adjusted
MR area from discharge to the latest follow-up; however, the MR area remained lower than the baseline value
(increasing from 1.918 cm2 at discharge to 2.383 cm2 at follow-up) (p for Group∗Time interaction = 0.108). At
the latest available echocardiographic follow-up, residual moderate-to-severe MR was present in 4 of 29
patients (13.8%) in the IPTO group, 2 of 20 patients (10.0%) in the IPSL group, and 5 of 13 patients (38.5%) in
the PLMVP group. The overall difference among the three groups was not statistically significant (p = 0.101).
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Table 1: Baseline characteristics and follow-up duration of all groups.

Items IPTO (n = 34) IPSL (n = 20) PLMVP (n = 14) p ValueIPTO–IPSL p ValueIPTO–PLMVP p ValueIPSL–PLMVP p ValueTotal

Gender [Female, n (%)] 29 (85.3) 18 (90.0) 10 (71.4) 0.381

Age (months) 9.5 (5.8, 17.1) 21.5 (13.8, 34.3) 9.5 (4.5, 16.5) 0.008 0.999 0.030 0.005

Weight (kg) 7.0 (4.9, 8.5) 10.0 (8.1, 12.5) 6.5 (4.9, 9.0) 0.02 0.999 0.017 0.001

Height (cm) 67.5 (60.8, 76.3) 83.5 (73.5, 95.0) 66.5 (58.0, 72.5) 0.007 0.999 0.013 0.003

LVEF (%) 70.0 (67.0, 75.8) 70.0 (66.2, 74.3) 73.0 (56.5, 77.3) 0.869

PDA Diameter (mm) 5.9 ± 1.8 4.7 ± 1.6 5.7 ± 1.4 0.053

MR ≥ moderate [n (%)] 20 (58.8) 8 (40.0) 14 (100) 0.781 0.012 <0.001 <0.001

TR ≥Moderate [n (%)] 1 (2.9) 0 2 (14.3) 0.181

LA Z-Score 3.42 (2.69, 4.54) 2.65 (1.80, 3.83) 3.75 (3.33, 4.12) 0.119 0.931 0.029 0.024

LVEDD Z-Score 5.74 (3.18, 8.20) 4.14 (2.03, 6.18) 7.84 (6.18, 9.13) 0.456 0.130 0.008 0.011

LVESD Z-Score 3.49 (1.83, 5.59) 2.03 (0.83, 4.94) 5.22 (0.58, 9.14) 0.377 0.224 0.013 0.017

RA Z-Score −4.26 (−4.64, −3.98) −4.65 (−5.13, −4.27) −4.20 (−4.82, −3.58) 0.026 0.999 0.047 0.014

AAO Z-Score 0.90 (0.32, 2.10) 0.085 (−0.748, 1.16) 0.53 (−0.62, 1.64) 0.028 0.814 0.808 0.032

PA Z-Score 2.88 (2.11, 4.48) 3.03 (0.45, 4.29) 2.72 (1.10, 3.91) 0.543

Predisposed to Respiratory
infection [n (%)] 19 (55.9) 13 (65.0) 10 (71.4) 0.567

PAH ≥ moderate [n (%)] 12 (35.3) 3 (15.0) 9 (64.3) 0.294 0.186 0.015 0.013

NYHA classification [n (%)] 0.057 <0.001 0.012 <0.001

Class I 6 (17.6) 6 (30.0) 0

Class II 17 (50.0) 14 (70.0) 6 (42.9)

Class III 11 (32.4) 0 8 (57.1)

