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Catheter-Based Techniques for Addressing Atrioventricular
Valve Regurgitation in Adult Congenital Heart Disease Patients:
A Descriptive Cohort
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Abstract: Introduction: Increasing survival of adult congenital heart disease (ACHD) patients comes
at the price of a range of late complications—arrhythmias, heart failure, and valvular dysfunction.
Transcatheter valve interventions have become a legitimate alternative to conventional surgical
treatment in selected acquired heart disease patients. However, literature on technical aspects,
hemodynamic effects, and clinical outcomes of percutaneous atrioventricular (AV) valve interven-
tions in ACHD patients is scarce. Method: This is a descriptive cohort from CAHAL (Center of
Congenital Heart Disease Amsterdam-Leiden). ACHD patients with severe AV valve regurgitation
who underwent a transcatheter intervention in the period 2020–2022 were included. Demographic,
clinical, procedural, and follow-up data were collected from patient records. Results: Five ACHD
patients with severe or torrential AV valve regurgitation are described. Two patients underwent a
transcatheter edge-to-edge repair (TEER), one patient underwent a valve-in-valve procedure, one
patient received a Cardioband system, and one patient received both a Cardioband system and
TEER. No periprocedural complications occurred. Post-procedural AV valve regurgitation as well
as NYHA functional class improved in all patients. The median post-procedural NYHA functional
class improved from 3.0 (IQR [2.5–4.0]) to 2.0 (IQR [1.5–2.5]). One patient died 9 months after the
procedure due to advanced heart failure with multiorgan dysfunction. Conclusion: Transcatheter
valve repair is feasible and safe in selected complex ACHD patients. A dedicated heart team is
essential for determining an individualized treatment strategy as well as pre- and periprocedural
imaging to address the underlying mechanism(s) of AV regurgitation and guide the transcatheter
intervention. Long-term follow-up is essential to evaluate the clinical outcomes of transcatheter AV
valve repair in ACHD patients.

Keywords: adult congenital heart disease (ACHD); transcatheter valve repair; atrioventricular (AV)
regurgitation; hybrid; transcatheter edge-to-edge repair (TEER); Cardioband; valve-in-valve (ViV)

1. Introduction

Congenital heart disease (CHD) has an estimated prevalence of about 1% in the gen-
eral population [1]. CHD patients have demonstrated an increasing survival over the past
decades due to improved diagnostic imaging modalities as well as advances in surgical,

J. Clin. Med. 2023, 12, 4798. https://doi.org/10.3390/jcm12144798 https://www.mdpi.com/journal/jcm
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pharmacological, and transcatheter management strategies. This aging group of CHD
patients is, however, frequently confronted with a range of late complications such as ar-
rhythmias, heart failure, and valvular dysfunction [2,3]. Transcatheter valve interventions
have developed rapidly during the past decade and have become a legitimate alternative
to conventional surgical treatment in selected patients [4]. In contrast to non-CHD adults
suffering from functional atrioventricular (AV) valve regurgitation, adults with congenital
heart disease (ACHD) are typically younger and often have several mechanisms contribut-
ing to AV valve dysfunction. Furthermore, the surgical risk in ACHD patients is increased
due to complex anatomy, myocardial fibrosis due to the underlying condition, previous
surgical interventions and cannulations, and intrathoracic and pericardial adhesions and
collateral vessels. Literature on technical aspects, hemodynamic effects, and clinical out-
comes of percutaneous AV valve interventions in CHD patients is scarce and these aspects
have only been described in several case reports or series [5–7]. This descriptive cohort
reports the recent experience of transcatheter valve therapies in complex ACHD patients in
a large tertiary referral center.

2. Methods

This two-center observational, retrospective cohort study was performed at the depart-
ments of Cardiology of the Amsterdam University Medical Center and Leiden University
Medical Center, united in the center of Congenital Heart Disease Amsterdam-Leiden
(CAHAL). Consecutive ACHD patients with hemodynamically severe AV valve lesions
(accessed in accordance with the 2021 ESC/EACTS Guidelines for the management of
valvular heart disease) who underwent a catheter-based intervention to address the AV
valve dysfunction between 2020 and 2022 were included in this cohort [8]. All patients
were discussed by the multidisciplinary heart team which included an ACHD specialist, an
interventional and an imaging cardiologist, a congenital cardiothoracic surgeon, a pediatric
cardiologist, and a specialized nurse. Demographic, clinical, procedural, and follow-up
data were collected from patient medical records.

Statistical Analysis

Descriptive statistics were utilized to summarize data. Normally distributed continu-
ous data are displayed as mean ± standard deviation (SD) and non-normally distributed
continuous data are displayed as median and 95% and the first and third interquartiles
[IQ1–IQ3]. Categorical data are presented as numbers. Statistical analyses were performed
with IBM SPSS Statistics for Windows, version 28 (IBM Corp., Armonk, NY, USA).

3. Results

Five complex ACHD patients (two women), median age 52 years (44–74), with severe
or torrential symptomatic AV regurgitation were included in this descriptive cohort; Table 1.
Three patients had a morphologically systemic left ventricle and two patients had a systemic
right ventricle supporting the systemic circulation. Furthermore, in three out of five patients,
the AV valve regurgitation was of the subpulmonary ventricle. All patients had a history
of previous cardiac operations with a median of two [1.5–2] operations. At baseline two
patients were in NYHA functional class IV, two patients were in NYHA functional class
III, and one patient was in NYHA functional class II [2.5–4.0]. Four patients underwent a
percutaneous intervention and one patient had a hybrid procedure. Two patients received
a transcatheter edge-to-edge repair (TEER), one patient underwent a transcatheter valve-
in-valve procedure, one patient received a Cardioband system, and one patient received a
Cardioband system as well as a TEER.
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Table 1. Demographic and clinical patient characteristics at baseline and latest follow-up.

Patient A Patient B Patient C Patient D Patient E

Age (years) 75 40 48 52 72

Sex male female male male female

CHD diagnosis and
surgical history

BAV with severe
aortic regurgitation,
Ross at the age of 25
and ascending aorta

replacement and AVR
bioprosthesis due to
autograft failure at

the age of 65

M. Ebstein with
severe tricuspid

regurgitation
right-left shunt over

an open PFO, TV
annuloplasty
followed by

replacement with a
bioprosthesis at the

age of 31

Left isomerism,
DORV-Fallot type,

hypoplastic left
ventricle, mitral valve
atresia, right modified
Blalock–Taussig shunt

at the age of 1, left
modified

Blalock–Tausig shunt
at the age of 13,

aorto-pulmonary
shunt to the right

pulmonary artery at
the age of 20 because
of occlusion of the left
Blalock–Taussig shunt

Left isomerism,
DORV-TGA, large

ASD, PS, right-sided
aortic arch, persistent

left SVC, bilateral
bi-directional Glenn
anastomosis at the

age of 31

Tetralogy of Fallot,
Blalock shunt at the
age of 4 and surgical
correction at the age

of 22, pulmonary
homograft

implantation at the
age of 58, numerous
ablation procedures
for atrial fibrillation
and flutters, chronic
RV pacing due to a

high degree AV-block

Concomitant cardiac
lesions and diagnoses

Paroxysmal atrial
fibrillation None

Multiple systemic to
pulmonary artery
shunts, abnormal

venous return with
hemiazygos

continuation of the
IVC and a persistent
left SVC, paroxysmal

atrial fibrillation

Persistence of left
SVC, abnormal

venous return with
azygos continuation

of the IVC, permanent
accepted atrial

fibrillation,
endocarditis

Permanent accepted
atrial fibrillation

Number of previous
cardiac surgeries 2 2 3 1 3

Non-cardiac
comorbidities

Bilateral pulmonary
embolism,

hypertenstion
- - Epilepsy Epilepsy

Morphology of the
systemic ventricle left left right right left

Pre-procedural
NYHA class III II IV III IV

Morphology of the
regurgitant AV valve

TV
(subpulmonary)

TV
(subpulmonary)

TV
(systemic)

common AV-valve
(systemic)

TV
(subpulmonary)

Severity of AV valve
regurgitation IV+/torrential IV/severe IV+/torrential IV/severe IV/severe

(Dominant)
mechanism of AV

valve regurgitation
Annulus dilatation Bioprosthesis

degeneration Annulus dilatation Annulus dilatation
Annulus dilatation,

impingement by
device lead

Main imaging
findings

Moderately reduced
left and right

ventricular function,
dilated RV,

severe/torrential TR
and right atrial

dilatation, estimated
filling pressures

20 mmHg

Moderately reduced
right ventricular

function

Dilated ventricle with
impaired systolic
function, severely
dilated functional

mono-atrium

Severely dilated
functional

mono-atrium,
extensive network of

coronary fistulae,
Moderalety reduced
systolic and diastolic
systemic ventricular

function

Preserved right
ventricular function

Renal function (eGFR) 63 mL/min/1.73 m2 85 mL/min/1.73 m2 38 mL/min/1.73 m2 >90 mL/min/1.73 m2 89 mL/min/1.73 m2

Cardiac
pharmacotherapy

Vitamin K antagonist,
sotalol, ACE-inhibitor,
aldosterone receptor

antagonist, loop
diuretic, calcium
antagonist, statin

None

Amiodarone, DOAC,
aldosterone receptor

antagonist, loop
diuretic

Aldosterone receptor
antagonist, DOAC,

loop diuretic

Vitamin K antagonist,
sotalol, aldosterone
receptor antagonist,

loop diuretic

Vascular access Right femoral venous
access

Right femoral venous
access

Right transjugular
venous access

Right lateral
thoracotomy through

the 5th intercostal
space

Right femoral venous
access

3
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Table 1. Cont.

Patient A Patient B Patient C Patient D Patient E

Intervention Annuloplasty
(Cardioband)

Valve-in-valve
implantation

(Sapien 3)

TEER (Triclip), two
XTW clips between

A-S leaflets

Hybrid TEER
(MitraClip), two XTW

clips between A-P
leaflets

Annuloplasty
(Cardioband)

TEER (Triclip), two
XTW clips

Procedural
complications None None None None None

Post-procedural
AVVR grade II <I II II I-II

Post-procedural
NYHA class I-II I III II II

NYHA class at latest
follow-up I-II I III IV II

ACE = angiotensin-converting enzyme; ASD = atrial septal defect; AVR = aortic valve replacement; AV = atrioven-
tricular; AVVR = atrioventricular valve regurgitation; BAV = bicuspid aortic valve; CHD = congenital heart disease;
DOAC = direct oral anticoagulants; DORV = double outlet right ventricle; eGFR = estimated glomerular filtration
rate; IVC = inferior caval vein; NYHA = New York Heart Association; PFO = patent foramen ovale; PS = pul-
monary stenosis; RV = SVC = superior caval vein; TEER = transcatheter edge-to-edge repair; TGA = transposition
of the great arteries; TV = tricuspid valve.

All procedures were performed under general anesthesia with transesophageal (TEE)
and/or fluoroscopic guidance, except for one case, which was performed under local
anesthesia. No periprocedural complications were reported. Post-procedural AV valve
regurgitation improved significantly in all patients (Figure 1). The median follow-up period
was 17 months [12.5–23.0]. The median of the post-procedural NYHA functional class
was II [1.5–2.5]. At latest follow-up, one patient was in NYHA functional class I, two
patients were in NYHA functional class II, and one patient was in NYHA functional class
III. One patient (patient D) was in NYHA functional class IV at latest follow-up and died
9 months after the procedure (Figure 2).

Figure 1. Atrioventricular (AV) valve regurgitation before and after transcatheter valve intervention.
Each line represents a single patient (A–E corresponding to patient A–E, respectively).
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Figure 2. NYHA functional class before and after the transcatheter valve intervention, as well as at latest
available follow-up. Each line represents a single patient (A–E corresponding to patient A–E, respectively).

3.1. Patient A

A 76-year-old male with a history of a Ross procedure due to severe regurgitation of a
bicuspid aortic valve at the age of 25 years, ascending aorta replacement and aortic biopros-
thesis implantation at the age of 65 and atrial fibrillation (AF), presented to the emergency
department with complaints of dyspnea and progressive weight gain. He was documented
to have persistent AF with inadequate rate-control and signs of moderate left- and right-
sided decompensation. He was treated with loop diuretics and underwent successful
cardioversion to sinus rhythm after recompensation. Transthoracic echocardiography (TTE)
revealed moderately reduced left and right ventricular function, normal function of the
aortic bioprosthesis (peak gradient < 30 mmHg, mean gradient < 20 mmHg, no regurgita-
tion and pulmonary homograft (peak gradient 25 mmHg, mean gradient 14 mmHg, trivial
regurgitation), trivial mitral regurgitation, and torrential tricuspid regurgitation (TR) with
elevated filling pressures (peak TR gradient 50 mmHg, estimated right atrial pressures
10–15 mmHg) (Figure 3A–D). Laboratory analysis showed preserved renal function (eGFR
63 mL/min/1.73 m2) and elevated levels of NT-proBNP (9652 ng/L, upper reference limit
520 ng/L). Despite pharmacological escalation, the patient remained in NYHA functional
class III and experienced frequent recurrences of symptomatic AF. The severe functional
TR due to annulus dilatation and progressive decline in systolic function of the overloaded
right ventricle was deemed to be the cause. The perioperative risk of surgery involving
a third thoracotomy in a septuagenarian was high, and therefore percutaneous options
were evaluated. Given the malcoaptation and the dilated tricuspid valve (TV) annulus of
62 × 54 mm (Figure 3C), the heart team deemed transcatheter annular reduction with the
Cardioband system (Edwards Lifesciences, Santa Ana, CA, USA) to be the best approach.

The patient underwent a successful Cardioband annular reduction using right venous
femoral access under general anesthesia with fluoroscopic (selective cannulation of the
right coronary artery) and TEE guidance (Figure 3E–H). A total of 18 anchors were placed
between the anteroseptal and posteroseptal commissure reducing the annulus dimensions
to 45 × 36 mm. The torrential TR (two jets) was reduced to moderate TR (Figure 3E,H). At
two years follow-up, the patient was in NYHA functional class I-II and no heart-failure-
related admissions occurred. His NT-proBNP serum levels decreased to 2762 ng/L and at
echocardiography he had a stable moderately reduced RV function and moderate TR.

5
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Figure 3. (A) Color Doppler apical four-chamber view shows torrential tricuspid regurgitation
(TR) with a wide vena contracta (arrow) and flow disturbance filling the enlarged right atrium.
(B) Continuous wave doppler showing a dense TR signal with elevated right ventricular pressures.
(C) Noncoaptation of the tricuspid valve (TV) leaflets (arrow) and annulus dilatation (dash line,
53 mm) is seen. (D) The hepatic vein Doppler demonstrates a pattern in atrial fibrillation with a
prominent and late peaking systolic reversal (SR) wave. The only forward flow is evident in diastole
(D-wave). (E) Two TR jets (a vena contracta of 4 and 7 mm, respectively, ERO of 90 mm2, regurgitant
volume of 98 mL) are evident during transesophageal imaging. (F) Left anterior oblique and (G) right
superior oblique fluoroscopic views showing patent right coronary artery (asterisk) and 18 anchors
(arrows) between the two TV commissures allowing the Cardioband to significantly reduce the
annulus dimensions. (H) Transesophageal echocardiography showing significant reduction in TR
after the Cardioband annulus reduction procedure (appreciate the difference with panel (E), vena
contracta of 3 and 5 mm, respectively, ERO 35 mm2, regurgitant volume of 41 mL).

3.2. Patient B

A 40-year-old female born with Ebstein’s anomaly of the TV who had previously
undergone a surgical annuloplasty and a TV replacement with a bioprosthesis (TVR, 33 mm
Sorin-Pericarbon MoreTM, Sorin Biomedica, Italy) and had two uncomplicated pregnancies
afterwards was seen at the outpatient clinic with progressive complaints of reduced exercise
tolerance, currently in NYHA functional class II. TTE revealed severe regurgitation and
significant stenosis of the TVR bioprosthesis with progressively worsening right ventricular
(RV) function and a giant right atrium (RA) partially compressing the left atrial compart-
ment (Figure 4A–E). She was not using any pharmacotherapy, and had preserved renal
function and elevated levels of NT-proBNP (670 ng/L, upper reference limit 247 ng/L).
Magnetic resonance imaging confirmed preserved left ventricular function (EF 52%) and
at least a moderately reduced RV function (EF 40%), likely overestimated in the setting
of severe TR (44% regurgitant fraction). Given the significantly reduced RV function and
the risks of a third thoracotomy, the heart team deemed a valve-in-valve transcatheter
TV implantation to be feasible and lower risk (short-term), allowing the RV function to
recover whilst the patient would still be eligible for a surgical re-TVR after the failure of
this valve-in-valve prothesis in the future. As a mother of two young children, the patient
opted to defer surgery and pursue a transcatheter valve procedure.

This was successfully performed under local anesthesia, by means of right femoral
access and fluoroscopy and TTE guidance. A temporary pacemaker wire was placed in the
left ventricle and the AgilisTM steerable introducer (Abbott, IL, USA) was used to safely
access the RA, given the relatively sharp angle between the vena cava-RA and the RA-RV
axis (Figure 4F). The Edwards eSheath TM (Edwards Lifesciences, USA) was then used to
implant a 29 mm Edwards SAPIEN 3 valve (Edwards Lifesciences) in the TVR bioprosthesis
under rapid pacing (Figure 4G,H). Normal function of the new valve-in-valve bioprosthesis

6
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was confirmed by transthoracic echocardiography (Figure 4I–L). The periprocedural course
was uneventful. At 22 months follow-up, the patient is in NYHA functional class I with
moderately reduced (yet significantly improved) RV function and normal function of
the bioprosthesis.

