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Introduction

Background: Atrial septal defect (ASD) is the most common congenital heart disease.
However, the details of cardiac chamber remodeling after surgery are not well known,
although this is an important issue that should be analyzed to understand long-term out-
comes.

Methods: Between November 2017 and January 2019, cardiac magnetic resonance im-
aging was performed preoperatively, at a 1-month postoperative follow-up, and at a 1-year
postoperative follow-up. Cardiac chamber volume, valve regurgitation volume, and ejec-
tion fraction were measured as functions of time.

Results: Thirteen patients (10 men and 3 women) were included. The median age
at surgery was 51.4 years. The preoperative median ratio of flow in the pulmonary and
systemic circulation was 2.3. The preoperative mean right ventricular (RV) end-diastolic
volume index (EDVi) and RV end-systolic volume index (ESVi) had significantly decreased
at the 1-month postoperative follow-up (p<0.001, p=0.001, respectively). The decrease in
the RVEDVi (p=0.085) and RVESVi (p=0.023) continued until the postoperative 1-year fol-
low-up, although the rate of decrease was slower. Tricuspid valve regurgitation had also
decreased at the 1-month postoperative follow-up (p=0.022), and continued to decrease
at a reduced rate (p=0.129). Although the RVEDVi and RVESVi improved after ASD closure,
the RV volume parameters were still larger than the left ventricular (LV) volume parameters
at the 1-year follow-up (RVEDVi vs. LVEDVi: p=0.016; RVESVi vs. LVESVi: p=0.001).
Conclusion: Cardiac remodeling after ASD closure is common and mainly occurs in the
early postoperative period. However, complete normalization does not occur.

Keywords: Atrial heart septal defects, Cardiac magnetic resonance imaging, Congenital
heart disease

Long-term outcomes after ASD closure are favorable, al-
though there remains a risk of arrhythmia with concomi-

Atrial septal defect (ASD) is the most common congeni-
tal heart disease, accounting for approximately 10%-15%
of all cases of congenital heart disease [1]. Quantifying the
ratio of flow in the pulmonary (Qp) and systemic circula-
tion (Qs) is essential for detecting the amount shunted
from the left to right side of the atrium, and a Qp/Qs over
1.5 indicates enlargement of the right ventricle (RV) and
predicts symptoms including exercise intolerance, fatigue,
dyspnea, and palpitation [2]. Thus, interventional closure
or corrective surgical surgery should be considered to treat
ASD.

tant neurological events after ASD closure [3]. For this rea-
son, cardiac chamber remodeling after surgery is an
important issue after ASD closure that should be analyzed
to understand the long-term outcomes. However, the ex-
tent and time course of cardiac remodeling after ASD clo-
sure have not been thoroughly characterized. Thus, the
aim of this study was to evaluate the time course of ven-
tricular remodeling by cardiac magnetic resonance imag-
ing (CMR).
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Methods
Study population

This study protocol was approved by the Institutional
Review Board of Keimyung University Dongsan Hospital
(IRB approval no., 2017-10-024), and all procedures were
performed in accordance with our institutional guidelines
for the protection of patient confidentiality.

Between November 2017 and January 2019, among the
patients who underwent surgical ASD closure, 13 patients
(10 women and 3 men) who had consented to the CMR
protocol were included. Informed consent was obtained
from all patients.

Data collection

Data on demographics, clinical and laboratory findings,
and treatment outcomes were obtained with data collection
forms from patients’ electronic medical records. The de-
mographic data included age, sex, body weight, predefined
comorbidities (hypertension, diabetes, coronary artery dis-
ease, chronic obstructive pulmonary disease, and chronic
kidney disease), and symptoms (chest discomfort, dyspnea,
and palpitation). Laboratory data included N-terminal pro-
brain natriuretic peptide (NT proBNP).

The CMR data included the right ventricular end-dia-
stolic volume index (RVEDVi), right ventricular end-sys-
tolic index (RVESVi), right ventricular ejection fraction
(RVEE), tricuspid valve regurgitation (TVR), left ventricu-
lar end-diastolic volume index (LVEDVi), left ventricular
end-systolic index (LVESVi), left ventricular ejection frac-
tion (LVEF), and mitral valve regurgitation (MVR). In ad-
dition, late gadolinium enhancement (LGE) images were
also obtained. CMR was performed 3 times: preoperatively
and at I-month and 1-year postoperative follow-up visits.
The NT proBNP level was also checked at the same time as
CMR.