Follow-up duration (days) 348.0 (97.0, 850.5) 365.0 (75.5, 823.3) 837.0 (169.0, 1507.5) NA NA NA 0.314
Data are presented as median [interquartile range, IQR] or mean ± standard deviation (SD) for continuous variables due to non-normal distributions, and as frequencies (percentages)
for categorical variables. Continuous variables were compared using the Kruskal-Wallis H test. Categorical variables were compared using the Fisher-Freeman-Halton exact
test due to expected cell counts of less than 5. A Bonferroni-adjusted significance level was applied for all post-hoc pairwise comparisons. MR ≥ moderate includes moderate,
moderate-to-severe, and severe MR. Moderate-to-severe pulmonary hypertension was defined as echocardiographically estimated systolic pulmonary artery pressure ≥50 mmHg.
NYHA functional classes I–III were defined as described in 2.2 Data Collection and Definition. Follow-up duration was calculated from the date of intervention to the latest available
echocardiographic examination. Abbreviations: PDA, patent ductus arteriosus; IPTO, isolated PDA transcatheter occlusion; IPSL, isolated PDA surgical ligation; PLMVP, PDA
ligation combined with mitral valvuloplasty; PAH, pulmonary arterial hypertension; LVEF, left ventricular ejection fraction; MR, mitral regurgitation; TR, tricuspid regurgitation;
LA, left atrium; LVEDD, left ventricular end-diastolic diameter; LVESD, left ventricular end-systolic diameter; RA, right atrium; AAO, ascending aorta; PA, pulmonary artery; NYHA,
New York Heart Association; NA, not applicable. Pairwise comparisons were performed only when the overall three-group comparison was statistically significant; otherwise,
pairwise p-value cells were left blank.
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Table 2: Longitudinal evolution of echocardiographic parameters.

Variables Time Point IPTO (n = 34) IPSL (n = 20) PLMVP (n = 14) PGroup PTime PInteraction

LA Z-score Baseline 3.309 ± 0.200 3.016 ± 0.284 3.564 ± 0.447 0.199 <0.001 0.008
Discharge 1.453 ± 0.256 1.976 ± 0.348 3.022 ± 0.670

LVESD Z-score Baseline 3.761 ± 0.463 3.329 ± 0.661 5.324 ± 0.989 0.835 0.007 0.086
Discharge 2.923 ± 0.610 3.207 ± 0.830 2.609 ± 1.268

LVEDD Z-score Baseline 5.560 ± 0.512 5.314 ± 0.731 7.506 ± 1.094 0.886 <0.001 0.010
Discharge 2.341 ± 0.600 2.634 ± 0.831 1.559 ± 1.260

RA Z-score Baseline −4.405 ± 0.080 −4.440 ± 0.107 −4.186 ± 0.138 0.122 0.164 0.458
Discharge −4.239 ± 0.061 −4.445 ± 0.086 −4.016 ± 0.670

AAO Z-score Baseline 0.967 ± 0.221 0.367 ± 0.308 0.219 ± 0.466 0.205 0.566 0.737
Discharge 0.902 ± 0.227 0.444 ± 0.316 0.545 ± 0.478

PA Z-score Baseline 3.217 ± 0.341 3.041 ± 0.473 2.672 ± 0.717 0.365 <0.001 0.455
Discharge 1.785 ± 0.327 1.807 ± 0.457 0.426 ± 0.690

MR Area (cm2) Baseline 1.926 ± 0.241 1.625 ± 0.352 3.454 ± 0.500 0.043 <0.001 0.108
Discharge 1.220 ± 0.261 0.956 ± 0.376 1.918 ± 0.540
Follow-up 0.721 ± 0.284 0.899 ± 0.391 2.383 ± 0.585

Residual MR ≥
moderate [n (%)]

Discharge 10 (29.4) 3 (15) 6 (42.9) 0.217 NA NA
Follow-up 4 (13.8) 2 (10) 5 (38.5) 0.101