Figure 4. (A) Color Doppler apical four-chamber view shows severe tricuspid regurgitation (TR)
with a wide vena contracta (arrow) and a systolic jet reaching the roof of the enlarged right atrium
(RA). (B) Color Doppler showing turbulent inflow through the tricuspid valve (TV) bioprosthesis
and aliasing, mean gradient was elevated at 4–5 mmHg. (C) Continuous wave Doppler showing a
dense TR signal with low velocity. (D) Calcified and degenerated tricuspid bioprosthesis (arrow).
(E) Axial slice through a computed tomography (CT) scan at the level of the right ventricle shows a
giant RA and an intra-atrial septum deviation towards the left atrium (arrow), partially suppressing
it. (F) Sagittal CT slice shows the inflow angle of the inferior vena cava-right RA and the RA-TV.
Note the distended hepatic vein (HV). (G,H) Right anterior oblique fluoroscopy projections show
the expansion of the Sapien 3 valve (asterisk) using the ring of the degenerated bioprosthesis as the
reference and the final result, respectively. (I,J) Apical four-chamber color Doppler views showing
normal function of the valve-in-valve bioprosthesis (appreciate the difference with (A,B), respectively).
(K,L) View of the valve-in-valve bioprosthesis in systole (closed) and diastole (open), respectively.

3.3. Patient C

A 48-year-old male born with complex cyanotic congenital heart disease (left iso-
merism, Fallot type double outlet right ventricle (DORV), mitral valve atresia, large ventric-
ular septal defect (VSD), functionally univentricular heart with a hypoplastic left ventricle)
was palliated using multiple Blalock–Taussig (BT) shunts. He had an abnormal systemic
venous return with a hemiazygos continuation of the inferior caval vein (IVC) and a persis-
tent left superior caval vein (SVC) (Figure 5A). The patient had multiple hospitalizations
for heart failure with functional TR due to severely dilated functional mono-atrium and
annulus (Figure 5B) and systemic right ventricular dilation with (moderately) impaired sys-
tolic function and a restrictive filling pattern. Laboratory analysis showed preserved renal
function (eGFR 71 mL/min/1.73 m2) and elevated levels of NT-proBNP (5592 ng/L, upper
reference limit 121 ng/L). TTE and TEE (Figure 5D) showed a severely dilated functional
mono-atrium and RV with torrential TR. Computed tomography (CT) was performed for
pre-procedural assessment of the approach (i.e., the trajectory and the distance from the
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right internal jugular vein to the TV was accessed as a potential venous access route given
the anatomy). Furthermore, the CT showed a dilated ventricle of 12 × 11cm in the axial
view and multiple large venous collaterals. Surgery was deemed high risk due to three
previous thoracotomies, pronounced collaterals, and the severely dilated ventricle with
reduced systolic function. Because of the hemiazygos continuation of the IVC, transcatheter
access via the femoral vein was not feasible. Therefore, a transjugular TriClip (Abbott, IL,
USA) transcatheter valve repair of the TV was performed under TEE guidance. Two XTW
clips were implanted capturing the anterior and septal leaflets.

Figure 5. (A) Distance between the right internal jugular vein and tricuspid valve (TV) measured
on a computed tomography (CT) scan in a coronal plane (arrow). (B) Severely dilated mono-atrium
(asterisk) on CT scan in a sagittal plane. (C) Implantation of the second XTW clip (note the first XTW
clip already released) under transesophageal echocardiography (TEE) guidance. (D) Preprocedural
TEE imaging of the torrential (IV+) TR. (E) Periprocedural TEE showing TR after placing the first
XTW clip. (F) TEE showing the significant reduction in TR after placing the second XTW clip to
grade I–II.

As a result of the severely dilated annulus and tethering, the coaptation gap was large,
and simultaneous grasping of both leaflets was challenging. The TriClip system has the
advanced option of independent leaflet grasping. First, the anterior leaflet (technically
more challenging) was grasped and, subsequently, after minor device repositioning under
TEE guidance, the septal leaflet was captured and the clip was released. The first clip
was implanted near the commissure to narrow the coaptation gap so that the second clip
could be implanted to treat the regurgitation (Figure 5C), which decreased to moderate
(Figure 5E,F). Three weeks after the percutaneous procedure, at the outpatient clinic, the
patient reported a decrease in orthopnea and exercise-induced dyspnea as the NYHA
functional class was reduced from IV to III. At 17 months follow-up, the patient remained
in NYHA functional class III. However, multiple heart-failure-related admissions occurred
during follow-up (latest level of NT-proBNP was 8092 ng/L) and the patient developed
atrial fibrillation (AF) which was treated with amiodarone.

3.4. Patient D

A 52-year-old man was born with left isomerism and a functionally univentricular
heart. There was a large ASD, common AV valve, DORV with transposition position of
the great arteries (TGAs), pulmonary stenosis, hypoplastic left ventricle, a right-sided
aortic arch, a persistent left SVC, and an interrupted IVC (azygos continuation). At the
age of 30, he received a bilateral bidirectional Glenn shunt. The patient was now admitted
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with peripheral edema and permanent AF with adequate rate control and had preserved
renal function (eGFR 83 mL/min/1.73 m2). Moderately reduced systolic and diastolic
systemic ventricular function, severe atrial dilatation, and AV valve regurgitation were
documented on TTE and TEE. Additional CT imaging showed a severely dilated functional
mono-atrium in close proximity to the thoracic wall (Figure 6A), a patent bilateral SVC to
pulmonary (Glenn) connection (Figure 6B), and an extensive network of coronary fistulae
was noted. Subsequent catheterization confirmed connection of the azygos continuation of
the IVC with the functional mono-atrium without a gradient, low pressures in the Glenn
conduits, and moderate pulmonary stenosis. Cardiac decompensation with elevated levels
of NT-proBNP (1314 ng/L, upper reference limit 121 ng/L) was adjudicated to the severe
AV valve regurgitation and reduced systolic ventricular function (Figure 6C), and, despite
escalating in diuretic treatment, the patient remained symptomatic (NYHA functional
class III).

Figure 6. (A,B) Computed tomography (CT) scan of the thoracic cavity with the anatomical posi-
tion of the dilated functional mono-atrium (asterisk) against the right thoracic wall (panel A) and
bidirectional bilateral Glenn shunt (panel B) (LPA = left pulmonary artery, RPA = right pulmonary
artery, LSVC = left superior vena cava, RSVC = right superior vena cava). (C) Pre-procedural trans-
esophageal echocardiography (TEE) which visualized severe common atrioventricular (AV) valve
regurgitation. (D) Anteroposterior fluoroscopic view of the two XTW MitraClips positioned in the
AV valve. At the same time, it is appreciated that the delivery system is positioned through the
fifth intercostal space after a right mini-lateral thoracotomy. (E) Moderate AV regurgitation after the
hybrid procedure visualized with TEE.

Conventional surgical AV valve replacement or repair was considered extremely high
risk due to the anatomical relation between the atrium and the thoracic wall, the extensive
coronary fistulae, and the reduced ventricular function. Percutaneous AV valve replace-
ment or repair was deemed non-feasible by the transvenous route due to interruption
of the IVC with azygos continuation and sharp angulation into the mono-atrium (for a
transfemoral approach). Furthermore, a transjugular approach was not feasible because of
the bilateral Glenn connection. Therefore, it was decided that a hybrid procedure under
general anesthesia with direct atrial access using a MitraClip delivery system (Abbott, IL,
USA) was the best strategy.

The congenital cardiothoracic surgeon performed a right (mini) lateral thoracotomy
in the fifth intercostal space to expose the giant mono-atrium. A double-purse string
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suture was placed and an incision was made to create an opening using a Safari wire for
guidance and stability. The interventional cardiologist then placed two XTW clips under
TEE guidance (Figure 6D), resulting in reduction in AV valve regurgitation to grade II
(Figure 6E). Post-procedural TEE showed grade II regurgitation with stable position of
the clips. No peri-procedural complications occurred. The patient could be discharged
with adequate heart failure medication with an improvement in NYHA functional class (II).
Unfortunately, the patient died after 9 months due to progressive ventricular dysfunction,
worsening of the AV valve regurgitation, and heart-failure-related multi-organ dysfunction
(NYHA functional class IV at the latest admission).

3.5. Patient E

A 72-year-old female born with Tetralogy of Fallot (TOF) and having undergone three
previous thoracotomies (Blalock–Thomas–Tausig shunt at the age of 4, correction of TOF at
the age of 22, and a pulmonary homograft implantation at the age of 58 years), numerous
ablation procedures for atrial arrhythmias after which permanent AF was accepted, and a
pacemaker implantation due to a high-degree AV block was evaluated at the outpatient
clinic due to progressive complaints of dyspnea on exertion and a recent admission with
right-sided decompensation. She was in NYHA functional class IV despite escalation in
diuretic treatment.

Echocardiography showed severe TR with a regurgitant jet directed towards the
inflow of the inferior vena cava and a progressive dilation of the RV with preserved
systolic function (Figure 7A,B). The pulmonary homograft function was preserved. The
mechanism of TR was considered to be multifactorial i.a. annulus dilatation in combination
with impingement by the previous implanted RV pacing lead, leading to malcoaptation.
The heart team deferred from surgical intervention on the TV due to high estimated
peri-procedural risk in a septuagenarian with three previous thoracotomies. A two-step
catheter-based approach was pursued: (1) Cardioband annulus reduction and (2) TriClip
implantation to treat any hemodynamically significant residual TR.

Figure 7. (A) Color Doppler modified parasternal right ventricular (RV) inflow view shows severe
tricuspid regurgitation (TR) with a wide vena contracta (arrow) and leakage jet reaching the inferior vena
cave (IVC). (B) Apical four-chamber view shows tricuspid valve (TV) annulus dilatation (dash line, 46 mm)
and impingement by the RV pacemaker lead (arrow). (C) Left inferior oblique fluoroscopic view of the
Cardioband (arrow) annulus reduction procedure (asterisk). (D) Anteroposterior fluoroscopic view shows
the two XTW clips (arrows) implanted. (E,F) Modified apical four chamber color Doppler views showing
mild (-moderate) residual TR and inflow through the TV (mean gradient of 3 mmHg).
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Both procedures were performed in sequential order under general anesthesia, by
means of right femoral access and fluoroscopy and transesophageal echocardiographic
guidance (Figure 7C,D). A total of 15 anchors were used for the Cardioband annular
reduction (Edwards Lifesciences, USA) reducing the annulus dimensions to 28 × 27 mm.
Yet, moderate-severe TR persisted and the second procedure was planned for the patient.
She underwent the placement of two TriClips (Abbott, IL, USA), resulting in reduction
of TR to mild-moderate and a slightly elevated inflow gradient of 3 mmHg over de TV
(Figure 7E,F). No periprocedural complications were documented. At 16 months follow-up,
the patient remains in NYHA functional class II and is euvolemic. No heart-failure-related
admissions occurred since the TV interventions.

4. Discussion

In this descriptive cohort, we report on the indication, methodology, and outcomes of
transcatheter treatment of five consecutive ACHD patients with severe AV valve regurgita-
tion in the setting of complex anatomical malformations: two patients underwent a TEER,
one patient underwent a valve-in-valve procedure, one patient underwent a Cardioband
system implantation, and one patient underwent a consecutive Cardioband implantation
followed by TEER. In two out of five patients, the regurgitant AV valve was of the systemic
ventricle (as opposed to three patients with AV valve regurgitation of the subpulmonary
ventricle). Post-procedural AV valve regurgitation as well as NYHA functional class im-
proved in all patients. This cohort is illustrative of the feasibility and the wide range of
applications of transcatheter techniques in addressing AV valve lesions in ACHD patients
and highlights the necessity of an individualized and anatomy-tailored approach.

4.1. Feasible and Patient Tailored Alternative to Surgery

All patients were discussed by a dedicated ACHD team and surgery was deemed
to be too high risk for all patients reported. Lifetime rate of re-thoracotomies, extensive
adhesions, unique anatomical challenges, hemorrhage prone collaterals, and multi-organ
dysfunction are all recognized factors in this decision making favoring a transcatheter
approach [9]. Many of these factors are not accurately accounted for by the EuroScore
risk stratification and the validated ACHD specific cardiac surgery risk score is currently
lacking. Shorter duration of hospitalization, avoidance of inflammatory response as a result
of a cardiopulmonary bypass, and an overall shorter rehabilitation time are factors in favor
of a transcatheter-based treatment.

However, despite the temptation of a less-invasive approach, it is important to rec-
ognize that data on procedural outcomes and long-term clinical results are scarce [5–7].
This calls for an international prospective registry addressing this gap in evidence in the
heterogenous group of ACHD patients and a broad spectrum of valvular dysfunction. It is
also important to be aware of the challenging vascular access sites and routes as well as spe-
cific intracardiac angulations (for which the standard delivery catheters are not optimized).
The hemodynamic results of a (transcatheter) valve repair might not aways be as ideal
as those of a replacement, and the tolerability and consequences of any residual lesions
should always be considered in advance during heart team discussions. The increased risk
of endocarditis after a majority of (right-sided) percutaneous interventions should also we
weighed on a case-by-case basis.

The Cardioband system addresses the annular dilatation pathophysiology in a mini-
mally invasive catheter delivered approach. Nickenig et al. conducted the TRI-REPAIR
study in thirty patients with moderate or greater functional TR who received a Cardioband
system. The implantation of a Cardioband resulted in sustained and significant TR reduc-
tion at two years follow-up with substantial improvement in NYHA functional class [10].
Gray et al. demonstrated similar results after one year follow-up [11]. To the best of our
knowledge, the current manuscript describes for the first time the successful use of the
Cardioband system to reduce TR in ACHD patients—one after numerous operations due
to dysfunction of a bicuspid aortic valve and ascending aorta dilatation (patient A) and
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one late after TOF correction (patient E). The patients remain in NYHA functional class II
16 months and 2 years follow-up, respectively.

Valve-in-valve transcatheter TV replacement has previously been reported to be a
good alternative to surgery in patients with severe TV regurgitation and high operative
risk [12,13]. In line with this, we report a case of successful Edwards SAPIEN 3 valve
implantation into a degenerated Sorin-Pericarbon MoreTM bioprosthesis in a patient with
M. Ebstein, resulting in reduction of grade IV TR to trivial regurgitation and associated
improvement in the NYHA class and RV function.

Furthermore, three patients underwent a successful TEER, where one patient had
a systemic left ventricle whilst the two other patients had a systemic right ventricle. In
particular, one of those patients had a functional mono-ventricle with reduced systolic
function in the setting of a very complex anatomy, in which the implantation of the clips
was feasible and safe (patient D). Despite best efforts, the patient died 9 months after
the procedure due to progressive heart failure and concomitant multi-organ dysfunction.
Ott et al. previously reported that TEER in congenitally corrected TGA was feasible and
safe [14] and Schamroth Pravda et al. demonstrated successful TEER in ACHD patients
with a range of primary defects [6].

Of particular interest for further studies remain the patients with a failing systemic
right ventricle and TR (such as those late after Mustard/Senning repair or patients with
congenitally corrected transposition of the great arteries), as well as the growing group
of Fontan circulation patients with functional AV-valve regurgitation (REF + REF). These
groups are at specifically high surgical risk and the potential of percutaneous AV valve
therapies would be a welcome development to mitigate the risk of re-operations [15,16].

4.2. Dedicated ACHD Heart Team

The current series of patients illustrates the importance of a dedicated and experienced
ACHD heart team in addressing AV valve dysfunction in this heterogenous patient group.
Only after a thorough understanding of the mechanisms contributing to the valvular dys-
function, and careful consideration of the individual perioperative risks and the capability
of a transcatheter technique in adequately addressing these mechanisms, can an individ-
ualized and weighted decision be made. Multidisciplinary expertise is essential and we
advocate for all ACHD patients undergoing transcatheter AV valve repair or replacement
to be discussed and treated in specialized centers by dedicated teams. As the vast majority
of ACHD patients require a lifelong follow-up, the heart team can also be used as a forum
to discuss treatment and follow-up strategies to ensure timely intervention (early enough
to prevent irreversible remodeling and hemodynamic deterioration, yet late enough for
the benefits of intervention to outweigh the lifetime risks of endocarditis and inevitable
re-interventions).

4.3. Peri-Procedural Imaging and Potential for Virtual Reality

A comprehensive, multi-parametric, and multimodality approach is necessary to
understand the underlying mechanism of AV valve regurgitation. This is essential to deter-
mine the optimal management strategy and timing of intervention. Given the current lack
of robust data defining the optimal timing window for intervention for the vast majority
of ACHD valvular lesions, and the often misleading seemingly “asymptomatic” status of
the patients during long-term follow-up, serial imaging plays an essential role in timely
detection of hemodynamic deterioration. Thorough review of patient records and focused
imaging of the venous and arterial access and intracardiac connections is important, as
many ACHD patients have concomitant vascular anatomy variants and venous return
abnormalities and have undergone numerous vascular interventions, potentially com-
promising conventional vascular access routes. Patient C is illustrative of a transjugular
venous access utilization and patient D required a hybrid procedure with surgical expo-
sure of the functional mono-atrium and the common AV valve. Of note, several studies
showed that pre-procedural planning using 3D modeling/virtual reality (VR) in pediatric
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cardiothoracic patients is feasible as there are some reports of the experience in ACHD
patients [17–19]. VR utilization is increasing, with VR becoming more robust and accessible
for daily practice [20]. VR is expected to play an important role in preprocedural planning
and intraprocedural guidance, specifically for the ACHD cases with complex anatomy and
challenging vascular access.

4.4. Study Limitations

This descriptive cohort is inherently limited by the small numbers of a heterogenous
population and should therefore be interpreted in this context. It describes a two-center
experience of an experienced ACHD interventional team and the techniques utilized might
not be widely implemented in various settings. The follow-up period is limited and no
data are available regarding the long-term (clinical) outcomes.