Cardiac magnetic resonance imaging protocol

All subjects underwent CMR with a 3T scanner (Ingenia
CX; Philips Medical Systems, Best, the Netherlands). An
18-element body matrix coil and a spine matrix coil array
were used. Cine images were acquired in the short-axis
plane orientation by using a retrospectively echocardiogra-
phy-gated balanced steady-state free precession sequence
with the following parameters: repetition time (TR)/echo
time (TE), 3/1.52 ms; flip angle (FA), 45° slice thickness
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(ST), 8 mm; slice gap, 8 mm; matrix, 172x159 pixels; and
field of view (FOV), 340x340 mm”’. Gadolinium contrast
agent (Uniary; Dongkook Life Science, Seoul, Korea) was
intravenously administered at 0.2 mmol/kg. LGE CMR im-
ages were acquired 15 minutes after contrast injection by
using a magnitude- and phase-sensitive inversion-recov-
ery-prepared sequence with inversion time adjusted to null,
thus representing the normal myocardium. These LGE im-
ages were obtained along the same axis plane covering the
whole left ventricle (LV) (TR, 6.1 ms; TE, 3 ms; FOV,
350x350 mm? ST, 8§ mm; acquisition matrix, 220x161 pix-
els; nonselective inversion recovery FA, 25°% and band-
width, 236.7 Hz/pixel). The appropriate inversion time pri-
or to LGE MR was determined using a fast low-angle shot
sequence with varying inversion times (from 150 to 650 ms
to null).

Cardiac magnetic resonance imaging image
analysis

Ventricular end-diastolic and end-systolic volumes were
obtained by delineating the endocardial borders of the LV
and RV in all slices of the short-axis stack. All ventricular
volumes were indexed to body surface area. We obtained

Table 1. Preoperative patient characteristics

Postoperative

Characteristic Preoperative
1-year follow-up
Age (yr) 51.4 (41.4-58.4)
Sex
Male 3 (23.1)
Female 10 (76.9)
Smoking 1(7.7)
Comorbidities
Hypertension 2(15.4)
Diabetes mellitus 1(7.7)
Coronary artery disease 0
Chronic obstructive 0
pulmonary disease
Chronic kidney disease 0
Symptoms
Chest discomfort 5(38.5) 1(7.7)
Dyspnea 4 (30.8) 4 (30.8)
NYHA Fc 1] Il
Il Il
I |
Il |
Palpitation 2 (15.4) 2 (15.4)

Values are presented as median (interquartile range) or number (%),
unless otherwise stated.
NYHA Fc, New York Heart Association functional class.
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both the ventricular ejection fraction and the shunt ratio
between pulmonary and aortic flow (Qp/Qs). The shunt
volume per heartbeat was calculated from the difference in
flow per heartbeat between the pulmonary trunk and aor-
ta. We measured the TVR and MVR volumes.

Surgical techniques

All surgical procedures were performed using a standard
sternotomy or right thoracotomy approach. In patients
with tricuspid annular dilatation greater than 40 mm
based on preoperative echocardiography, we performed
tricuspid valve annuloplasty.

Statistical analysis

All continuous variables are expressed using median val-
ues with interquartile ranges (IQRs), as appropriate. We
made no assumptions about missing data. Categorical vari-
ables are expressed as frequencies and percentages. The
paired t-test was used to compare differences in CMR pa-
rameters across different time intervals. A p-value of less
than 0.05 was considered to indicate statistical significance.
All analyses were performed using IBM SPSS ver. 26.0
(IBM Corp., Armonk, NY, USA).
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Fig. 1. Preoperative relationships between Qp/Qs and other cardiac parameters obtained by cardiac magnetic resonance imaging. There
were positive correlations between Qp/Qs and the right ventricular size parameters. Qp/Qs, the ratio of flow in the pulmonary and
systemic circulation; RVEDVi, right ventricular end-diastolic volume index; RVESVi, right ventricular end-systolic volume index; TVR,
tricuspid valve regurgitation; RVEF, right ventricular ejection fraction; LVEDVi, left ventricular end-diastolic volume index; LVESVi, left
ventricular end-systolic volume index; MVR, mitral valve regurgitation; LVEF, left ventricular ejection fraction.
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Results
Clinical outcomes