PDA, patent ductus arteriosus; IPTO, isolated PDA transcatheter occlusion; IPSL, isolated PDA surgical ligation; PLMVP, PDA
ligation combined with mitral valvuloplasty; LA, left atrium; LVEDD, left ventricular end-diastolic diameter; LVESD, left ventricular
end-systolic diameter; RA, right atrium; AAO, ascending aorta; PA, pulmonary artery; MR, mitral regurgitation; NA, not applicable.
Data for continuous variables, including LA, LVEDD, LVESD, RA, AAO, and PA Z-scores and MR Area, are presented as estimated
marginal means ± standard error (SE) derived from linear mixed-effects models (LMMs). Follow-up Z-scores were not calculated
because height and weight data at follow-up were incomplete. Therefore, Z-score models included baseline and discharge, whereas
the MR Area model included baseline, discharge, and the latest follow-up. To adjust for significant baseline treatment-selection bias,
all models were evaluated with covariates held constant at the following overall mean values: [New York Heart Association (NYHA)
class = 2.05, PDA diameter = 5.43 mm, and age = 16.57 months, and the moderate-to-severe pulmonary arterial hypertension
(PAH) indicator = 0.27. Moderate-to-severe PAH was coded as 0 (absent) and 1 (present); therefore, a mean of 0.27 corresponds
to a prevalence of 27% in the analysis sample]. Longitudinal analysis confirmed rapid and durable recovery. For categorical MR
outcomes, data are presented as n/N (%), where N represents patients with an available MR assessment at the specified time point.
Overall between-group p values were calculated using the Fisher-Freeman-Halton exact test and were not derived from the linear
mixed-effects models.

3.4 Adjusted Net Reduction in MR Area

To assess whether intervention strategy was associated with net MR-area reduction after accounting
for baseline differences, ΔMR from baseline to follow-up was analyzed using ANCOVA (Table 3). Of the 62
patients with follow-up MR assessments, 61 had available ΔMR values and were included in the ANCOVA;
one patient was excluded because ΔMR was missing. The overall corrected model was significant (F(5, 55)
= 6.776, p < 0.001; R2 = 0.381; adjusted R2 = 0.325). A larger baseline MR area was associated with a greater
net reduction in MR (B = 0.568, 95% confidence interval (CI): 0.317 to 0.818; p < 0.001), whereas older age at
intervention was associated with a smaller net reduction (B = −0.033 per month, 95% CI: −0.060 to −0.007;
p = 0.014). PDA size was not independently associated with net MR-area reduction (B = −0.079, 95% CI:
−0.301 to 0.142; p = 0.474). After adjustment, intervention strategy was not independently associated with
net MR-area reduction (F(2, 55) = 0.135; p = 0.874; partial η2 = 0.005). Given treatment-selection bias and
the structural mitral pathology in the PLMVP group, the independent contributions of PDA closure and
MVP could not be separated.
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Table 3: Analysis of covariance for net reduction in mitral regurgitation area (ΔMR) after intervention.

Panel A. Tests of between-Subjects Effects

Source Type III SS df* Mean Square F p Partial η2

Corrected model 57.715 5/55 11.543 6.776 <0.001 0.381
Intercept 3.580 1/55 3.580 2.102 0.153 0.037
Intervention strategy 0.459 2/55 0.229 0.135 0.874 0.005
Baseline MR area 35.135 1/55 35.135 20.625 <0.001 0.273
Age at intervention 10.988 1/55 10.988 6.45 0.014 0.105
PDA size 0.884 1/55 0.884 0.519 0.474 0.009
Error 93.695 55 1.704 — — —
Total 243.869 61 — — — —
Corrected total 151.410 60 — — — —

Panel B. Parameter Estimates

Parameter B SE t p 95% CI Partial η2

Intercept 0.870 0.841 1.035 0.305 −0.815 to 2.556 0.019
IPTO vs. PLMVP 0.024 0.509 0.047 0.963 −0.996 to 1.043 0.000
IPSL vs. PLMVP 0.237 0.593 0.400 0.69 −0.950 to 1.425 0.003
Baseline MR area 0.568 0.125 4.541 <0.001 0.317 to 0.818 0.273
Age at intervention (months) −0.033 0.013 −2.540 0.014 −0.060 to −0.007 0.105
PDA size (mm) −0.079 0.110 −0.720 0.474 −0.301 to 0.142 0.009