5. Conclusions and Clinical Implication

In conclusion, novel (hybrid) transcatheter valve therapies, including transcatheter
edge-to-edge repair using a TriClip or MitraClip, transcatheter annulus reduction using
a Cardioband, and valve-in-valve replacement techniques are feasible and can address
AV valve regurgitation in highly selected complex ACHD patients. Comprehensive mul-
timodality imaging and a dedicated ACHD heart team are essential in successfully im-
plementing patient-tailored transcatheter techniques and deferring high risk surgery in
selected patients. Long term data on hemodynamic and clinical outcomes are essential in
evaluating the efficacy and durability of transcatheter AV valve interventions in ACHD.
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Abstract: The aim of the present review is to highlight the strengths and limitations of echocar-
diographic parameters and scores employed to predict favorable outcome in complex congenital
heart diseases (CHDs) with borderline right ventricle (RV), with a focus on pulmonary atresia with
intact ventricular septum and critical pulmonary stenosis (PAIVS/CPS). A systematic search in
the National Library of Medicine using Medical Subject Headings and free-text terms including
echocardiography, CHD, and scores, was performed. The search was refined by adding keywords
“PAIVS/CPS”, Ebstein’s anomaly, and unbalanced atrioventricular septal defect with left dominance.
A total of 22 studies were selected for final analysis; 12 of them were focused on parameters to predict
biventricular repair (BVR)/pulmonary blood flow augmentation in PAIVS/CPS. All of these studies
presented numerical (the limited sample size) and methodological limitations (retrospective design,
poor definition of inclusion/exclusion criteria, variability in the definition of outcomes, differences in
adopted surgical and interventional strategies). There was heterogeneity in the echocardiographic
parameters employed and cut-off values proposed, with difficultly in establishing which one should
be recommended. Easy scores such as TV/MV (tricuspid/mitral valve) and RV/LV (right/left ven-
tricle) ratios were proven to have a good prognostic accuracy; however, the data were very limited
(only two studies with <40 subjects). In larger studies, RV end-diastolic area and a higher degree of
tricuspid regurgitation were also proven as accurate predictors of successful BVR. These measures,
however, may be either operator and/or load/pressure dependent. TV Z-scores have been proposed
by several authors, but old and heterogenous nomograms sources have been employed, thus produc-
ing discordant results. In summary, we provide a review of the currently available echocardiographic
parameters for risk prediction in CHDs with a diminutive RV that may serve as a guide for use in
clinical practice.
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1. Background

Borderline right ventricle (RV) encompasses a wide spectrum of complex congenital
heart diseases (CHDs) with neonatal presentation including pulmonary atresia with in-
tact ventricular septum (IVS), critical pulmonary stenosis (CPS), [1–13] severe Ebstein’s
anomaly [14–22], and unbalanced atrioventricular septal defect (uAVSD) with left dom-
inance [23–26]. Echocardiography is the foremost and often only imaging modality
employed in the diagnosis and estimation of disease severity, which influences surgi-
cal/interventional planning in these complex defects. Despite this, echocardiographic
parameters and scores for disease severity and risk prediction in complex CHDs with
borderline RV are lacking and heterogeneous in nature. Several studies have tried to
evaluate which echocardiographic measures were able to predict favorable outcomes,
including successful biventricular repair (BVR) and the need for pulmonary blood flow
stabilization/re-intervention, in neonatal CHDs with borderline RV [1–26]. Most of the
literature is focused on pulmonary atresia IVS and CPS [1–13], whereas very few studies
are available for Ebstein’s anomaly [18,21] and uAVSD with left dominance [25,26]. Con-
sequently, our aim was to review echocardiographic parameters predictive of a favorable
outcome in borderline RV, with special attention on those parameters most predictive
for successful BVR. We also investigated which variables predicted the need for duct
stenting/shunt palliation after percutaneous balloon pulmonary valvuloplasty in PAIVS
and CPS.

2. Methods

In June 2022, we performed a systematic search in the National Library of Medicine for
Medical Subject Headings and free-text terms including “echocardiography,” “congenital
heart disease”, and “scores”. The search was refined by adding keywords for “pulmonary
atresia intact ventricular septum” and “critical pulmonary stenosis,” “Ebtsein’s anomaly”,
and “uAVSD with left dominance”. The titles and abstracts of articles identified were
evaluated and excluded if: [1] the reports were written in languages other than English
(1 study) and [2] studies did not report echocardiographic scores (25 studies).

3. Results

From 48 studies initially selected, 22 original studies [1–13,16–21,23,25,26] met the
criteria established and were selected for analysis (Figure 1).

Figure 1. Study selection.
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3.1. Pulmonary Atresia with Intact Ventricular Septum and Critical Pulmonary Stenosis
3.1.1. General Methodological Limitations

Echocardiographic parameters able to determine favorable immediate [2–4,6,10] and
long-term outcome in neonates with PAIVS and CPS were analyzed [1,5,11]. All studies
were retrospective in nature, and most comprised of single-center designs with limited
exceptions [1,2,12]. Sample size was limited (varying from 22 to 36 subjects) [4,5,7,9,10] or
relatively limited (varying from 53 to 99 subjects) [2,6,8,11].

Inclusion criteria were different in most studies, including only those children under-
going percutaneous balloon pulmonary valvuloplasty as an initial procedure [3–6,8–10].
Most of the studies were focused only on PA IVS undergoing percutaneous balloon pul-
monary valvuloplasty (PBPV) [1,3,5,8,9,16], whereas some had more exhaustive inclusion
criteria such as children treated with both PBPV and surgically with a Blalock–Thomas–
Taussig shunt (BTT) [11] or those only [13] treated surgically, either with BTT or closed
trans-ventricular valvulotomy [13]. Few studies also included CPS [3,4], whereas one was
limited to children with CPS [6].

Endpoints were also different between studies, comprising of the need for PDA
stenting or BTT [3,4,6,8] reintervention [2,6,10] and good biventricular outcome [1,5,11,13].
Whereas most of the authors evaluated only neonates [1,2,4,6,8–11], others additionally
included older children [5,8,13] up to 8 years of age.

Exclusion criteria were often poorly defined, and when they were specified [2,8,11–14],
they also varied between different authors. They consisted of decompression after the neonatal
period [1,2], previous BTT [5], RV-dependent coronary circulation [3,5], unipartite RV [5] or
diminutive RV [3,10], and muscular infundibular atresia [3,9]. Neonates with Ebstein’s anomaly
were excluded from four cohorts [1,2,5,10], whereas this was not specifically described in other
studies [6,8,13]. The echocardiographic parameters evaluated also varied among different
authors, as detailed in Table 1 and Supplementary Table S1.

Table 1. Major studies evaluating echocardiographic parameters for risk prediction in PA IVS/CPS.

Population End Point Echo Predictors

Cho MJ 2013
South Corea
[4]

9 PA IVS, 13 CPS
Undergoing PBPV

−10 need aPBF
Age 4.89 ± 2.47 days
Weight 2.98 ± 0.6 kg

−10 do not need aPBF
Age 10.10 ± 10.63 days
Weight 3.3 ± 0.3 kg

Need of
PDA
stenting or
shunt

TV z-score ≤ −0.74
(AUC 0.8; specificity 90%, sensitivity 77.8%, p = 0.0189)
TV/MV ≤ 0.9,
(AUC 0.939; specificity 90%, sensitivity 88.89%; p < 0.0001)
z-score IVSD ≥ 2.37
(AUC 0.804; specificity 75%, sensitivity 85.71%; p = 0.0222)

Chen RHS 2018
Hong Kong
[5]

36 PA IVS
Undergoing PBPV

−26 BVR
Age 5 (1–83) days
Weight 3.21 ± 0.55 kg
−5 no BVR
Age 4 (2–51) days
Weight 2.8 ± 0.31

Good BVR
outcome

TV/MV > 0.79
AUC 0.858 specificity 100%, sensitivity 70%, PPV 100%, NPV 50%)

Yucel IK, 2016
Turkey
[6]

56 CPS
Undergoing PBPV
Age 7 (2–28) days. Weight 3.1 (1.6–4.5) kg

NR 34 do not need aPBF
Weight 3.07 ± 0.4 kg
NR 21 need aPBF
Weight 3.17 ± 0.4 kg

Need of
PDA
stenting or
shunt

Need of re-
intervention

TV Z score < −1.93
(AUC = 0.696, specificity 84.4%, sensitivity 63.2%, p = 0.022)
PV Z score < −1.69
(AUC = 0.72, specificity 64.7%, sensitivity 74%, p = 0.008)

Bipartite RV (odds ratio 9.6).
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Table 1. Cont.

Population End Point Echo Predictors

Alwi M 2005
Malaysia
[8]

53 PA IVS
Undergoing PBPV

−10 need aPBF
Age 8 days (3 days–7 months)
Weight 3.1 (2.4–6.8) kg

−37 do not need aPBF
Age 7 days (1 day–8 years) Weight 3.3
(2–18) kg

Need of
PDA
stenting or
shunt

Lower TV z score
TV Z-score −1.1 ± 1.47
Need of aPBF
TV Z-score −0.58 ± 1.18
No need of aPBF

Drighil A,
2009, USA
[9]

26 PA IVS
Undergoing PBPV
Age 6 (1–49) days

−13 successful BVR
Age 14.5 ± 9.0 days
Weight 3.3 ± 0.6 kg

−13 unsuccessful BVR
Age 17.6 ± 15.3 days
Weight 3.1 ± 0.6 kg

PBPV
success

(1) RV/LV diameter > 0.76 predicts a 92.3% success rate.
(2) RV/LV diameter ≤ 0.70 + RV/LV length ≤ 0.76 predicts 100% failure
(3) RV/LV diameter ≤ 0.76 and RV/LV length > 0.70, 75% success rate

Schwartz MC,
2006, USA
[10]

23 PA IVS
undergoing RFV
Age 2 (−16) days
Weight 3.1 (2.1–4.1) kg

Need of re-
intervention

Lower post-procedural PV PG (p = 0.05)
TV z-score < −0.7 (p = 0.08)

Cleuziou J, 2010,
Germany
[11]

86 PA IVS
55 underwent PVVP (16 plus shunt)
26 underwent shunt.

BVR in 56
Age 2.2 ± 4.8 years
Shunt palliation in 13
UV in 17

Predictors of
BVR

Predictors of
mortality

RV decompression ± shunt (p < 0.001), Tripartite RV (p < 0.001)
No coronary fistulae (p < 0.001).

At univariate analysis
TV z score < 5, unipartite RV, coronary fistula, Ebstein’s, RV dependent coronary
circulation, connection of the fistula with LCA and RCA

Maskatia SA,
2018, USA
[1]

81 PA IVS
Undergoing PBPV
Age 3 (2–4) days

BVR,

RV growth

Baseline RV area ≥ 0.6 cm2/m2

(Sensitivity 93%, specificity 80%, AUC 0.88, odds ratio 50.4)

Follow-up RV area ≥ 0.8 cm2/m2

sensitivity 100% specificity 100%, AUC 0.96, odds ratio 67)

More than moderate TR

Minich LL,2000,
USA
[13]

23 successful surgical BVR ◦

Age 11–20 days
Weight 3.5 ± 0.6 kg
13 unsuccessful BVR
Weight 2.9 ± 0.5 kg

BVR
Greater pre-op weight
TV z score > −3,
TV/MV > 0.5

Petit CJ, 2017,
USA
[2]

99 PA IVS undergoing PBPV
Age 3 (2–5) days
Weight
3.3 (2.7–3.7) kg

Primary:
Reinterven-
tion post-RV
decompres-
sion.

Secondary:
BVR

Virtual atresia
(HR, 0.51; 95% CI, 0.28–091; p = 0.027),
Smaller RV length (HR, 0.94; 95% CI, 0.89–0.99; p = 0.027), ≤Mild TR
(HR, 3.58; 95% CI, 2.04–6.30; p < 0.001).

≤Mild TR
(OR, 18.6; 95% CI, 5.3–5.2; p < 0.001)
Lower RV area
(OR, 0.81; 95% CI, 0.72–0.91; p < 0.001).

Giordano M,
2022, Italy
[3]

55 PA IVS or CPS
Age NR
Weight 2.9 ± 5 kg
27 need aPBF
Weight 3.0 ± 0.4 kg
28 do not need aPBF
Weight 2.9 ± 0.6 KG

Need of
PDA
stenting or
shunt

Composite score including
TV < 8.8 mm, TV z-score ← 2.12, TV/MV
<0.78, PV < 6.7 mm, PV z-score
←1.17, RVED area < 1.35 cm2, RA area > 2.45 cm2, % of PFO right-to-left shunt >
69.5%, moderate/severe TR, RV systolic pressure > 42.5 mmHg, tricuspid E/E′
ratio > 6.6
A score ≥ 4 sensitivity 100% and specificity 86%

Legend to Table: aPBF = adjunctive pulmonary blood flow, AUC = area under the ROC curve, BVR = biventricular
repair; CI = confidence interval, CPS = critical pulmonary stenosis, HR = hazard ratio, IVSD = end-diastolic
interventricular septal thickness; LCA = left coronary artery; LV = left ventricle; MV = mitral valve; NR = number;
OR = odds ratio; PDA = patent arterial duct, PFO = patent foramen ovale: PV = pulmonary valve, PG = pressure
gradient, PBPV = percutaneous balloon pulmonary valvuloplasty, RCA = right coronary artery; RV = right
ventricle; RVED = right ventricle end-diastolic; TR = tricuspid regurgitation; TV = tricuspid valve; ◦ closed
trans-ventricular valvulotomy with and central shunt.
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3.1.2. Echocardiographic Parameters Evaluated
The Tricuspid Valve

• Tricuspid valve Z-score

Many authors used TV Z-scores as an indicator for the need of PDA stenting or
BTT [3,4,6], re-intervention [11], or BVR success [13]. The specific Z-scores employed,
however, differed among various studies. Often the source of Z-score [27–32] was not
provided [3,6,8,10], whereas a few authors used very old (e.g., Rowllat) [13,17] or old for-
mulas (e.g., Daubeney) [4,5,28]. Only a few authors [1,2,4] used recently provided Z-scores
(e.g., Pettersen) [31]. The use of different nomograms (especially older ones) may generate
discordant ranges of normality, thus generating confusion in disease severity estimation. It
is well known that nomograms employed for years have important limitations, providing
a range of normality widely different from those obtained with the more recently proposed
Z-scores [27,31,32]. To provide a practical example: in a baby of 3 kg and 50 cm with a given
TV annulus of 10 mm, the Z-score varied from −3.8 using older Z-scores (Daubeney) [15],
to −1.59 (Cantinotti) [27], to −1.24 (Pettersen) [31], and up to −0.55 (Lopez) [32] using
more recent nomograms. Thus, it is not surprising that the range/cut-off values for the
TV Z-score that indicated a higher risk for PA IVS/CPS varied greatly among different
studies. For instance, in terms of the need for PDA stenting or surgical shunt, the critical
TV Z-scores cut-off values varied from ≤0.7 to −2.12 [3–5,8,11] according to the different
authors. Those authors who employed older Z-score sources [15] tended to overestimate
the degree of hypoplasia [12], suggesting that even children with very low TV scores (up to
−5) had the possibility for successful BVR. Authors who employed more recent nomograms
(e.g., Pettersen) [31] demonstrated that even mild TV hypoplasia (a cut-off value TV Z-score
≤ 0.74 having a specificity of 90% and a sensitivity of 77.8%) [4] was predictive of the
need for PDA stenting/shunt in 36 neonates and infants with PAIVS/CPS who underwent
CPBP. Despite these findings, TV hypoplasia is considered a negative indicator [4,11]; Petit
and colleagues [2] demonstrated that in 99 patients with PAIVS, a larger TV annulus was
associated with a higher risk of reintervention for restenosis of the right ventricular outflow
tract (RVOT) (hazard ratio, 1.20 per 1 mm increase; p = 0.071).

• TV/MV annular ratio

The use of the TV/MV annular ratio may overcome the issues related to the use of
different Z-scores. The TV/MV annular ratio is an easy and very reproducible measurement,
independent of external formulas, that has been employed by several authors [3–5,13]
(Figure 2). Similar to TV Z-scores, the cut-offs indicated by different authors varied widely.
A few studies demonstrated that children with mild [23] (e.g., TV/MV ratio > 0.79) or even
moderate [13] TV hypoplasia (e.g., TV/MV ratio ≥ 0.5) could achieve a successful BVR.
Paradoxically, other studies reported that even a very mild (e.g., TV/MV ratio ≤ 0.9) [4] or
mild ratio (e.g., TV/MV ratio < 0.78) [3] was predictive of the need for PDA stenting or BT
shunt to stabilize the pulmonary blood flow [3,4].

 

Figure 2. Four chamber view of a PAIVS with diminutive, hypertrophied RV. (a) Mitral valve (MV)
and tricuspid valve (TV) diameters. (b) Base–apex and laterolateral diameters of the right (RV) and
left ventricles (LV), (c) right ventricle end-diastolic (RVED) area.
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• Tricuspid regurgitation

The degree of tricuspid regurgitation (TR) is an important indicator for successful
BVR [1,2]. Maskatia et al. [1] found that in 81 neonates with PAIVS treated with PBPV, a
greater than moderate TR was associated with RV growth. Similarly, mild or less than
mild [2] TR was associated with the need for re-intervention and failing BVR in 99 neonates
with PAIVS. Other authors [3] have indicated that the presence of moderate/severe TR was
a risk factor for duct dependency of the pulmonary circulation. It is important to remember
that the criteria for grading TR in the pediatric age by echocardiography, especially at
younger neonatal ages, are not completely defined [33,34]. Consequently, different criteria
to grade TR have been adopted by several authors. Maskatia et al. [1], graded the TR as
none/mild or moderate/severe according to vena contracta, jet area, deceleration time, and
flow reversal in pulmonary arteries; however, the cut-off values for inclusion in different
categories are described to be not indicated [1]. Other studies [2,3] refer to respective
guidelines, however, pediatric guidelines for the quantitative echocardiographic evaluation
of TR are not currently available [33,34] and adult guidelines are often extrapolated to
children without any validation [35].

Right Ventricle Size

Evaluation of RV size is difficult at echocardiography and may be even more difficult
in hypoplastic, hypertrophied bipartite RV, such as those in neonates with PAIVS.

• RV diameters

An easy way to measure RV dimensions is to calculate the lateral diameter and base–
apex length in the four-chamber view (Figure 2). The RV/LV lateral diameters ratio has
been tested for prediction of BVR by Drighill and colleagues [10], who retrospectively
evaluated 26 patients with PAIVS who underwent PBPV at a single institution (13 with
successful BVR, 13 with unsuccessful BVR). The authors [10] demonstrated that an RV/LV
diameter > 0.76 predicted a 92.3% success rate for BVR. When the RV/LV diameter was
≤0.76 and RV/LV length was >0.70, the success rate for BVR dropped to 75%. When
both the RV/LV diameter was ≤0.70 and the RV/LV length was ≤0.76, there was a 100%
probability of failure for BVR. Additionally, the RV length determined by the four-chamber
view [2] was one of the major determinants for any re-intervention after decompression in
99 children with PAIVS undergoing PBPV (hazard ratio-HR-, 0.94; for 0.01 mm, 95% CI,
0.89–0.99; p = 0.027) [2].