The patients’ median age and body weight at the time of
surgery were 51.4 years (IQR, 41.4-58.4 years) and 62.2 kg
(IQR, 52-71.3 kg), respectively. As preoperative comorbidi-
ties, 2 patients (15.4%) had hypertension and 1 patient
(7.7%) had diabetes. Their preoperative symptoms were
chest discomfort in 5 patients (38.5%), dyspnea in 4 patients
(30.8%), and palpitation in 2 patients (15.4%). No patients
had atrial fibrillation on preoperative electrocardiography.

We performed ASD patch closure in 12 patients (92.3%)
and ASD primary closure in 1 patient (7.7%). Associated
procedures included tricuspid valve annuloplasty in 1 pa-
tient (7.7%). There were no early or late deaths related to

the operations. There was no surgery-related morbidity. At
the 1-year follow-up, chest discomfort and dyspnea at the
preoperative period had improved in 4 patients (80%, 4 of
5 patients) and 3 patients (75%, 3 of 4 patients), respective-
ly. However, the 2 patients with palpitations in this study
did not show symptom improvement at follow-up (Table 1).

The preoperative median NT proBNP level (83.0 pg/mL;
IQR, 46.0-162.0 pg/mL) showed an increasing tendency at
the 1-month postoperative follow-up (167.0 pg/mL; IQR,
113.0-342.5 pg/mL; p=0.059). However, the NT proBNP
level then showed a decreasing tendency based on the lev-
els at the 1-year postoperative follow-up (105.5 pg/mL; IQR,
75.3-154.5 pg/mL; p=0.118).

65

O

A 7 B 7 =0.004 =0.274
701® i o 019 °, 20743 60 ° o F-0328
1 [ ] [ ]
65 - 65 - R .
L4 b4 55 e
L 4 L i L [
i 60 . w 60 o Y 50 o .
3 55 1 ¢ ° 3 55 4 M [ ] [\
° e °° ° o °° 45 1
501 ° p=0.224 50 1 ° 40 - .
45 T T T T rT_0362| 45 T T T T 1 35 T T T 1
30 40 50 60 70 80 90 15 20 25 30 35 40 50 100 150 200 250
LVEDVi LVESVi RVEDVi
D 65 e p=0.022 E 60 p=0.087 F 601p=0079
=-0.626 =0.539 =0.551
60 - S, . ' 504" . 504" *
[ ]
551 . 40 40
] L4 o o
W 50 o« o S 30- > 301
x = o o L °
45 - 201 . 201, .
[ ] [ ]
40 . 10 1 * % 10 1 * % .
35 T T T T 1 O ® T ® T T 1 0 ® T ® T T T 1
20 40 60 80 100 120 50 100 150 200 250 20 40 60 80 100 120
RVESVi RVEDVi RVESVi
G 90n ° p=0.167 H 401 ° p=0.144
r=0.585 r=0.640
80 1 ° 35 A
— . ° __ °
5 70 ° ° R 5) 30 4 ° .
w60 . o u>J °
. o > 25- o o e
i 20 A
40 R °
30 T |. T 1 15 T T T T 1
50 100 150 200 250 20 40 60 80 100 120
RVEDVi RVESVi

Fig. 2. Relationships between cardiac magnetic resonance imaging parameters. The ejection fraction showed a negative correlation with
the ventricular end systolic volume index. LVEF, left ventricular ejection fraction; LVEDVi, left ventricular end-diastolic volume index;
LVESVi, left ventricular end-systolic volume index; RVEF, right ventricular ejection fraction; RVEDVi, right ventricular end-diastolic vol-
ume index; RVESVi, right ventricular end-systolic volume index; TVR, tricuspid valve regurgitation.
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Correlations of cardiac magnetic resonance
imaging parameters

The preoperative median Qp/Qs was 2.3 (IQR, 1.7-2.8).
There was a positive correlation between RV size parame-
ters and preoperative Qp/Qs (RVEDVi: r=0.862, p=0.001;
RVESVi: r=0.784, p=0.004). However, there were no statis-
tically significant correlations between LV size parameters
and the preoperative Qp/Qs (LVEDVi: r=-0.072, p=0.834;
LVESVi: r=0.593, p=0.593) (Fig. 1).