Panel C. Adjusted Marginal Means for 𝚫MR by Intervention Strategy

Intervention Group Adjusted
Mean 𝚫MR SE 95% CI

IPTO 1.166 0.253 0.659–1.673
IPSL 1.379 0.331 0.716–2.043
PLMVP 1.142 0.436 0.268–2.016

ΔMR was calculated as baseline MR area minus follow-up MR area; positive values indicate a greater net reduction. Analysis of
Covariance (ANCOVA) included 61 complete cases and adjusted for baseline MR area, age at intervention, and PDA size; one of
the 62 patients with follow-up MR assessments was excluded because ΔMR was missing. *For F tests, degrees of freedom (df)
values are presented as numerator/denominator degrees of freedom. The overall model had R2 = 0.381 (adjusted R2 = 0.325). Group
3 was the reference category. B, unstandardized coefficient; CI, confidence interval; MR, mitral regurgitation; PDA, patent ductus
arteriosus; IPTO, isolated PDA transcatheter occlusion; IPSL, isolated PDA surgical ligation; PLMVP, PDA ligation combined with
mitral valvuloplasty; SE, standard error; SS, sum of squares; η2, Eta squared.

4 Discussion

The optimal management strategy for PDA complicated by concurrent moderate-to-severe MR in
pediatric patients remains a subject of clinical debate. This study longitudinally evaluated the morphological
and hemodynamic evolution of the left heart following three distinct intervention strategies. Our principal
findings demonstrate that: (1) elimination of the ductal shunt, regardless of the approach, triggers profound
reverse remodeling of the left heart chambers; (2) while concurrent MVP yields immediate morphological
benefits, intervention strategy was not independently associated with net MR-area reduction after adjust-
ment for baseline disease severity; and (3) isolated closure strategies (both interventional and surgical) were
associated with continued late improvement in valve competence, supporting a parsimonious, wait-and-see
approach for the mitral apparatus in this specific patient population.

4.1 The Physiology of Reverse Remodeling and Secondary MR

The underlying pathophysiology of MR in the context of an isolated large PDA is predominantly
functional, driven by chronic left-to-right shunting leading to left atrial and ventricular volume overload,
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annular dilatation, and subsequent leaflet tethering [7,16,17]. Our LMM analysis revealed a highly significant
temporal regression in both LVEDD and LA size across all cohorts following intervention. This confirms
that once the excess volume burden is eradicated, the pediatric myocardium possesses a robust capacity for
geometric restoration [18]. Consequently, mitigating annular dilatation directly facilitates spontaneous
improvement in leaflet coaptation, as observed in our isolated closure groups, where MR area continued to
regress steadily from discharge through late follow-up.

4.2 Interpretation of MR Outcomes in the PLMVP Group

The PLMVP group exhibited the greatest immediate reduction in MR area at discharge, consistent
with the early effect of anatomically indicated mitral repair combined with PDA closure. At the latest
follow-up, the adjusted MR area was numerically higher than that at discharge but remained lower than
the baseline value. This pattern should therefore be interpreted as sustained overall improvement relative
to baseline, rather than definitive late MR rebound or deterioration. As the group-by-time interaction was
not statistically significant, the observed numerical difference between discharge and follow-up should be
interpreted cautiously. The PLMVP group comprised patients with intrinsic mitral structural abnormalities
requiring concomitant repair and should not be considered a purely functional-MR cohort [19]. In these
patients, chronic PDA-related volume overload may coexist with and aggravate MR caused by structural
mitral pathology. Accordingly, the postoperative change in MR reflects the combined effects of PDA closure,
relief of left-heart volume overload, and anatomically indicated mitral repair [14,20]. The small sample
size, heterogeneity of structural lesions and repair techniques, changes in loading conditions, and somatic
growth may influence the numerical difference between discharge and latest follow-up. However, the
present study was not designed to determine the independent contribution or long-term durability of each
component of the combined treatment. Importantly, because MR remained lower than baseline at follow-up,
these data do not support the conclusion that concomitant MVP is counterproductive.