• Right ventricle end-diastolic (RVED) area

Another technique to measure RV size by echocardiography is to trace the end-diastolic
area in the four-chamber view. However, the tracing of endocardial borders may be quite
difficult in very hypertrophied, trabeculated RV such as those of neonates with PAIVS/CPS
(Figure 2). RV areas and volumes in the neonatal age are greatly influenced by load and
pressure conditions and may vary greatly from one moment to the other. Therefore, the
cut-off for the RVED area proposed by different authors differed widely from 6 cm2/m2 for
BVR [1] to 1.35 cm2 for ductal dependency after PBPV [3]. Maskatia et al. [1] investigated
81 neonates who underwent PBPV for PAIVS and demonstrated that an RVED area at
baseline ≥ 6 cm2/m2 had a sensitivity of 93% and a specificity of 80% in predicting BVR.
Petit and colleagues [2] showed that the RVED area was lower in neonates with PAIVS
who underwent univentricular palliation (n = 17) compared with those who underwent
biventricular repair (n = 82) (mean 1.0 cm2, range 0.9 to 1.2 cm2 in UVP versus 2.1 cm2,
range 1.6 to 2.6 cm2 in BVR, p < 0.0001). The RVED area had an odds ratio of 0.81 per
0.1 cm2 increase (95% CI, 0.72–0.91; p < 0.001) for the prediction of BVR, however, cut-off
values were not proposed (2). Lastly, Giordano et al. indicated a value for the RVED area of
1.35 cm2 as a risk factor for duct-dependent pulmonary circulation after PBPV in PAIV [3].

• Composite scores and other indices
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With the previously described limitations related to the use of Z-scores, both PV
Z-scores [3,6] and interventricular septum diastolic thickness Z-scores [4] have been demon-
strated to be other markers able to predict duct/shunt dependency of the pulmonary
circulation in PA IVS/CPS. Giordano et al. [3] recently proposed a score using multiple
echocardiographic measurements (e.g., TV < 8.8 mm, TV Z-score ≤ 2.12, TV/MV < 0.78,
PV < 6.7 mm, PV Z-score ≤ 1.17, RVED area < 1.35 cm2, right atrial (RA) area > 2.45 cm2,
% of PFO right-to-left shunt > 69.5%, moderate/severe TR, RV systolic pressure > 42.5 mmHg,
tricuspid E/E′ ratio > 6), each of them assigning one point if reaching the cut-off value.
A score ≥ 4 had a 100% sensitivity and 86% specificity in predicting the need for PDA
stenting/shunt in 55 neonates with PA-IVS/CPS (Table 1) [3].

4. Severe Ebstein’s Anomaly

Despite the broad surgical literature on Ebstein’s’ anomaly [14–17], there are limited
echocardiographic studies [18–21] aimed to evaluate the echocardiographic predictors for
BVR in severe neonatal forms of Ebstein’s anomaly.

Celermajer’s index: In 1992 [18], Celermajer and colleagues published a famous score
to grade Ebstein’s disease severity based on simple echocardiographic data. The score is
calculated as the ratio of RA + atrialized RV to the functional RV + left atrium (LA) + LV.
The study included 50 neonates with Ebstein’s anomaly evaluated in London from 1960 to
1990 [26]; however, only in 28 out of 50 cases were echocardiographic data available. Four
neonates had a score of grade 1, who were all alive at a follow-up of 5 to 9 years; ten
neonates had a score of grade 2, of which one died suddenly at 4 months; nine neonates
had grade 3, of which five died (ranging from 4 months to 9 years of total life); and five
neonates had grade 4, all of whom died within 18 months.

In 2013, Yu et al. [21] reviewed 59 cases of Ebstein’s anomaly from South Korea, re-
porting a mortality rate of 23.7%; however, neither the Carpentier’s classification (p = 0.175)
nor the Celermajer’s index (p = 0.958) was significantly related to death. Instead, univariate
analysis revealed that fetal distress (p = 0.002), prematurity (p = 0.036), low birth weight
(p = 0.003), diameter of the ASD (p = 0.002), and pulmonary stenosis/atresia (p = 0.001) were
related to mortality. On multivariate analysis, however, only fetal distress (p = 0.004) and
pulmonary atresia/stenosis (p < 0.001) remained significant determinants of outcome [21].
Both studies [18,21] suffered from methodological limitations including being single-center
in origin, retrospective in design, and including all neonates diagnosed without clear inclu-
sion and exclusion criteria (all neonates with Ebstein’s anomaly regardless of the severity of
the disease were included, including those with associated congenitally corrected transpo-
sition of the great arteries) [18,21]. Furthermore, surgical/interventional algorithms were
not described but were certainly different from more recent ones. The study cohort in one
paper [21] also had an uneven distribution of disease severity, with only eight (15.3%) and
two neonates (3.8%) having grade II and grade IV of Celermajer’s index and/or type C and
D of Carpentier’s classification, respectively [21].

In a retrospective surgical series from 2016 [17] on 12 neonates who were diag-
nosed with severe TR and pulmonary atresia related to Ebstein’s anomaly (n = 9) or
isolated TV dysplasia (n = 3), six underwent a BVR and three survived [17]. A TR flow
velocity > 3.0 m/s was an indicator of successful BVR [17]. A study evaluating the charac-
teristics of Ebstein’s anomaly during fetal life revealed a series of independent predictors
of mortality including gestational age < 32 weeks, TV Z-score, pulmonary regurgitation (all
p < 0.001), and the presence of pericardial effusion (p = 0.04) [22].

5. Unbalanced AVSD

Unbalanced atrioventricular septal defect (UAVSD) with left dominance is usually
defined when the atrioventricular valve index (AVVI) (left valve area/right valve area
in subcostal view) is >0.6 [23–26]. Studies that assessed the ability of scores to predict
successful BVR in UAVSD have excluded those with a left dominance [23], thus data
for UAVSD with left dominance are extremely limited [25,26]. In 2015, Jegatheeswaran
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et al. [25] reviewed data from 58 patients with UAVSD (50 with right dominance and 8 with
left dominance) treated at four different centers between 2000 and 2006. They observed
that in patients with UAVSD with left dominance (e.g., AVVI of >0.6), surgical strategies
varied and interim palliation (PA banding) and one-and-a-half ventricle repair strategies
were preferred.

Later, Nathan et al. [26] reviewed 16 UAVSD cases (including 6 with left domi-
nance) with prior single ventricle palliation who underwent conversion to BVR between
2003 and 2011 at the Children’s Hospital, Boston. Primary BVR or initial pulmonary
artery banding or shunting with subsequent conversion to BVR was recommended for
those with a mild hypoplasia of the ventricle (LV or RV volumes > 30 mL/m2) or AVVI
(0.19 < AVVI < 0.39 or 0.61 < AVVI < 0.80. 60% to 80% overriding,) and apex-forming
ventricles [26]. In contrast, in UAVSD patients with the same AVV characteristics but
moderate ventricular hypoplasia (RV/LV 15 to 30 mL/m2) and near apex-forming ven-
tricles, single ventricle palliation and ventricular recruitment with subsequent staged
biventricular conversion was advised, whereas univentricular palliation was advised only
in UAVSD with severe ventricular hypoplasia (LV/RV < 15 mL/m2, 0.19 < AVVI > 0.81,
80% overriding) [26].

6. Discussion

Although echocardiography is often the primary and sometimes only imaging modal-
ity for pre-surgical/interventional diagnosis in complex neonatal CHDs characterized by
borderline RV, the echocardiographic indicators available for risk prediction in this cardiac
lesion remain limited.

All the literature data reviewed herein showed significant methodological limita-
tions, including a single-center design [3–13,18,21,25,26], retrospective design [3–11,13,
18,21,25,26], poor definition of inclusion/exclusion criteria [3–13,18,21,25,26], the lack of
interventional algorithms, and a clearly limited [4,5,7,9,10] or relatively limited sample
size [2,6,8,11]. Furthermore, studies [7,8,11–13,19] reviewing the surgeries/interventions of
two or more decades ago may have little clinical relevance now.

A series of echocardiographic parameters have been proposed for BVR risk assessment
in patients suffering from PAIVS/CPS [1–13]. However, it is difficult to establish which of
the parameters proposed should be recommended for use in daily practice. TV/MV [4,5,13]
and RV/LV [9] diameter ratio can be readily acquired and very reproducible indices that
show a good accuracy for the prediction of successful BVR or the need for pulmonary blood
flow augmentation after PBVP. However, data are very limited, with three studies enrolling
less than 30 cases [3,5,9]. In larger studies [1–3] (up to 99 investigated cases), the RVED area
has been demonstrated as an accurate predictor of BVR [1,2] or the need for pulmonary
blood flow augmentation [3]. The RVED area, however, may be less reproducible and
very dependent on load conditions, thus discordant cut-off values have been reported
by different studies [1,3]. Similarly, it has been demonstrated that a higher degree of
TR is favorable for BVR [1,2]. However, estimation of TR in the neonatal age is highly
subjective and very dependent on load/pressure conditions, the pulmonary vascular bed,
and ventilatory support. Data that focused on TV Z-scores [4,6,8,13] may have significant
limitations, since the nomograms that were employed [28–31] are different from those
currently employed [27,32]; thus, the cut-off values are poorly applicable in daily practice.

The use of composite scores with multiple markers, as recently proposed, seems to
be a reasonable approach for future studies [3]. There is a need for large prospective
studies with clear endpoints and clear inclusion/exclusion criteria. Furthermore, the
timing of echocardiographic examination (before and/or after PBPV), measurement, and
quantification techniques also needs to be standardized. Lastly, attention to confounders
such as the strategies for pulmonary blood flow augmentation (BTM of duct stenting),
criteria for re-intervention, and definition of a successful BVR need to be specified.

In summary, there is a shortage of echocardiographic studies clarifying prognostic
indicators in other forms of borderline RV including Ebstein’s anomaly (and other forms of
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tricuspid valve dysplasia) [18–21] and UAVSD [23–26]. Although widely used, the prog-
nostic value of the Celermajer index [17] for BVR in severe neonatal Ebstein’s anomaly has
been poorly validated in clinical studies. The score may also present limitations due to the
dependency on cardiac load and pressure [33,34] in chamber area. The level of agreement
between the Celermajer score determined by echocardiography and that obtained through
MRI is only moderate at best (kappa coefficient = 0.39, p = 0.002). Typically, echocardiogra-
phy tends to overestimate the severity of Ebstein’s anomaly, although underestimations
can rarely occur [18].

The available literature describing UAVSD is extremely limited [25,26], since the stud-
ies aiming to investigate echocardiographic indicators for BVR in this specific population
excluded or do not analyze UAVSD with left dominance. Additionally, data on rare defects,
such as isolated RV hypoplasia [36], that may present with cyanosis in the neonatal age are
also very limited [36].

7. Conclusions

Our review summarizes the strengths and limitations of the current echocardiographic
indices to predict successful BVR and the need for reintervention/pulmonary blood flow
stabilization in complex neonatal CHD with borderline RV, with a specific focus on PAIVS
and CPS. Examining the echocardiographic evaluation of disease severity is crucial for
complex CHD’s encountered in daily practice and should serve as a guide for further
research that would appear to be necessary based on the observations from this review.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/jcm12144599/s1. Table S1: Inclusion/exclusion crite-
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Abstract: Background: Hemodynamic alterations in Fontan patients (FP) are associated with hemo-
static dysbalance and Fontan-associated liver disease. Studies of other hepatopathologies indicate
an interplay between cholestasis, tissue factor (TF), and von Willebrand factor (VWF). Hence, we
hypothesized a relationship between the accumulation of bile acids (BA) and these hemostatic
factors in FP. Methods: We included 34 FP (Phenprocoumon n = 15, acetylsalicylic acid (ASA)
n = 16). BA were assessed by mass spectrometry. TF activity and VWF antigen (VWF:Ag) were deter-
mined by chromogenic assays. VWF collagen-binding activity (VWF:CB) was assessed via ELISA.
Results: Cholestasis was observed in 6/34 FP (total BA ≥ 10 μM). BA levels and TF activity did
not correlate (p = 0.724). Cholestatic FP had lower platelet counts (p = 0.013) from which 5/6 FP
were not treated with ASA. VWF:Ag levels were increased in 9/34 FP and significantly lower in FP
receiving ASA (p = 0.044). Acquired von Willebrand syndrome (AVWS) was observed in 10/34-FP,
with a higher incidence in cholestatic FP (4/6) (p = 0.048). Conclusions: Cholestasis is unexpectedly
infrequent in FP and seems to be less frequent under ASA therapy. Therefore, ASA may reduce the
risk of advanced liver fibrosis. FP should be screened for AVWS to avoid bleeding events, especially
in cholestatic states.

Keywords: Fontan circulation; Fontan-associated liver disease; cholestasis; bile acids; hemostasis;
thromboprophylaxis; acquired von Willebrand syndrome

1. Introduction

The Fontan operation is a palliative procedure in patients with functionally univen-
tricular hearts, which surgically redirects systemic venous blood return to the pulmonary
circulation in the absence of a subpulmonary ventricle [1]. Multiple factors are contributing
to an increased risk of thromboembolic events in patients with Fontan circulation which
are related to Virchow’s triad of thrombogenesis comprising altered blood flow, endothelial
injury, and hypercoagulability [2,3]. First of all, the loss of pulsatility and subsequent
elevated systemic venous pressure predisposes to thrombus formation through stasis of
blood [3]. Additionally, a diminished cardiac output in Fontan patients was reported
to increase the risk for thrombosis [4]. Finally, artificial intravascular material, chronic
hypoxia, and surgical manipulation are thought to be involved in endothelial injury [5,6].
Hemodynamic changes and endothelial dysfunction were shown to increase levels of
von Willebrand factor (VWF), platelet reactivity, and thrombin generation in the Fontan
circulation [7,8]. However, these aforementioned defects could also be associated with
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VWF degradation leading to acquired von Willebrand syndrome (AVWS), but data on VWF
function in Fontan patients is lacking.

In addition to coagulation abnormalities, the increased venous pressure in the Fontan
circulation is also leading to a chronic state of hepatic congestion. The non-inflammatory
structural and functional hepatic changes associated with hemodynamic alterations of the
Fontan circulation are summarized as Fontan-associated liver disease (FALD) [9,10]. As
FALD progresses, sinusoidal fibrosis becomes inevitable [9]. Intrahepatic coagulation was
shown to foster fibrosis in Fontan patients via thrombin generation and intraparenchymal
fibrin deposition [11]. Subsequent platelet activation was proven to promote liver fibrosis
by the activation of hepatic stellate cells in a mouse model [12]. Additionally, mechanistic
and clinical observations in other hepatopathies suggest a link between changes in VWF
and liver injury [13]. Taken together, intrahepatic coagulation processes play a detrimental
role in the progression of FALD. However, the actual hemostatic trigger for these processes
is unknown.

Elevated bile acid (BA) levels are hypothesized to play a key role in the decryption of
human tissue factor (TF), which in complex with activated coagulation factor VII (FVIIa)
serves as a hemostatic trigger [14]. In a previous study, we could demonstrate increased
hepatic TF activity upon incubating hepatocytes with certain BA in vitro [14]. As Fontan
patients tend to exhibit mild cholestasis by hepatic congestion, elevated BA levels may
subsequently increase TF activity as the principal trigger of plasmatic coagulation. Hence,
we hypothesized an interplay between cholestasis and a hemodynamically induced proco-
agulant state fostering FALD in patients with Fontan circulation.

2. Material and Methods

Study design and patients’ characteristics: We conducted an observational study
at the Division of Pediatric Cardiology and the GUCH (grown-up with congenital heart
disease) Unit of the Medical University of Graz. We included 34 Fontan patients (14 females,
20 males) aged 5 to 38 years from whom we collected blood samples between May 2020 and
May 2021. Non-fasting serum samples were taken for BA measurements from all study par-
ticipants (n = 34). A total BA (tBA) cut-off value of ≥10 μM was set to determine cholestasis
within the study cohort. Citrate plasma was available in 33/34 Fontan patients (14 females,
19 males) for coagulation analysis. From the 33 available plasma samples, 2 patients were
not subjected to any anticoagulant medication during sample collection. The remaining
subcohorts comprised 15 patients, receiving vitamin K antagonist Phenprocoumon (PhC)
and 16 patients medicated with platelet aggregation inhibitor acetylsalicylic acid (ASA)
(Supplementary Figure S1).

Blood samples: Blood samples from children and adolescent Fontan patients were
collected via venipuncture at the Division of Pediatric Cardiology of the Medical University
of Graz during routine diagnostic workup. Blood samples from adult Fontan patients were
obtained by venipuncture at the GUCH Unit of the Medical University of Graz. Serum
samples (n = 34) were collected in serum tubes (1.4 mL) which were centrifuged at 2000× g
for 10 min within 3 h before storage at −80 ◦C until analysis. Citrate plasma samples
(n = 33) were collected using a single citrate tube (3 mL), which were processed to platelet-
poor plasma by centrifugation at 2598× g for 10 min within 3 h and stored at −80 ◦C
until analysis.

BA analysis: BA levels including unconjugated, taurine-, and glycine-conjugated BA
species (Supplementary Table S1) were measured by high-performance liquid chromatog-
raphy (HPLC) combined with tandem mass spectrometry (MS/MS) as described previ-
ously [15]. Briefly, plasma samples were prepared after the protocol of Humbert et al. [16].
After the addition of internal standards d4-DCA, d4-LCA, d4-GLCA, d4-GCDCA, and
d4-TDCA, 0.2 nmol each, plasma samples (10 μL) were vortexed for one minute. Then,
400 μL of acetonitrile (80% v/v; Sigma Aldrich, Taufkirchen, Germany) was added for
deproteination. After vortexing, the precipitate was removed by centrifugation at 3200× g
for 12 min. The supernatant was dried under a stream of nitrogen (40 ◦C). The samples
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were re-dissolved in 100 μL of mobile phase B (methanol with 1.2% v/v formic acid and
0.38% w/v ammonium acetate) and transferred to an autosampler. Individual BA were
separated by HPLC using a reversed-phase C18 column (Macherey-Nagel, Düren, Ger-
many) and a kinetex pentafluorophenyl column (Phenomenex, Aschaffenburg, Germany).
Quantification and characterization were achieved using a Q Exactive™ mass spectrometer
(Thermo Fisher Scientific, Waltham, MA, USA) and a high-performance quadrupole precur-
sor selection with high-resolution and accurate-mass (HR/AM) Orbitrap™ detection [16].
In our Fontan patients, cholestasis was defined by a cut-off value of tBA ≥ 10 μM. The
cut-off was established during validation of the HPLC-MS method in our laboratory with a
broad range of samples from patients that were externally diagnosed with varying degrees
or absence of cholestasis.