The RVEF and LVEF were negatively correlated with
RVESVi (r=-0.626, p=0.022) and LVESVi (r=-0.743,
p=0.004), respectively. However, there was no meaningful
correlation between the RVEF and LVEF and RVEDVi and

>
(vy)

p=0.001

LVEDVj, respectively (RVEDVi-RVEF: r=—0.328, p=0.274;
LVEDVi-LVEF: r=-0.362, p=0.224). Although there was
no significant difference, the amount of TVR was correlat-
ed with RVEDVi (r=0.539, p=0.087) and RVESVi (r=0.551,
p=0.079) (Fig. 2). There were no significant correlations
between NT proBNP levels and any of the CMR parame-
ters (p>0.05 for all).

Time course of ventricular remodeling after atrial
septal defect closure

Cardiac magnetic resonance imaging parameters

The preoperative mean RVEDVi and RVESVi had sig-
nificantly decreased at the postoperative follow-up at 1
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Fig. 3. Ventricular remodeling during FU on cardiac magnetic resonance imaging. Preop, preoperative; Postop, postoperative; FU,
follow-up; RVEDVi, right ventricular end-diastolic volume index; RVESVi, right ventricular end-systolic volume index; RVEF, right ven-
tricular ejection fraction; LVEDVi, left ventricular end-diastolic volume index; LVESVi, left ventricular end-systolic volume index; LVEF,
left ventricular ejection fraction; TVR, tricuspid valve regurgitation; MVR, mitral valve regurgitation; NT-proBNP, N-terminal pro-brain
natriuretic peptide.
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Table 2. Cardiac magnetic resonance imaging parameters during FU

Variable Preoperative Postoperative FU at 1 month Postoperative FU at 1 year
RVEDVi (mL/m?) 154.0 (139.6-190.3) 97.1 (84.9-103.9) 81.5(72.3-97.2)
RVESVi (mL/m?) 77.1 (54.1-94.3) 48.1 (42.9-50.3) 39.5 (36.1-45.6)
RVEF (%) 54.7 (52.0-59.5) 51.6 (51.0-55.0) 51.0 (49.9-54.7)
LVEDVi (mL/m?) 64.8 (55.3-69.2) 72.5 (67.0-79.2) 68.8 (66.7-74.2)
LVESVi (mL/m?) 24.6 (22.8-31.5) 29.3 (26.8-33.7) 27.9 (23.7-29.8)
LVEF (%) 57.0 (54.0-68.0) 60 2 (57.5-63.0) 63.0 (58.8-65.2)
TVR (%) 14 1(11.7-21.8) 3 (4.5-14.4) 0(0-8.9)

MVR (%) 0 (0-10.7) 11 3 (6.9-13.7) 0(0-9.32)

Values are presented as median (interquartlle range).

FU, follow-up; RVEDVi, right ventricular end-diastolic volume index; RVESVi, right ventricular end-systolic volume index; RVEF, right ventricular
ejection fraction; LVEDVi, left ventricular end-diastolic volume index; LVESVi, left ventricular end-systolic volume index; LVEF, left ventricular
ejection fraction; TVR, tricuspid valve regurgitation; MVR, mitral valve regurgitation.

month (p<0.001, p=0.001, respectively). The RVEDVi
(p=0.085) and RVESVi (p=0.023) continued to decrease
until the postoperative follow-up at 1 year, although the
rate of decrease slowed. TVR had also decreased at the
1-month postoperative follow-up (p=0.022), and the TVR
decrease continued, albeit more slowly (p=0.129). The pre-
operative mean LVEDVi and LVESVi had increased at the
1-month postoperative follow-up (p=0.004 and p=0.128,
respectively) and then remained unchanged at the 1-year
postoperative follow-up (p=0.813 and p=0.459, respective-
ly). There was no significant change in the ejection fraction
at either follow-up (p>0.05 for all) (Fig. 3).