4.3 Addressing Treatment-Selection Bias and True Net Benefit

A critical challenge in evaluating these therapeutic strategies is the inherent treatment-selection bias;
in our cohort, concurrent MVP was exclusively reserved for patients with the most extreme baseline annular
dilatation and the largest MR areas. To untangle this bias, we utilized an ANCOVA model to assess the
net reduction in MR area (ΔMR). After adjustment for baseline MR area, age, and PDA size, intervention
strategy was not independently associated with the net reduction in MR area. However, because patients in
the PLMVP group had structural mitral abnormalities, a fundamentally different pathophysiology from the
functional MR in the IPTO and IPSL groups, this statistical finding should not be interpreted as evidence
that isolated closure is equivalent to concurrent MVP in patients with structural mitral pathology.

4.4 Clinical Implications

These findings have important implications for surgical decision-making. In children without intrin-
sic mitral structural abnormalities, isolated PDA closure may be followed by substantial and sustained
improvement in MR through relief of left-heart volume overload and reverse remodeling. Importantly,
the presence of structural mitral pathology should not preclude PDA closure. In our PLMVP cohort, MR
remained lower at the latest follow-up than at baseline, indicating sustained overall improvement after PDA
closure combined with anatomically indicated mitral repair. However, because these patients underwent
concomitant MVP, the independent contribution of PDA closure cannot be separated from that of mitral
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repair. Therefore, concomitant mitral intervention should be individualized according to valve morphology
rather than routinely performed solely on the basis of MR severity.

5 Limitations

This study has several limitations. First, the retrospective, single-center design and the lack of
standardized criteria for treatment allocation introduce inherent selection bias. Although robust mixed-
effects and covariance models were utilized to mitigate these baseline imbalances, unmeasured confounding
may remain. Second, the small sample size in the PLMVP group (n = 14) limits the statistical power of our
analyses. Third, the study did not standardize or adjust for concomitant medical therapy (e.g., diuretics,
afterload reduction) that could influence MR severity. Fourth, the lack of routine three-dimensional
echocardiography precludes detailed biomechanical assessment of mitral valve anatomy and function.
Fifth, the study did not collect data on symptomatic status, exercise capacity, or quality of life, which
are important patient-centered outcomes. Sixth, follow-up timing was not standardized, and incomplete
follow-up height and weight data prevented calculation of body-size-adjusted chamber Z-scores, limiting
assessment of longer-term structural remodeling and late MVP complications. Finally, the findings represent
the experience of a single high-volume center with expertise in pediatric cardiac surgery and interventional
cardiology. The generalizability of these results to lower-volume centers or to populations with different
patient demographics may be limited. Future large-scale, prospective studies are warranted to validate
these findings and refine patient selection criteria.

6 Conclusions

In pediatric patients with PDA complicated by moderate-to-severe MR, MR improved following inter-
ventions that included PDA closure and remained lower than baseline at latest follow-up, both in patients
managed with isolated ductal closure and in those requiring PDA closure combined with concomitant
MVP for intrinsic mitral structural abnormalities. In patients without structural mitral abnormalities,
isolated ductal closure was associated with regression of left heart enlargement and improvement in MR.
In patients with structural mitral pathology, improvement should be interpreted as the combined effect
of PDA closure, relief of volume overload, and anatomically indicated mitral repair. Therefore, intrinsic
mitral abnormalities should not preclude PDA closure, whereas the need for concomitant MVP should be
individualized according to valve morphology. Given the underlying differences between patient groups
and the small sample size, the independent contribution of MVP versus isolated PDA closure cannot be
definitively determined from this retrospective study.
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