TF activity analysis: The procoagulant activity of human TF in plasma samples was
determined through a commercial chromogenic microplate assay (BioMedica Diagnostics,
Windsor, CA, USA). The assay, which is based on the conversion of factor X to factor Xa
followed by the enzymatic cleavage of a chromogenic substrate, was performed according
to the manufacturer’s instructions.

Von Willebrand factor analysis: VWF antigen (VWF:Ag) and VWF collagen binding
capacity (VWF:CB) were determined, as described previously [17]. Briefly, VWF:Ag was
measured in sodium citrate plasma using an in-house ELISA (Sutor Semin Thromb Haemost
2001). Collagen type I was immobilized on a microtiter plate, and VWF:CB in plasma was
measured photometrically via the ELISA technique. Ratios of VWF:CB/VWF:Ag were
calculated reflecting the biological capacity of the available VWF to bind to collagen.
Ratios < 0.7 were considered pathological and indicative of acquired von Willebrand syn-
drome (AVWS). VWF was determined using appropriate primary and secondary antibodies
and 3.30-diaminobenzidine/cobalt chloride. Standard human plasma was used as control.
AVWS was diagnosed if the VWF:CB/VWF:Ag-ratio was reduced.

Endothelial damage analysis: The tissue-type plasminogen activator (tPA) antigen
level in plasma was assayed using a commercial in vitro ELISA kit (Hyphen BioMed,
Neuville-sur-Oise, France). A commercial in vitro ELISA kit (Hyphen BioMed) was per-
formed to measure the plasminogen activator inhibitor-1 (PAI-1) antigen concentration.
The thrombomodulin ™ levels in patient plasma were determined using a commercial
ELISA test kit (Abcam, Cambridge, UK). The test procedures were conducted according to
the provided protocol.

Clinical data: We collected clinical data and routine laboratory data of the included
Fontan patients which comprised current medication, serum bilirubin, gamma-glutamyl
transferase (GGT), as well as prothrombin time (PT), and platelet count, amongst others.

Ethics: This clinical study has been approved by the Austrian ethics committee (EK-
Nr.32-376ex19/20) and was performed in accordance with the ethics standards as laid
down in the 1964 Declaration of Helsinki and its later amendments or comparable eth-
ical standards. Informed parental consent/informed consent was obtained for each in-
cluded subject.

Statistical analysis: The statistical analysis was performed in IBM SPSS Statistics
28.0.0.0 and GraphPad Prism software. The changes in the examined parameters were visu-
alized using GraphPad Prism Software. After testing for normal distribution, comparison of
data from cholestatic and non-cholestatic Fontan patients was made via a Man-n–Whitney
U-test. Spearman’s correlation coefficient and corresponding p-values were used to investi-
gate the relationships between the examined parameters. The statistical analysis regarding
PT was limited to the patient subcohort receiving PhC.

3. Results

3.1. Demographic Data and Clinical Characteristics

Based on a tBA cut-off value of ≥10 μM, cholestasis was identified in 6/34 Fontan
patients, equaling 17.7% of all patients included in the study. Concerning standard labora-
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tory markers indicating hepatic injury, cholestatic Fontan patients had significantly higher
bilirubin and GGT levels compared to non-cholestatic Fontan patients (Table 1).

Table 1. Characteristics of cholestatic and non-cholestatic pediatric and adult Fontan patients.

Non-Cholestatic FP
(n = 28)

Cholestatic FP
(n = 6)

p-Value

Baseline demographic data
Age at Fontan Procedure (y) 3.6 (2.6–6.5) 3.4 (3.0–4.0) 0.973

Gender, female (n,%) 13 (46.4) 1 (16.7) 0.179
Dominant ventricle: (n) 0.383

Left 11 4
Right 13 1
Both 4 1

Type of Fontan: 0.724
TCPC (lateral tunnel) 8 1

ECFO 19 5
Other (Kawashima) 1 0

Last follow-up
Age at follow-up (y) 23.5 (16.0–32.3) 12.4 (9.3–28.0) 0.183

Time since Fontan (y) 18.0 (13.5–28.5) 9.5 (6.3–24.7) 0.191
Ejection fraction: (n) 0.638

>50% 27 (96.5%) 6 (100%)
<50% 1 (3.5%) 0

AV-valve incompetence: (n) 0.401
Mild/moderate 25 (89.3%) 6 (100%)

Severe 3 (10.7%) 0
Erythrocytes (×106/μL) 5.2 (4.7–5.6) 5.5 (5.3–5.7) 0.175

Hemoglobin (g/dL) 15.0 (13.4–15.4) 16.4 (15.7–17.0) 0.066
Hematocrit (%) 43.5 (40.0–45.0) 46.5 (45.0–48.7) 0.044

Platelet count (×103/μL) 196.0 (152.0–242.0) 116.0 (70.3–217.0) 0.013

ALT (U/L) 25.5 (19.0–30.0) 26.0 (21.8–43.0) 0.428
AST (U/L) 28.5 (22.0–36.0) 30.5 (25.8–42.3) 0.485
GGT (U/L) 46.5 (36.5–73.8) 99.5 (60.8–198.5) 0.032

Cholinesterase (U/L) 7241 (6263–8537) 6187 (5814–7687) 0.243
Lactate dehydrogenase (U/L) 227.5 (175.0–255.8) 216.5 (167.5–278.8) 0.935

Bilirubin (mg/dL) 0.8 (0.6–1.2) 1.9 (1.2–2.9) 0.003
Creatinine (mg/dL) 0.6 (0.5–0.8) 0.8 (0.7–0.9) 0.219
Total protein (g/dL) 7.5 (6.9–7.6) 7.4 (7.2–7.7) 0.785

Albumin (g/dL) 4.7 (4.5–4.9) 4.7 (4.3–4.8) 0.629
NT-ProBNP (ng/mL) 149.5 (73.8–269.3) 338.0 (103.8–396.3) 0.179
Antithrombin III (%) 101.0 (94.0–106.5) 85.0 (80.5–91.0) 0.002

Medication: (n) 0.204
Acetylsalicylic acid (ASA) 16 1
Phenprocoumone (PhC) 11 4

ACE inhibitor 15 2
Antiarrhythmic 5 3
PH medication 2 2

Significant differences are shown in bold. Abbreviations: ALT, alanine aminotransferase; AST, aspartate
aminotransferase; AV, atrioventricular; ECFO, extracardiac Fontan operation; FP, Fontan patients; GGT, gamma-
glutamyl transferase; NTproBNP, N-terminal pro-B-type natriuretic peptide; PH, pulmonary hypertension; TCPC,
total cavopulmonary connection; y, years.

3.2. Bile Acids

The tBA concentrations of the cholestatic Fontan subcohort ranged from 10.85 to
59.01 μM (median: 48.38 μM, IQR: 28.42–53.49), whereas the tBA levels of non-cholestatic
Fontan patients ranged from 0.72 to 7.86 μM (median: 3.31 μM, IQR: 2.17–5.10). The tBA
levels were significantly higher in Fontan patients ≥18- than in patients <18 years of age
(p = 0.033) (Figure 1A). BA profiles of the cholestatic and non-cholestatic Fontan groups
were established by determining the mean of the relative fraction for each of the 15 com-
mon human BA (Figure 1B). The relative fractions of glycocholic acid (GCA), taurocholic
acid (TCA), taurolitocholic acid (TLCA), and tauroursodeoxycholic acid (TUDCA) were
significantly higher, whereas the relative fraction of ursodeoxycholic acid (UDCA) was
significantly lower in cholestatic Fontan patients compared to non-cholestatic patients
(Supplementary Table S2).

30



J. Clin. Med. 2023, 12, 1240

Figure 1. Comparison of the distribution of total bile acid (tBA) concentrations between Fontan patients
<18 and≥18 years of age. Cholestatic patients are highlighted by the red dots (A). BA profiles of cholestatic
and non-cholestatic Fontan patients (B). * p ≤ 0.05. Abbreviations: See Supplementary Table S1.

3.3. Laboratory Parameters and Clinical Data

In PhC-treated Fontan patients with cholestasis, the PT was significantly lower (me-
dian: 25.0, IQR: 21.8–28.3) compared to PhC-treated study participants without cholestasis
(median: 33.0, IQR: 30.0–41.5, p = 0.013). Most cholestatic Fontan patients (5/6) were
not treated with ASA (Supplementary Figure S1) and showed significantly lower platelet
counts than non-cholestatic study participants (p = 0.013) (Table 1). In non-cholestatic
individuals, platelet counts (×103/μL) were not affected by the type of antithrombotic
treatment, as they were comparable between ASA- (median: 167.0, IQR: 132.5–215.8) and
PhC-treated (median: 152.0, IQR: 113.0–222.0) patients (p = 0.677).

3.4. Tissue Factor Activity Analysis

The TF activity was not significantly higher in cholestatic Fontan patients (median:
6.88 pM, IQR: 3.25–13.71) compared to non-cholestatic patients (median: 7.73 pM, IQR:
2.65–16.43, p = 1.000).

3.5. Markers of Endothelial Damage

The endothelial damage was further evaluated by comparison of the TM levels
(ng/mL) of cholestatic (median: 4.119, IQR: 2.977–5.836) and non-cholestatic Fontan pa-
tients (median: 5.416, IQR: 3.762–6.597) but without a statistically significant difference
(p = 0.276). Likewise, both endothelial markers tPA and PAI-1 (ng/mL) showed no sta-
tistically significant differences between the subcohorts (tPA cholestasis median: 2.78,
IQR: 2.63–5.10; tPA no cholestasis median: 2.76, IQR: 2.21–4.29, p = 0.633; PAI-1 cholesta-
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sis median: 9.51, IQR: 7.47–12.81; PAI-1 no cholestasis median: 10.47, IQR: 5.66–22.50,
p = 0.760).

3.6. VWF Analysis

The VWF:Ag levels were compared between cholestatic and non-cholestatic Fontan
patients. In both groups, VWF:Ag levels were generally elevated (cholestatic median
146.7%, IQR: 125.1–164.7; non-cholestatic median: 138.8%, IQR: 119.6–176.4), however,
without a statistically significant difference between the groups (p = 0.701) (Figure 2A).
Interestingly, VWF:Ag levels were significantly lower in Fontan patients receiving ASA
(median: 109.0%, IQR: 95.0–122.5) than in Fontan patients without ASA treatment (median:
125.0%; IQR: 111.5–171.5, p = 0.0436) (Figure 2B). VWF:CB was comparable in cholestatic-
(median: 84.0%, IQR: 65.3–144.0) compared to non-cholestatic Fontan patients (median:
92.5%, IQR: 77.0–144.0, p = 0.938) (Figure 2A).

Figure 2. VWF:Ag and VWF:CB (A) values in cholestatic (red dots) and non-cholestatic Fontan
patients. Comparison of VWF:Ag levels between Fontan patients with and without acetylsalicylic acid
(ASA) treatment. Cholestatic patients are highlighted by the red dots (B). * p ≤ 0.05. Abbreviations:

VWF, von Willebrand factor; VWF:Ag, VWF antigen; VWF:CB, VWF collagen binding activity.

However, the VWF:CB/VWF:Ag ratio was pathologically low, indicating AVWS in
10/34 Fontan patients (29.4%). Although the VWF:CB/VWF:Ag ratio did not differ statisti-
cally significantly between cholestatic (median: 0.70, IQR: 0.56–0.78) and non-cholestatic
Fontan patients (median: 0.77, IQR: 0.73–0.92, p = 0.112) (Figure 3), ratios below the
pathological threshold were significantly more frequent in cholestatic (4/6) than in non-
cholestatic Fontan patients (6/28) (p = 0.048) (Figure 3).

Fontan patients with decreased VWF:CB/VWF:Ag ratio ≤ 0.7 were compared with
Fontan patients with VWF:CB/VWF:Ag ratio > 0.7 concerning invasively measured hemo-
dynamic parameters and NTproBNP levels. We found no statistically significant differences
for the mean Fontan pathway pressure (ratio ≤ 0.7 median: 12.5 mmHg, IQR 10.2–14.5;
ratio > 0.7 median: 11.0 mmHg, IQR: 10.0–12.0, p = 0.111), pulmonary capillary wedge
pressure (ratio ≤ 0.7 median: 7.0 mmHg, IQR 5.0–9.0; ratio > 0.7 median: 6.0 mmHg, IQR:
5.0–8.0, p = 0.419) or transpulmonary pressure gradient (ratio ≤ 0.7 median: 5.0 mmHg,
IQR 4.0–6.8; ratio > 0.7 median: 5.0 mmHg, IQR: 4.0–6.0, p = 0.592). Moreover, there was no
statistically significant difference in NTproBNP levels (ratio ≤0.7 median: 200 ng/mL, IQR
83–338; ratio > 0.7 median: 148 ng/mL, IQR: 82–310, p = 0.655).
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Figure 3. VWF:CB/VWF:Ag ratio in cholestatic (red dots) and non-cholestatic Fontan patients.
Abbreviations: VWF:Ag, von Willebrand factor antigen; VWF:CB, von Willebrand factor collagen
binding activity.

3.7. Correlation Analysis

A Spearman’s rank correlation was performed to determine a potential relationship
between BA parameters and TF activity and endothelial damage parameters. No significant
correlation was determined between the analyzed BA variables and TF activity (p ≥ 0.05).
Furthermore, the BA parameters did not correlate with the endothelial damage markers
TM, tPA, PAI-1, VWF:Ag, and VWF:CB (p ≥ 0.05).

4. Discussion

FALD is defined as a hepatic disorder comprising structural and functional alterations
which are arising from hemodynamic changes and chronic systemic venous congestion follow-
ing Fontan surgery [9]. Albeit liver fibrosis seems to be universally present in Fontan patients,
hepatic laboratory markers are usually not reflecting histopathological findings [18–21]. In
advance of assessing the tBA values within our study cohort, a high incidence rate of
cholestasis was hypothesized. However, the HPLC-MS/MS analysis revealed elevated
tBA levels (≥10 μM) only in six out of 34 Fontan patients. Upon comparing the BA pools
of the cholestatic and non-cholestatic Fontan subcohorts, the cholestatic subjects showed
a statistically significant increase in GCA, TCA, TLCA and TUDCA. In contrast to the
aforementioned, UDCA was significantly decreased in Fontan patients with cholestasis.
Out of six cholestatic Fontan patients, five were ≥18 years of age, which is in accordance
with previous research findings describing the time since Fontan completion as the main
risk factor for FALD development [9,22]. In accordance with mild elevations of biochemical
hepatic parameters being a common secondary sequela in Fontan patients, serum bilirubin
and GGT values were compared in the study cohort. As a result, increased serum biliru-
bin and GGT levels were discovered in the cholestatic subcohort, suggesting that hepatic
congestion serves as a potential confounder of the heightened BA and hepatic function
markers bilirubin and GGT.

Even though the exact pathophysiology is not completely understood, a relationship
between the advance of FALD and intrahepatic thrombosis has been assumed [8,9,23]. As
increased hepatic TF activity was observed in the setting of elevated bile acids, we analyzed
the TF activity as the principal trigger of plasmatic coagulation in Fontan patients [14]. In
our study population, however, the plasmatic analysis of TF activity in cholestatic and
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non-cholestatic Fontan patients revealed no significant difference between both groups.
Additionally, no correlation was found between the BA and TF activity of the examined
patients, arguing against a BA-mediated decryption of hepatic TF in cholestatic patients
with Fontan circulation. This mechanism is most likely relevant in primary obstructive liver
diseases where bile acid accumulation precedes the activation of coagulation. However,
patients with Fontan circulation show coagulatory abnormalities from the beginning due
to altered hemodynamics, and only a fraction of patients develop cholestasis years after
Fontan completion. Hence, intrahepatic coagulation activation most likely fosters liver
fibrosis and precedes the obstruction of bile flow.

Nevertheless, multiple factors are contributing to an increased risk for thromboembolic
events in the Fontan circulation including disturbed blood flow, endothelial injury, and
coagulopathy [3]. However, controversies exist regarding optimal thromboprophylaxis
in Fontan patients [24]. To date, the superiority of either anticoagulation or antiplatelet
therapy (ASA) has not been proven. Therefore, treatment recommendation for each patient
was based on subjective thromboembolic risk assessment of the treating physician. In two
independent randomized controlled trials comparing vitamin K antagonists (e.g., PhC)
and ASA, no significant differences have been demonstrated regarding thromboembolic
events in children with Fontan circulation [25,26]. Within all included study participants,
16 patients were treated with ASA (cholestatic n = 1, non-cholestatic n = 15), whereas
15 patients received PhC (cholestatic n = 4, non-cholestatic n = 11). Generally, we are
preferring the prescription of ASA for thrombophylaxis in our pediatric patients due to the
higher risk of bleeding in case of trauma. At the appearance of clear indications such as
atrial arrythmias or thromboembolic events, amongst others, pediatric and adult patients
are switched to anticoagulation with PhC. Moreover, life events such as pregnancy and
additional surgery of course might require changes to thrombophylaxis strategies. In
our study, PhC-treated cholestatic Fontan patients had a significantly shorter PT than non-
cholestatic patients with PhC, hinting at an impaired synthetic function of the liver, although
a variance in PhC treatment cannot be entirely excluded. Independent of PhC treatment,
however, platelet counts were significantly lower in cholestatic Fontan patients whereby
five out of six were not treated with ASA. In non-cholestatic Fontan patients, platelet counts
were comparable between PhC- and ASA-treated individuals. These observations are
either pointing to a decreased platelet biogenesis or an increased platelet activation and
consumption in cholestatic Fontan patients. In a mouse model, platelet activation has been
shown to promote liver fibrosis by activating hepatic stellate cells [12]. Furthermore, the
daily use of aspirin was associated with less severe histologic findings and a lower risk of
advanced fibrosis progression over time in non-alcoholic fatty liver disease [27]. In Fontan
patients, ASA therapy might reduce the risk for advanced liver fibrosis and therefore the
severity of FALD; however, this needs further investigation by larger clinical trials.