Although RVEDVi and RVESVi improved after ASD
closure, the RV volume parameters were still larger than
the LV volume parameters at the 1-year follow-up (RVEDVi
versus LVEDVi: p=0.016; RVESVi versus LVESVi:
p=0.001). In addition, the RVEF was lower than the LVEF
at the 1-year postoperative follow-up (p<0.001) (Table 2).

Late gadolinium enhancement

LGE was detected in 12 patients (92.3%) on preoperative
CMR at the RV basal septum insertion point. This LGE re-
solved in 1 patient (7.7%), was maintained with a slight de-
crease in 4 patients (30.8%), and was maintained in 7 pa-
tients (53.8%) at the 1-year postoperative follow-up (Fig. 4).

Discussion

In this study, patients’ RV volume had considerably de-
creased at the 1-month postoperative follow-up and showed
a steady decrease until the 1-year follow-up. Thus, RV ad-
aptation occurred rapidly and gradual RV remodeling con-
tinued until 1 year postoperatively. This ventricular adap-
tation is similar to the results reported in other studies on
ASD patients [4-7]. The cause of early rapid RV adaptation
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Fig. 4. (A, B) Late gadolinium enhancement at the right ventricle
basal septum insertion point on cardiac magnetic resonance im-
aging. The arrow indicates fibrosis.

may have been the disappearance of the left-to-right shunt.
However, we found that the RV volume was larger than the
LV volume at the 1-year postoperative follow-up, despite
the statistically significant decrease in RV volume. In this
study, patients’ median age of 51.5 years combined with
their median Qp/Qs of 2.3 may have been responsible for
long-term RV volume overload, because Qp/Qs and RVED-
Vi showed a positive correlation. A relatively long period of
RV volume overload may affect RV remodeling. In another
report, 20% of children with a median age of 7.5 years had
a larger RV volume than LV volume after surgical ASD
closure. Thus, ASD closure in early life does not guarantee
a complete normalization of the heart chamber size [8].

In this study, we found that the RVEF had been main-
tained in a nearly below-normal state at the 1-year postop-
erative follow-up. Some reports have explained persistent
RV dysfunction for up to several years by the trauma of
operation, the use of a cardioplegic solution, and adverse
inflammatory responses [9-13]. These exacerbating factors
may have contributed to the persistent RV dysfunction ob-
served in follow-up in this study. However, we found that
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LGE at the RV basal septum insertion point was detected
in 92.3% of patients in this study, but only completely re-
solved in one patient. The other patients had partial resolu-
tion or no change. The sources of persistent LGE may in-
duce RV strain and cause RV dysfunction in adult patients.

The patients who had palpitation during the preoperative
period did not show symptom improvement during fol-
low-up in this study. Several reports have stated that atrial
remodeling is less effective than ventricular remodeling
and is associated with atrial arrhythmia. The right atrial
stretch in ASD may cause electrophysiological alterations,
and these permanent structural atrial abnormalities may
be a cause of atrial arrhythmia in affected patients [14,15].
Although we unfortunately did not measure atrial changes
in this study, the lack of improvement in the patients’ ar-
rhythmic symptoms may be related to atrial remodeling.

In this study, the preoperative median amount of TVR
was 14.1%. We only performed tricuspid valve repair in 1
patient who had tricuspid valve annular dilatation with
more than a moderate degree of TVR. The post-ASD clo-
sure TVR was resolved at the 1-year postoperative fol-
low-up. In 1 report, the resolution of TVR was described as
a result of RV restoration and not of structural changes in
the tricuspid valve annulus [6]. Although we did not mea-
sure the tricuspid valve annulus diameter on CMR, we
suspect that RV volume resolution may affect TVR resolu-
tion.

There are several limitations of this study. First, we did
not perform exercise cardiopulmonary function testing.
Thus, we did not find any correlation between RV volume
and the results of exercise tests. Second, the sample size
was small because of the cost of CMR, resulting in limited
statistical power.

In conclusion, RV adaptation after ASD closure occurred
rapidly and gradual RV remodeling continued for 1 year.
However, RV remodeling did not reach complete normal-
ization. In addition, LGE was detected and showed partial
resolution or no change after ASD closure in almost all pa-
tients.
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