Endothelial function and fibrinolysis have been investigated previously as potential
contributors to thrombosis in Fontan patients. Binotto et al. reported increased VWF levels,
pointing to a dysfunction of the vascular endothelium [6]. This is in accordance with our
findings of enhanced VWF:Ag levels in all our Fontan patients indicating either endothelial
perturbation or increased platelet activation. However, we could not find a significant
difference between cholestatic and non-cholestatic Fontan patients.

AVWS is characterized by the loss of high molecular weight multimers of VWF leading
to an impaired VWF function, which can be either shear stress-induced or associated with
increased platelet activation [28]. It has been shown that the combined interpretation of
VWF:Ag, VWF:CB, and VWF:CB/VWF:Ag ratio increases the sensitivity of diagnosing
AVWS [29]. A low VWF:CB/VWF:Ag ratio < 0.7 has been shown to correlate with the
loss of high molecular weight multimers [29]. Generally, the VWF:CB/VWF:Ag ratio was
decreased in 29.4% of all included Fontan patients. Moreover, the incidence of pathological
VWF:CB/VWF:Ag ratio was higher in cholestatic Fontan patients. One explanation for our
findings could be an increased release of VWF by the dysfunctional vascular endothelium of
Fontan patients leading to generally enhanced levels of detectable VWF:Ag. Alternatively,
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the altered hemodynamics in the Fontan circulation might change the three-dimensional
VWF structure and enhance the proteolysis of VWF by ADAMTS-13. Similarly, a loss of
high molecular weight multimers of VWF has been reported in patients after continuous-
flow left ventricular assist device implantation [30]. However, it remains unclear why all
Fontan patients are not affected by a mild AVWS despite comparable invasively measured
hemodynamic parameters.

Lastly, we investigated fibrinolysis via the release of tPA and PAI-1, as the processes
are primarily mediated by the vascular endothelium. In our study, the analyzed endothelial
parameters did not differ significantly between cholestatic- and non-cholestatic Fontan
patients. Likewise, in the study of Binotto et al., tPA and PAI-1 levels and activity did not
deviate significantly from the control group, showing that not all endothelial functions are
impaired following the Fontan procedure [6].

We acknowledge that the representativeness of our results may be limited due to the
small number of analyzed patients per study group. Statistical evaluation was constrained
by the low incidence rate of cholestasis within the study cohort. Furthermore, as 4/6
cholestatic Fontan patients received PhC, the hemostatic statistical evaluation was limited
to the PhC subcohort. Still, we believe that the results of our study revealed valuable new
insights into the pathophysiology of FALD with inherent clinical impact as clinical trials
investigating coagulation in Fontan patients are sparse.

5. Conclusions

Firstly, the low incidence rate of cholestasis in Fontan patients represents a novel
clinical finding. However, elevated bile acid levels were not associated with increased
tissue factor activity or endothelial dysfunction. Secondly, the absence of cholestasis in
patients receiving ASA is striking and warrants further investigation. Thirdly, the Fontan
circulation is associated with a mild acquired von Willebrand syndrome. However, ongoing
clinical trials are required to investigate the risk of bleeding events in Fontan patients with
acquired von Willebrand syndrome. Due to the higher incidence and possibly impaired
hepatic synthetic function in cholestatic patients, testing for acquired von Willebrand
syndrome should be considered prior to surgery to avoid bleeding events.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/jcm12031240/s1, Figure S1: Overview of groups and subcohorts investigated
in this study. Table S1. Unconjugated bile acids (BA) and their glycine (G) or taurine (T) conjugates
analyzed in this study design. Table S2: Descriptive data and results of the Mann-Whitney U tests,
comparing the relative bile acid (BA) values between cholestatic and non-cholestatic Fontan patients.
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Abstract: Women with single ventricle physiology after the Fontan procedure, despite numerous
possible complications, can reach adulthood and give birth. Pregnancy poses a hemodynamic
burden for distorted physiology of Fontan circulation, but according to the literature, it is usually
well tolerated unless the patient is a “failing” Fontan. Our study aimed to assess maternal and
fetal outcomes in patients after the Fontan procedure followed up in two tertiary Polish medical
centers. We retrospectively evaluated all pregnancies in women after the Fontan procedure who were
followed up between 1995–2022. During the study period, 15 women after the Fontan procedure had
26 pregnancies. Among 26 pregnancies, eleven ended with miscarriages, and 15 pregnancies resulted
in 16 live births. Fetal complications were observed in 9 (56.3%) live births, with prematurity being
the most common complication (n = 7, 43.8%). We recorded 3 (18.8%) neonatal deaths. Obstetrical
complications were present in 6 (40%) out of 15 completed pregnancies—two (13.3%) cases of abruptio
placentae, two (13.3%) pregnancies with premature rupture of membranes, and two (13.3%) patients
with antepartum hemorrhage. There was neither maternal death nor heart failure decompensation
during pregnancy. In two (13.3%) women, atrial arrhythmia developed. One (6.7%) patient in the
second trimester developed ventricular arrhythmia. None of the patients suffered from systemic
thromboembolism during pregnancy. Pregnancy in women after the Fontan procedure is well
tolerated. However, it is burdened by a high risk of miscarriage and multiple obstetrical complications.
These women require specialized care provided by both experienced cardiologists and obstetricians.

Keywords: congenital heart disease; Fontan procedure; single ventricle; miscarriage; pregnancy;
prematurity

1. Introduction

The Fontan procedure is one of the most inventive cardiosurgical concepts. It enables
patients with complex congenital heart defects unsuitable for biventricular repair to reach
adulthood. Fontan palliation through the complete separation of pulmonary and systemic
circulation alleviates cyanosis but creates a challenge for the cardiovascular system [1].
Lack of the subpulmonary ventricle leads to nonpulsatile pulmonary blood flow that
depends on low pulmonary vascular resistance and high systemic venous pressures. This
solution tremendously improves the survival of these patients but also leads to numerous
complications. Single ventricular dysfunction, refractory arrhythmia, Fontan-associated
liver dysfunction, thromboembolic events, plastic bronchitis, protein-losing enteropathy,
and cognitive disorders are examples of Fontan circulation failure. [2,3]. However, women
who reach childbearing age desire to have children. Pregnancy is a hemodynamic burden
to the normal cardiovascular system. At a six-week pregnancy, both heart rate and stroke
volume start to increase, leading to a 30–50% rise in cardiac output [4]. As a result of
progesterone, nitric oxide, and prostaglandin actions, there is a decrease in systemic and
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pulmonary vascular resistance. Volume loading results in hemodilution and physiologic
anemia. Additionally, there is a rise in prothrombotic factors during pregnancy. All
these changes challenge the distorted univentricular heart after the Fontan procedure [5].
Moreover, high systemic venous pressures and limited reserve to increase cardiac output
may impact placental perfusion [6].

As per European Society of Cardiology (ESC) guidelines for the management of car-
diovascular diseases during pregnancy, uncomplicated Fontan patients belong to modified
World Health Organization (WHO) class III, which means a significantly increased risk of
maternal mortality or severe morbidity [7]. However, patients called failing Fontans who
demonstrate the above-mentioned complications of Fontan circulation are classified as a
modified WHO class IV and should be counseled against pregnancy.

Our study aimed to assess maternal and fetal outcomes in patients after the Fontan
procedure followed up in two tertiary Polish medical centers.

2. Materials and Methods

In this retrospective two-center (First Department of Cardiology, University of Medical
Sciences, Poznan, and Institute of Cardiology, Jagiellonian University Medical College,
Krakow) observational study, we evaluated all pregnancies of women after the Fontan pro-
cedure who were followed up between 1995–2022. We did not include ongoing pregnancies.
Information from medical records included demographic data, initial heart anatomy, prior
surgical procedures, cardiac complications before pregnancy, the latest echocardiography
examination, age at first pregnancy, week, and mode of delivery. We also analyzed the
number of patients’ visits to the outpatient clinic during pregnancy.

Echocardiography (Vivid 9, GE Healthcare, Wauwatosa, WI, USA) was performed
by two experienced echocardiographers (ABR and LTP) according to a predetermined
study protocol. The echocardiograms included 2D and Doppler imaging to identify the
morphology of the single ventricle—dominant left, right, or mixed ventricle and the
presence of thrombus. Based on biplane modified Simpson’s rule, the ejection fraction (EF)
of a single ventricle was calculated. Impaired ventricular function was considered when EF
was <50% [8]. Color-mode Doppler determined atrioventricular valve (AVV) regurgitation
in a 4-chamber view.

Fetal outcomes were recorded and included: termination of pregnancy before 20 weeks
of gestation (WG), miscarriage as spontaneous fetal loss before 24 WG, stillbirth as fetal
death after 24 WG [9], premature delivery (delivery before 37 WG), small size for gestational
age (SGA) (birth weight below 10th percentile), neonatal death (death within the first month
after birth), and diagnosis of congenital malformations.

Maternal complications included: maternal death, heart failure, systemic throm-
boembolic complication, new cyanosis (SO2—oxygen saturation drop below 90% at rest),
protein-losing enteropathy, and atrial or ventricular arrhythmia. Obstetrical complications
were classified as preeclampsia, abruptio placentae, premature rupture of membranes
before 37 WG, and antepartum and postpartum hemorrhage. Postpartum hemorrhage was
defined as a loss of >1000 mL of blood after cesarean section until 24 h postpartum [10].

We also calculated the risk scores for adverse cardiac complications during pregnancy
according to ZAHARA and CARPREG II scores [11,12].

As approved by our institutional Ethics Committee, the study protocol conformed to
the ethical guidelines set forth by the 1975 Declaration of Helsinki.

3. Statistics

Data were expressed as means with SD or medians with range (according to nor-
mal distribution) for continuous variables and percentages for categorical variables for
descriptive analysis. Analysis was performed using PQStat v.1.8.2. (PQStat Software,
Poznan/Plewiska, Poland).
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4. Results

4.1. Baseline Characteristics

During the study period, 15 women after the Fontan procedure had 26 pregnancies.
Among them, three women had two pregnancies, two patients had three pregnancies, and
one woman had five pregnancies. The mean age (SD) at first pregnancy was 25.4 (3.5) years.
Underlying congenital heart defects and baseline maternal characteristics are presented in
Table 1.

Table 1. Pre-conception baseline maternal characteristic.

Population Characteristics n = 15

Type of congenital heart defect
Tricuspid atresia 5 (33.3%)
Double inlet left ventricle 4 (26.7%)
Pulmonary atresia 3 (20%)
Double outlet right ventricle 3 (20%)
Type of palliation
Atrio-pulmonary connection 1 (6.7%)
Total cavo-pulmonary connection 14 (93.3%)
Fenestration 6 (40%)
Functional state
NYHA I/II/III/IV 3/12/0/0
Hypoxemia (<90%) 1 (6.7%)
Past medical history
Sick sinus syndrome 4 (26.7%)
Atrial arrhythmia 4 (26.7%)
Ventricular arrhythmia 2 (13.3%)
Permanent pacemaker 2 (13.3%)
Thromboembolic complications 2 (13.3%)
Age at first pregnancy (years) mean (SD) 25.4 (3.5)
Incidence of patient’s visits median (range) 3 (2–6)
Echocardiography
SV morphology RV—3 (20%), LV—12 (80%)
SV function normal/impaired 14 (93.3%)/1 (6.7%)
Atrio-ventricular regurgitation mild/moderate/severe 10 (66.7%)/5 (33.3%)/0
Thrombus 1 (6.7%)

LV—left ventricle; NYHA—New York Heart Association scale; RV—right ventricle; SV—single ventricle.

All palliations, except one—atrio-pulmonary connection—were total cavo-pulmonary
connections (TCPC) performed at the mean age (SD) of 7.1 (4.4) years. Fenestrated TCPC
was performed in six (40%) patients. One fenestration was closed with an Amplatzer device
six years after Fontan’s completion. Hypoxemia was observed before pregnancy in one
(6.7%) patient with patent fenestration (SO2—87%). All pregnancies were delivered by
cesarean section.

4.2. Fetal Outcomes

Among 26 pregnancies, 11 ended in miscarriage at the median gestational age of 9.3
(5–18) WG, and the mean age (SD) of patients was 24.1 (3.1) years. Fifteen pregnancies
resulted in sixteen live births at the median gestational age of 35.5 (26–40) WG and the
mean age (SD) of patients of 26.3 (3.8) years. The mean birth weight (SD) was 2519
(758) g. Fetal complications were observed in 9 (56.3%) live births, with prematurity
being the most common complication (n = 7, 43.8%). Four (25%) children were born
before 33 WG. We recorded three (18.8%) neonatal deaths resulting from one twin and one
singleton pregnancy. Twin pregnancy was delivered in 26 WG due to premature rupture of
membranes, and babies also had morphological abnormalities: hypotrophy, abnormalities
of lower and upper limbs, and calcification around the stomach (probably due to a genetic
disorder which was not specified). They died one month after delivery. The third neonatal
death occurred in a patient with placental hematoma and ablation. Cesarean section was
performed at 27 WG, and the child died due to complications of extreme prematurity. Two
(12.5%) other children were diagnosed with congenital malformations—one child presented
with patent ductus arteriosus, and the other was born with a diaphragmatic hernia (Table 2).
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Table 2. Fetal/neonatal complications—n = 16 (one twin pregnancy).

Birth Weight (g) Mean (SD) 2519 (758)

Termination of pregnancy <20 WG 0
Stillbirth 0
Neonatal death 3 (18.8%)
Small for gestational age 1 (6.25%)
Congenital malformations 2 (12.5%)
Prematurity 7 (43.8%)
33–36 + 6 WG 3
28–32 + 6 WG 1
22–27 + 6 WG 3

WG—week of gestation.

4.3. Obstetrical Status

Obstetrical complications were present in 6 (40%) out of 15 completed pregnancies,
among which 1 was multiparous. Two (13.3%) pregnancies were complicated with abruptio
placentae. In another two (13.3%), premature rupture of membranes occurred. Antepartum
hemorrhage complicated two (13.3%) pregnancies and both patients were followed up
using prophylactic anticoagulation. Preeclampsia was not observed in our study group. All
the above-mentioned complications resulted in premature delivery before 37 WG (Table 3).

Table 3. Maternal cardiovascular and obstetrical complications.

Pt
Age at
Fontan
(Years)

Age at
First P
(Years)

CARPREG
II

ZAHARA P M L Anticoag NYHA
Arrhythmia
before 1st
Pregnancy

Complications
during Pregnancy

1 1 29 5 4 1 0 1 Prophyl II AA None

2 4 24 3 6.25 1 0 1 Prophyl II AA PD, AH

3 5 27 8 4.75 1 1 0 Therap II SSS, VA VB

4 7 26 3 4.75 1 0 1 Prophyl II SSS PD; AP;
Takotsubo syndrome

5 14 23 3 4.75 3 2 1 Therap II SSS
1- Miscarriage
2- Miscarriage

3- AFl

6 4 24 2 2.5 2 1 1 ASA II - 1- Miscarriage
2- None

7 5 17 2 2.5 5 3 2
None -1st

Therap -2nd -5th
pregnancy

II -

1- None
2- Miscarriage- AF,

hypoxemia
3- Miscarriage
4- Miscarriage

5- PD, AP

8 12 24 5 4.75 2 1 1 None II AA, VA 1- Miscarriage
2- None

9 5 22 3 2.5 1 0 1 None I AA VA

10 13 28 2 2.5 1 0 1 None II - None

11 5 28 0 1 1 0 1 None I - None

12 7 28 5 5.5 3 2 1
None -1st -2nd
Prophyl -3rd
pregnancy

II SSS
1- Miscarriage
2- Miscarriage

3- PD, AH

13 8 23 2 0 2 1 1 None I - 1- PD, PROM
2- Miscarriage

14 15 30 2 1.75 1 0 1 Prophyl II - PD, PROM

15 2 29 0 1 1 0 1 Prophyl I - None

AA—atrial arrhythmia; AF—atrial fibrillation; AFl—atrial flutter; AH—antepartum hemorrhage; Anticoag—
anticoagulation; AP—abruptio placentae; ASA—aspirin; L—live birth; CARPREG II—the risk score of primary
maternal cardiac event, calculated for the first pregnancy, was 5% with a score of 1, 10% for a score of 2, 15%
with a score of 3, 22% for a score of 4, and 41% if the score was greater than 4 points; M—miscarriage; NYHA—
New York Heart Association; P—pregnancy; PD—preterm delivery; PROM—premature rupture of membranes;
Prophyl—prophylactic anticoagulation; SSS—sick sinus syndrome; SV—single ventricle; Therap—therapeutic
anticoagulation; VA—ventricular arrhythmia; VB—vaginal bleeding; ZAHARA—the risk score of maternal
cardiovascular complications calculated for first pregnancy is 2.9% with <0.5 points, 7.5% with 0.5–1.5 points,
17.5% with 1.51–2.50 points, 43.1% with 2.51–3.5 points, and 70% with >3.5 points.
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4.4. Maternal Cardiovascular Complications

There was neither maternal death nor heart failure decompensation during pregnancy.
However, episodes of new-onset arrhythmia occurred. In two (13.3%) women, atrial ar-
rhythmia developed. One patient presented with atrial flutter in the second trimester and
required anticoagulation and beta-blocker therapy. The other who had five pregnancies
presented with atrial fibrillation during the second pregnancy (this woman suffered three
miscarriages and died five years after her last pregnancy because of heart failure). One
(6.7%) patient in the second trimester developed ventricular arrhythmia (premature ven-
tricular contractions), which resolved after delivery. She did not require medications. New
onset of hypoxemia was observed in one patient with classic (atrio-pulmonary) Fontan
palliation (SO2—89%) when atrial fibrillation occurred and complicated her second preg-
nancy. As late maternal complications, we observed Takotsubo syndrome in relation to
abruptio placentae and premature delivery of a baby who died subsequently. Four years
after delivery, one (6.7%) patient suffered from a pulmonary embolism (Table 4).

Table 4. Maternal cardiovascular complications during pregnancy and after delivery.

Type of Complication n = 15 Trimester

Atrial arrhythmia 2 (13.3%) 2nd
Ventricular arrhythmia 1 (6.7%) 2nd
Hypoxemia (SO2 < 90%) 1 (6.7%) 2nd
Systemic thromboembolism 0 -
Heart failure 0 -
Takotsubo syndrome 1 (6.7%) After delivery
Protein-losing enteropathy 0 -
Maternal death 0 -

4.5. Anticoagulation Regimen during Pregnancy

There were three different types of anticoagulation used in our population. Twelve
(46.2%) pregnancies were followed without anticoagulation therapy. One of them was
treated with aspirin 75mg/d. Prophylactic anticoagulation was administered during six
(23%) pregnancies due to abnormal (accelerated in comparison to previous examinations)
flow in the TCPC tunnel as well as patent fenestration with a right to left shunt. Therapeutic
anticoagulation was used in eight (30.8%) pregnancies due to atrial arrhythmia or throm-
boembolic complications, diagnosed by abnormal perfusion in pulmonary scintigraphy
examination or presence of thrombus in the echocardiographic examination (Table 3).

5. Discussion

Our analysis confirmed that pregnancy in Fontan survivors is possible and may also
be successful [1,5,7,13]. However, a woman considering pregnancy must be aware of
potential risks and complications for herself and the baby. The earliest is a miscarriage,
which happened in the analyzed population in 11 (42%) pregnancies, all but one in the first
trimester. These observations were the same as described by Bonner et al. [14] and were
similar to the incidence of 27–69% published in previous reports [1,5,7,13,15,16]. These
numbers are much higher than the spontaneous miscarriage rates of 10–15% observed in
the general European population [17]. The reason for this fatal condition is not completely
clear, but it may result from abdominal venous congestion, increased venous pressure, and
inability to increase cardiac output [1,5,6,18].

As we already know from published data, pregnancies that prevail into the second
trimester should be eventually completed [13,14,16,19]. Therefore, it is reasonable to
assume that well-functioning Fontan patients are more likely to achieve pregnancy. This
was confirmed by Arif et al. based on an analysis of 55 pregnancies in women after
the Fontan procedure [16]. These authors proposed a novel three-step risk stratification
model based on patients’ functional class and the presence of complications typical for
Fontan circulation. They observed a high (93.3%) miscarriage rate among women with

43



J. Clin. Med. 2023, 12, 783

poor cardiovascular status. Our data showed similar results. Eleven patients who suffered
miscarriage had worse cardiovascular status than women who completed their pregnancies.

5.1. Maternal Cardiovascular Complications

What is worth underlining, fortunately, and consistently with published data, is that
we did not observe any maternal deaths in our study [1,5,14,16,20].

Our study’s most frequent Fontan-related complication was atrial and ventricular ar-
rhythmia, which occurred in three (20%) patients and responded well to pharmacotherapy.

In the reported literature, supraventricular arrhythmia is the most common cardio-
vascular adverse event in these pregnant women [1]. According to the published data,
an arrhythmia occurs, similarly to our observations, in 8.1–31.5% of patients [16,20,21].
Women after the Fontan procedure are prone to arrhythmia development not only due to
the atrial surgical scars, sinus node disease, or altered and injured atrial tissue organization
but also as a result of typical changes in the pregnant state, i.e., hyperdynamic circulation,
myocardial stretch, or hormonal changes (progesterone increase) [1,13,16,22,23].

None of our patients suffered from heart failure during pregnancy, unlike the pub-
lished series, where 9.5–15.7% of pregnancies were complicated by heart failure. [16,20,21].
These observations result from our patients’ good clinical and hemodynamical status. This
is consistent with the conception made by Arif et al., which states that successful pregnancy
is strictly related to the preconceptional clinical state of women after the Fontan proce-
dure [16]. Heart failure was the second most common cardiovascular complication in their
studied population. Hence, hyperdynamic circulation typical for pregnancy and resulting
from increased cardiac output and dilation of vascular bed impairs the functioning of
fragile Fontan circulation. A single ventricle must create such energy to enable blood flow
into pulmonary circulation against decreased preload and gravity [18].

Furthermore, obstetrical complications, such as gestational hypertension, preeclamp-
sia, or anemia, may result in heart failure development.

In the analyzed group, in accordance with other published series, we did not observe
any new systemic thromboembolism during pregnancy [16,21]. Considering the presence
of both thromboembolic risk in women after the Fontan procedure and the hypercoagu-
lable state of pregnancy, patients at risk of thromboembolic complications (presence of
arrhythmia, right to left shunt) received anticoagulation in our study. Cauldwell et al.
demonstrated only one (out of 50 pregnant women) venous thromboembolism case in the
postpartum period [23]. In the series from Gouton et al. as well as Ropero et al., only
isolated cases of antepartum pulmonary embolism and cerebral ischemic events were
reported [1,20]. In relation to the presented thromboembolic risk, these results require
validation in more extensive studies. Initiation of anticoagulation in the studied group must
balance the potential risk of bleeding, which is present even in nonpregnant patients [24].

In our study group, all women were of NYHA ≤ II class, and none of the patients
had a mechanical valve or pulmonary hypertension. In this setting, the identification of
women at risk of primary cardiovascular events using ZAHARA or CARPREG II scores was
not particularly discriminative [11,12]. Additionally, the low incidence of cardiovascular
complications in our patients could not prove the strength of these risk scores.

5.2. Obstetrical Status

Although European guidelines do not give explicit recommendations regarding the
delivery mode, all our patients were delivered by semi-elective cesarean section [7]. Almost
in half of the patients (6 out of 15), deliveries were conducted before the 37 WG, which
significantly increased the risk of potential peri-delivery complications. Similar decisions
were made by Arif et al. [16]. Organization of cardiological and obstetrical care in our unit
was an additional factor in favor of cesarean section. In the centers participating in our
study, obstetrical departments are located in the other part of the city, rendering hours-long
high-specialty cardiological and obstetrical care impossible.
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As noted in our analysis and described in previous studies, such obstetrical complica-
tions as abruptio placentae, premature rupture of membranes, and antepartum hemorrhage
are observed significantly more often in pregnancies with Fontan circulation than in the
general population [1,20,21,25]. In our study, we had two (13.3%) cases of each complica-
tion. In other series, the rate of premature rupture of membranes amounted to 15.3–28.2%
vs. 1.25% found in the general population [23,25]. The main reason for this high incidence
of complications is hypoperfusion of the fetoplacental unit and vascular dysfunction result-
ing from the existing Fontan hemodynamic inability to increase stroke volume together
with systemic venous hypertension [5]. Antepartum hemorrhage was described to com-
plicate 5.7–21% of pregnancies of women after the Fontan procedure [20,21,23]. We did
not observe postpartum hemorrhage, but others reported that complication in 2.8–42.8%
of pregnancies in Fontan survivors [20,21,23]. Vascular malformations, liver disease due
to abdominal venous congestion, or thrombotic disorders typical for Fontan circulation
could be responsible for this observation [24,26]. Not without meaning when postpartum
hemorrhage is considered is a mode of delivery, and its protocol, i.e., common use of
oxytocin to avoid uterus atony—a potential cause for hemorrhagic complications [27]. In
addition, anticoagulation treatment during pregnancy may play a role [21]; however, not
all authors support this finding [15,25]. Although current European guidelines suggest
consideration of anticoagulation treatment during pregnancy, patients analyzed in our ret-
rospective study were anticoagulated only when additional indications for anticoagulation,
i.e., atrial arrhythmia, right to left shunt, or previous thromboembolic events occurred [7].
As was already mentioned, and what needs to be considered while planning pregnancy,
anticoagulation can entail miscarriage in these patients.

5.3. Neonatal Complications

In our study group, we observed three (18.8%) neonatal deaths, prematurity amounted
to 40% of live births, and the birth weight was smaller than in the general population. These
results are comparable to other published reports of neonatal deaths at 2.7–25% [20,23,25].
In the other series, prematurity rates in Fontan patients amounted to 60–82% [14,21,23,28]
and were six–eight-fold more frequent than in the general population [25]. Presented
neonatal complications arise from the above-mentioned adverse hemodynamics regarding
Fontan circulation physiology [18,28]. Another predisposing factor for neonatal outcomes
could be desaturation due to fenestration, which was present in 40% of patients [20],
although Caudwell et al. do not support this thinking [23]. Certainly, maternal medications
also play a role, i.e., beta-blockers or diuretics decreasing placental perfusion [1,28].

5.4. Management of Pregnant Patients in Our Center

When a patient reaches adulthood and is transferred to our outpatient clinic for
adults with congenital heart defects, we analyze previous medical history and talk about
reproductive plans. If a patient is considered as “failing” Fontan according to medical
records, we discourage her from pregnancy. At preconception evaluation, we perform
the echocardiographic examination, laboratory tests (i.e., morphology, NTproBNP, liver
function), and cardiopulmonary exercise test. Once a patient gets pregnant, she is asked
to come for a visit. Usually, we invite patients once in every trimester for a clinical visit
comprising ECG, oxygen saturation, blood pressure, and echocardiographic examination. If
additional problems occur (arrhythmia, heart failure symptoms, obstetrical complications),
we schedule further visits or hospitalize the patient. Between 20–22 weeks gestation, we
advise obtaining a fetal echocardiographic examination. Our patients are comanaged
by obstetricians whom we sensify to careful placental and uterus perfusion assessment
and thorough evaluation of fetal growth. Usually, we recommend delivery between
37–39 weeks gestation, but its timing depends on the advancement of fetal growth and the
presence of potential obstetrical complications. Within three months after delivery, we ask
the patient to schedule a clinical visit.
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5.5. Study Limitations

Single ventricle anatomy and physiology encompasses a spectrum of various defects
that may alter Fontan hemodynamics and outcomes. Therefore, the heterogeneity of the
studied population makes any comparisons difficult. In addition, this study is limited
by the retrospective nature of data collection. Finally, the small sample size is another
limitation of this study.

6. Conclusions

Pregnancy in women after the Fontan procedure, although it increases the risk of
morbidity, is well tolerated. However, it is burdened by a high risk of miscarriage and
multiple obstetrical complications, including losing a child, which a young woman and her
family should be counseled about. These women require specialized care provided by both
experienced cardiologists and obstetricians.
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Abstract: (1) Background: the indications for transcatheter closure of large patent ductus arteriosus
(PDA) with severe pulmonary hypertension (PH) are still unclear, and scholars have not fully eluci-
dated the factors that affect PH prognosis. (2) Methods: we retrospectively enrolled 134 consecutive
patients with a PDA diameter ≥10 mm or a ratio of PDA and aortic >0.5. We collected clinical data to
explore the factors affecting follow-up PH. (3) Results: 134 patients (mean age 35.04 ± 10.23 years;
98 women) successfully underwent a transcatheter closure, and all patients had a mean pulmonary
artery pressure (mPAP) >50 mmHg. Five procedures were deemed to have failed because their mPAP
did not decrease, and the patients experienced uncomfortable symptoms after the trial occlusion.
The average occluder (pulmonary end) size was almost twice the PDA diameter (22.33 ± 4.81 mm
vs. 11.69 ± 2.18 mm). Left ventricular end-diastolic dimension (LVEDD), mPAP, and left ventricular
ejection fraction (LVEF) significantly reduced after the occlusion, and LVEF recovered during the
follow-up period. In total, 42 of the 78 patients with total pulmonary resistance >4 Wood Units experi-
enced clinical outcomes, and all of them had PH in the follow-up, while 10 of them had heart failure,
and 4 were hospitalized again because of PH. The results of a logistic regression analysis revealed that
the postoperative mPAP had an independent risk factor (odds ratio = 1.069, 95% confidence interval:
1.003 to 1.140, p = 0.040) with a receiver operating characteristic curve cut-off value of 35.5 mmHg
(p < 0.001). (4) Conclusions: performing a transcatheter closure of large patent ductus arteriosus is
feasible, and postoperative mPAP was a risk factor that affected the follow-up PH. Patients with
a postoperative mPAP >35.5 mmHg should be considered for targeted medical therapy or should
undergo right heart catheterization again after the occlusion.

Keywords: patent ductus arteriosus; pulmonary hypertension; transcatheter closure; risk factor; prognosis

1. Introduction

Patent ductus arteriosus (PDA) is one of the most common congenital heart diseases
(CHD) as it accounts for 10–16% of CHDs [1,2]. Since 1967, when Porstmann conducted
the first transcatheter closure to treat PDA [3], scientists have enhanced the device and
delivery systems that physicians use when performing transcatheter closures tremendously.
Currently, factors that determine whether a physician should perform a transcatheter clo-
sure to treat an individual with a normal-size PDA are clear and definite, and transcatheter
closure is the first treatment choice of cardiologists. However, challenges still exist when
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closing large PDAs, especially those >10 mm. Various difficulties, including insufficient
device sizes and pulmonary hypertension (PH), considerably decrease the success rate of
the procedure. The invention of an oversized device larger than the 18/16 mm mushroom
PDA occluder made it possible for physicians to close large PDAs. However, a large PDA
is always accompanied by severe PH, and the mean pulmonary artery pressure (mPAP) is
usually >50 mmHg. Thus, the irreversible pulmonary vascular change caused by severe PH
results in persistent PH during the follow-up period which elevates the poor prognosis risk.

Right heart catheterization (RHC) is the method most commonly used to assess hemo-
dynamics. Qp/Qs are less accurate at predicting the prognosis; nevertheless, scholars
regard pulmonary vascular resistance (PVR) as a useful index [4–11]. However, the sam-
ples used in previous studies were small or the PDAs of the enrolled patients were not
large enough. The indicators that predict follow-up PH after the occlusion of large PDAs
with severe PH remain unclear. Thus, we retrospectively examined patients with large
PDAs who underwent interventional treatment from 2010 to 2020, analyzed the feasibility
of interventional treatments for large PDAs, and found a clear predictor regarding the
postoperative persistence of PH.

2. Materials and Methods

2.1. Patients

We recruited patients who were diagnosed with large PDAs and underwent inter-
ventional treatment from 2010 to 2020. All the patients underwent an X-ray, electrocardio-
graphy, and transthoracic echocardiography (TTE). Some patients underwent multislice
computed tomography before surgery. Researchers at the Structural Heart Disease Depart-
ment at Fuwai Hospital conducted this retrospective study. The procedures of this study
followed the ethical guidelines of the Declaration of Helsinki, and the Ethics Committee of
Fuwai Hospital approved this study. Additionally, we obtained informed consent from all
the participants (2021-1452).

2.2. Inclusion and Exclusion Criteria

Currently, the classification of PDA according to diameter is unclear. We defined a
PDA diameter ≥10 mm or a ratio of PDA and aortic >0.5 as a large PDA. We defined
indications that a transcatheter closure should be performed as follows: (1) large PDA;
(2) pulmonary hypertension; and (3) an audible cardiac murmur attributable to the PDA.
The exclusion criteria were as follows: (1) endocarditis; (2) resistant pulmonary hyperten-
sion; and (3) accompanied by other heart diseases requiring surgical repair [12].

2.3. Right Heart Catheterization and Transcatheter Closure

All patients underwent fluoroscopy-guided procedures under local anesthesia. We
punctured the right femoral artery and vein and inserted puncture sheaths. We performed
routine right heart catheterization, and we inserted a 5 or 6 Fr MPA2 catheter into the
pulmonary artery and right ventricle to measure the pulmonary arterial pressure. We
calculated total pulmonary resistance (TPR) based on blood oxygen saturation. If the
TPR was >4 Wood Units, the patient inhaled oxygen for 10 min, and we repeated the
procedure to calculate the TPR. Then, we inserted a 5 Fr pigtail catheter into the aorta
(AO) and performed an aortography. We observed and measured the shape and diameter
of the ducts using an aortography. The device deployment procedure was as follows:
we passed a 5 or 6 Fr MPA2 catheter across the PDA into the aorta, exchanged the extra-
stiff wire, and passed the delivery sheath. We passed the delivery sheath into the aorta
via the PDA from the femoral vein. We deployed the device using fluoroscopy and an-
giographic guidance. The size of the pulmonary end of the PDA occluder used was
larger than 16 mm and was produced by Lifetech Scientific Co., Ltd. (Shenzhen, China)
or Starway Medical Tec Co., Ltd. (Beijing, China). We repeated the aortography and mea-
sured the continuous pressure. Finally, we released the device under X-ray and TTE
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guidance after confirming the correct position. We measured the pressure when the patient
was stable after we released the device.

2.4. Postoperative and Follow-Up Outcomes

All patients underwent TTE, X-ray, and ECG again at 1, 3, 6, and 12 months. We
detected the position and residual shunt of the occluder using TTE. We performed an
X-ray to measure the cardiothoracic ratio after the procedure. We evaluated the PAP and
predicted the PH in all the patients using TTE. The PH diagnostic criteria that we used to
evaluate the TTE were based on the 2022 ESC guidelines [13]. We recommended that the
patients repeat the RHC at 6 months after closure if doing so was deemed possible based
on their TTE results. We defined the follow-up outcome according to the PH assessed with
TTE or RHC after the occlusion. We conducted a telephone follow-up with all the patients
before we analyzed the data. The follow-up time was the length from the discharge to the
time of the last follow-up result that we could collect. We defined clinical outcomes as the
follow-up PH, heart failure (NYHA III or IV), and/or hospitalization caused by PH.

2.5. Statistical Analysis

We used SPSS version 26.0 (IBM), R version 4.2.0 software, and GraphPad Prism
version 8.0 (GraphPad Software Inc., La Jolla, CA, USA) to calculate and illustrate the data.
The continuous variables in this study are expressed as the mean ± standard deviation
(SD) or as the median (IQR), and the categorical variables are expressed as numbers and
percentages. We compared the continuous variables using the independent sample t-test or
the Wilcoxon rank-sum test. We performed a risk factor estimation of the outcomes using a
combination of the least absolute shrinkage selection operator (LASSO) and univariate or
multivariate logistic regression to determine the association measures. We used the receiver
operating characteristic curve to define the cut-off value. We set statistical significance at
p < 0.05.

3. Results

3.1. Patient Characteristics

A total of 152 patients underwent transcatheter therapy. We excluded 11 patients
with other congenital heart diseases that required surgical repair or staged operation and
2 patients with severe residual shunts. The procedure failed in 5 patients whose PAP did
not decrease and who also experienced uncomfortable symptoms after the trial occlusion;
because of this, we pulled the device back. Thus, we recruited 134 patients for this study. A
total of 88 patients underwent RHC, and 78 had a TPR >4 Wood Units.

Table 1 presents the baseline characteristics of the patients. The results of the preoper-
ative TTE indicated a large PDA with an accompanying left-sided heart enlargement in
all the patients. The results of the X-ray suggested heart enlargement with an increased
cardiothoracic ratio. Five patients had a trivial pericardiac effusion before the operation
which may have been caused by heart failure and disappeared after closure. Nine patients
had other congenital heart diseases, including three with patent foramen ovale, four with
a small atrial septal defect (7, 5, 5, and 4 mm), and two with small ventricular septal
defects (3 and 2 mm). Twelve patients participated in targeted medical therapy before and
after closure.

Table 1. Baseline characteristics of patients.

Variables N

Patients, n 134
Female, n (%) 98 (73.1)

Age, y 35.04 ± 10.23
BMI, kg/m2 20.43 ± 3.60
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Table 1. Cont.

Variables N

Heart function (NYHA)
I, II 115

III, IV 19
Cardiothoracic ratio 0.60 ± 0.07
PDA diameter, mm 11.69 ± 2.18
Occluder size, mm 22.33 ± 4.81

Presence of other heart diseases, n
PFO 3

Small ASD 4
Small VSD 2

Trivial pericardiac effusion, n 5
Complications, n
Residual shunt 7

Femoral arteriovenous fistula 1
Systolic Pp/Ps ratio, % 82.93 ± 18.47

Targeted medical therapy, n 12
Endothelin receptor antagonists, n 7

Phosphodiesterase 5 inhibitors and guanylate cyclase stimulators, n 8
Prostacyclin analogues and prostacyclin receptor

agonists, n 1

NYHA: New York Heart Association; ASD: atrial septal defect; BMI: body mass index; PDA: patent ductus
arteriosus; PFO: patent foramen ovale; Pp/Ps: pulmonary pressure, systemic pressure.

3.2. Transcatheter Closure and Postoperative PAP

We measured PAP and aortic pressure (AP) at baseline in all the patients using a
catheter. The average size of the occluder (pulmonary end) was 22.33 ± 4.81 mm and
was almost twice the size of the PDA diameter (β = 1.88; 95% confidence interval [CI]:
1.682–2.081; R2 = 0.73; p < 0.001). The left ventricular end-diastolic dimension (LVEDD)
showed significant shrinkage accompanied with a decrease in the left ventricular ejection
fraction (LVEF) below the normal level (Table 2). After closure, the mPAP of all 134 patients
for whom the procedure was successful decreased (40.99 ± 12.34 mmHg), and the mean AP
increased (14.52 ± 10.40 mmHg) (Table 2). Although the LVEF decreased after the occlusion,
the clinical symptoms were not significant without pericardial effusion or heart failure. All
the patients were able to walk out of the hospital one or two days after the occlusion.

Table 2. Pre- and postoperative variable comparison.

Variables Preoperative Postoperative p

mPAP 76.79 ± 14.96 35.31 ± 12.05 <0.001
mAP 89.17 ± 12.23 103.70 ± 13.39 <0.001

RVEDD 24.22 ± 5.37 23.83 ± 4.86 >0.05
LVEDD 63.75 ± 10.05 58.53 ± 9.35 <0.001
LVEF 59.60 ± 8.11 52.94 ± 9.90 <0.001

mPAP: mean pulmonary artery pressure; mAP: mean arterial pressure; LVEDD: left ventricular end-diastolic
dimension; LVEF: left ventricular ejection fraction; RVEDD: right ventricular end-diastolic dimension.

The preoperative mPAP (76.0 [67.0,83.0] mmHg vs. 86.0 [70.5,94.0] mmHg; p > 0.05) in
women aged <45 years was similar to that of men, but the postoperative mPAP (32.0 [24.0,41.0]
mmHg vs. 41.0 [32.0, 52.5] mmHg; p = 0.015) was lower in women aged <45 than in men.
The average difference between the pre- and postoperative mPAP in women and men
was 5.53 mmHg and 8.59 mmHg, respectively, and they were not significant (p > 0.05).
Both the preoperative (22.68 ± 4.84 mm vs. 27.24 ± 5.30 mm, p < 0.001) and postoperative
(22.38 ± 4.26 mm vs. 27.21 ± 5.38 mm; p < 0.001) RVEDD were smaller in women.
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3.3. Follow-Up Data

The average follow-up period for the 134 patients was 17.56 months. We conducted
a follow-up TTE to assess the PAP, ventricle diameter, and LVEF. The follow-up LVEDD
was normal and statistically different from the postoperative LVEDD (p < 0.001), and the
RVEDD measured during the follow up was similar to the postoperative RVEDD (p > 0.05).
However, the LVEF at the follow up was elevated compared with the postoperative LVEF
(p < 0.001), and it gradually recovered to a normal level (p > 0.05) (Figure 1). Twelve patients
who received targeted medical therapy stopped taking drugs and continued to have PH,
but they were still alive at the final follow up.

Figure 1. The postoperative LVEF was significantly reduced after occlusion and recovered to a normal
level during the follow-up period. LVEF: left ventricular ejection fraction.

3.4. Baseline of the Five Failed Patients

Although we did not include data from five failed patients, we compared them to
the 78 successful patients who had a TPR >4 Wood Units. These five failed patients had
a higher postoperative mPAP (62.20 ± 25.08 vs. 37.38 ± 11.23), a lower mPAP decrease
(18.60 ± 22.50 vs. 41.94 ± 12.41), a lower Qp/Qs (1.58 ± 0.28 vs. 2.13 ± 1.04), a smaller LV
diameter (52.60 ± 8.05 vs. 61.76 ± 9.27), and a higher LVEF (70.70 ± 7.05 vs. 61.16 ± 8.05).
We created a logistic regression model based on these 83 patients and found that the mPAP
after the occlusion was the only risk factor for closure failure (odds ratio [OR] = 1.115; 95%
CI: 1.020–1.217; p = 0.016). The cut-off value of the mPAP was 49.5 mmHg, and the area
under the curve (AUC) was 88.5% (p = 0.004).

3.5. Prognostic Value of the Post-Operative PAP after Occlusion

We assessed the PAP using TTE of 78 successful closure patients with a TPR >4 Wood
Units, and only 5 patients repeated the RHC 6 months later. Forty-two patients had
experienced clinical outcomes during the 12.00 (IQR:3.00-29.25, only 4 patients <3 months)
months follow-up, and all of them were detected during the follow-up PH. Ten of them
experienced heart failure, and four were hospitalized again because of PH. During follow-
up, 42 patients (Group 1) still had PH, and 36 patients’ (Group 2) PAP had returned to
normal. Group 1 had a higher postoperative mPAP and larger RVEDD during all periods
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(Table 3). Group 1 had a larger TPR and systolic Pp/Ps ratio than Group 2 before the
occlusion (Table 3).

Table 3. Comparison of variables between patients with and without follow-up PH.

Variables With Follow-Up PH (n = 42) Without Follow-Up PH (n = 36) p

Female, n (%) 32 (76.2) 25 (69.2) 0.61
Age, y 35.48 ± 9.97 33.81 ± 10.80

Heart function (NYHA), n 0.21
I, II 34 33

III, IV 8 3
PDA diameter, mm 12.17 ± 2.52 12.14 ± 1.85 0.95
Occluder size, mm 23.29 ± 4.90 23.00 ± 4.67 0.79

Before occlusion at baseline
Baseline TPR, Wood Units 12.95 ± 5.87 10.47 ± 4.77 0.047

Systolic Pp/Ps ratio, % 88.03 ± 17.40 81.40 ± 19.74 0.11
Qp/Qs 2.00 ± 1.18 2.29 ± 0.84 0.22

mPAP, mmHg 81.29 ± 11.32 78.14 ± 13.24 0.26
LVEDD, mm 58.95 ± 8.00 65.03 ± 9.67 0.003
RVEDD, mm 25.57 ± 5.61 22.89 ± 5.13 0.03

LVEF, % 61.40 ± 7.55 60.88 ± 8.70 0.78
Femoral artery SaO2, % 93.91 ± 3.52 94.42 ± 2.38 0.045

After occlusion at devices released
Systolic Pp/Ps ratio, % 43.95 ± 11.99 35.39 ± 9.50 <0.001

mPAP, mmHg 41.69 ± 10.45 32.36 ± 10.07 <0.001
LVEDD, mm 54.81 ± 7.59 65.03 ± 9.67 0.023
RVEDD, mm 25.12 ± 5.26 22.53 ± 4.16 0.020

LVEF, % 55.28 ± 8.98 53.09 ± 8.70 0.28
mPAP difference before and after occlusion,

mmHg 41.69 ± 10.45 32.36 ± 10.07 0.072

PH: pulmonary hypertension; PDA: patent ductus arteriosus; TPR: total pulmonary resistance; Pp/Ps: pulmonary
pressure, systemic pressure.

Table 3 shows the potential risk factors for follow-up PH which we selected using
the LASSO method (Figure 2). Table 4 shows the logistic regression analysis results.
The postoperative mPAP was a risk factor that significantly affected the follow-up PH
(p = 0.040, as shown in Table 4). We used the receiver operating characteristic (ROC) curve
to determine the postoperative mPAP cut-off value to predict the PH, and we found that the
cut-off value was 35.5 mmHg with an AUC of 74.4% (Figure 3A). The results of the logistic
regression analysis showed that those with a higher PAP (>35.5 mmHg) had a higher risk
of experiencing follow-up PH than those with a lower PAP (<35.5 mmHg) (OR = 5.682; 95%
CI: 2.143–15.067; p < 0.001).

The LVEDD had no significant effect according to the multivariable regression model.
However, when the regression model only included the preoperative factors, such as the
baseline LVEDD, RVEDD, age, and sex, LVEDD was the only detected risk factor. Thus, we
built an ROC curve, and the cut-off value was 56.5 mm with an AUC of 67.6% (Figure 3B).
The results of the logistic regression analysis showed that those with a large LVEDD
(>56.5 mm) had a lower risk of experiencing follow-up PH than those with a small LVEDD
(<56.5 mm) (OR = 0.242; 95% CI: 0.083–0.703; p = 0.009).

Table 4. Univariable and multivariable logistic regression of persistent PH at follow-up.

Variables Univariable (OR, 95% CI) p Multivariable (OR, 95% CI) p

Postoperative mPAP 1.097 (1.040–1.158) 0.001 1.069 (1.003–1.140) 0.040
Preoperative LVEDD 0.921 (0.869–0.977) 0.006 0.958 (0.897–1.022) 0.195

Postoperative systolic Pp/Ps 1.083 (1.028–1.141) 0.003 1.027 (0.961–1.098) 0.428

PH: pulmonary hypertension; mPAP: mean pulmonary artery pressure; LVEDD: left ventricular end-diastolic dimension.
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Figure 2. Least absolute shrinkage and selection operator (LASSO) analysis (A). We used LASSO
regression to screen the prognostic factors. Coefficients of the determined characteristics are exhibited
via lambda parameters (B). Cross validation indicated that three factors (postoperative mPAP, preop-
erative LVEDD, and postoperative systolic Pp/Ps) could be used in logistic regression. mPAP: mean
pulmonary artery pressure; LVEDD: left ventricular end-diastolic dimension; Pp/Ps: pulmonary
pressure, systemic pressure.

Figure 3. Receiver operating characteristic curve of postoperative mPAP (A) and LVEDD (B) for
follow-up PH. AUC: area under the curve; mPAP: mean pulmonary artery pressure; LVEDD: left
ventricular end-diastolic dimension.
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4. Discussion

Presently, physicians still face difficulties when closing large PDAs, especially when
treating patients with severe PH. Although there are different recommended closure strate-
gies for different PVR grades, the ability to recognize the feasibility of closure and the
postoperative persistence of PH is inconsistent across institutions. We analyzed and sum-
marized the feasibility of large PDA interventional closures and found a clear predictor of
PH postoperative persistence.

In small- or medium-sized PDAs, a device that is <16 mm can usually satisfy the
clinical requirements. However, the PDA diameter in this study was ≥9 mm in all cases,
and the size of the mushroom occluder was almost twice the PDA diameter. Thus, the size
of the PDA occluder was larger than 16 mm. The normal-sized PDA could not provide
sufficient support, and thus, the device was unstable and easily transposed under the
large differential pressure of the AO and PA after implantation. Moreover, accurately
measuring the diameters of the large PDAs was difficult, even with aortic angiography.
After we implanted the device, the left disc of the device bulged into the aorta. Thus, the
risk of obstructing the aorta still existed. Performing aortic angiography and measuring
the continuous pressure from the aortic arch to the descending aorta below the device
is necessary. The aorta and expanding pulmonary artery in adults can provide enough
space for an oversized device; however, physicians still need to perform TTE and catheter
examination with caution. We still do not recommend a transcatheter closure for a large
PDA in children because of the higher risk of obstructing the descending aorta.

Many institutions are proficient with PDA transcatheter closure technology, but some
questions still need special attention.

The first question concerns transcatheter closure criteria. The 2020 ESC Guidelines
recommend that physicians should consider shunt closures for PDA patients with a PVR of
3–5 Wood Units and Qp/Qs >1.5 (IIa, C) and that physicians may consider a shunt closure
after careful evaluation in a specialized center for patients with a PVR >5 Wood Units and
Qp/Qs >1.5 (IIb, C) [14]. Compared with the 2015 ESC/ERS guidelines [15], this guideline
attempts to make shunt closures more accessible for patients with over 5 Wood Units.
This may benefit some patients with a higher PVR. Physicians in some clinical centers
have adopted a trial occlusion strategy where some patients with >4 Wood Units undergo
treatment. In this study, we adopted TPR, which is different from the recommended
guidelines. Thus, when we set the inclusion criteria, we set the TPR dividing line to
4 Wood Units to control the PVR of patients at 3 Wood Units. In total, 78 patients with
>4 Wood Units successfully implanted the PDA occluders, while their mPAP significantly
decreased, and their heart function recovered. However, the closure eventually failed in five
patients because of an increase in their pulmonary artery pressure and the accompanying
uncomfortable symptoms after the occlusion. We could easily decide whether the occluder
was suitable for release after observing clinical symptoms and analyzing the hemodynamics
after the trial occlusion. One cannot deny that trial occlusions provide opportunities for
patients with severe PH.

The second question focuses on the LVEF change after the occlusion. In this study, we
found that the LVEF in several patients was reduced to <30%, and no clinical symptoms
were present according to the patients’ self-description. The LVEF reduced significantly
after the closure, but it recovered after several months. LVEF is an index influenced by
the preload and afterload. The preload decreases and the afterload increases after PDA
treatment; therefore, the LVEF decreases after treatment. After several months, the cardiac
reserve was gradually restored, and the LVEF and LV gradually recovered to a normal level.
Therefore, the patient could return to daily life and perform physical labor several months
after the operation. Ruth et al. reported the same result in children [16]. In practice, we
observed that the change in the LVEF mostly happened in patients with a large PDA and
LVEDD, and we predicted a significant reduction in the LVEF during the LV remodeling. A
European study with a large sample revealed that the PDA diameter correlates well with
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postoperative LV dysfunction [17]. However, this was not significant in our study because
we did not recruit patients with a normal PDA diameter.

The final question we should ask concerns PH prognosis after occlusion, especially
in patients with TPR >4 Wood Units. For these patients, factors that affected follow-up
PH were still unclear. Predicting follow-up PH could help physicians determine the
subsequent treatment strategy, namely whether they should subsequently perform targeted
medical treatment. Barst et al. suggested that Pp/Ps is appropriate to define PH, and
Zhang et al. revealed that the postoperation systolic Pp/Ps ratio is a sensitive and specific
parameter to identify postoperative PH [18,19]. However, the systolic Pp/Ps in our study
was not significant in the multivariable regression model. The reasons may include the
following. (1) The proportion of PH patients was different. Only 17 (12.6%) patients who
participated in the previous study had PH during the follow up, whereas 42 (54%) patients
who participated in our study had PH during the follow up. (2) Although the results of our
study and the previous study showed that the systolic pulmonary pressure was similar in
the baseline (115 ± 16 vs. 119 ± 18 mmHg), the postoperative systolic pulmonary pressure
of the 42 follow-up PH patients who participated in this study was less than that of the
participants who participated in the previous study (62 ± 15 vs. 85 ± 13 mmHg), and the
mean pulmonary pressure decreased more significantly in the patients who participated
our study. Thus, the average systolic Pp/Ps that we found was less than what the authors
of the previous study found (44 ± 12% vs. 68 ± 15%). Therefore, postoperative systolic
Pp/Ps was not significant in our study. However, the systolic Pp/Ps values between
the patients with and without PH who participated in our study were also significantly
different (43.95 ± 11.99% vs. 35.39 ± 9.50%; p < 0.001). This finding also indicates that the
follow-up PH patients had a higher postoperative PAP.

We found that postoperative mPAP and mPAP differences were higher in the patients
who had PH at follow-up than in those who did not have PH at follow-up. Postoperative
mPAP was the only significant factor that affected the follow-up PH in patients with a
TPR >4 Wood units. Using a logistic regression model, we found that those with a higher
postoperative mPAP had a higher risk of having follow-up PH. The cut-off value suggested
that a postoperative mPAP <35.5 mmHg was preferable. If the postoperative mPAP was
greater than 35.5 mmHg, the patient was required to undergo targeted medical therapy
or repeat the RHC 6 months later. As for the 12 patients who received targeted medical
therapy, stopped taking the drugs, and were unwilling to undergo RHC again due to the
economic burden, their prognosis may be relatively pessimistic. Many of these individuals
were from developing countries and low-income populations. Cost efficiency is thus the
largest concern when implementing RHC. Undergoing RHC is important regardless of
whether patients with mild postoperative PH need to undergo targeted medical therapy.
Thus, we are still recruiting a large sample population, and the pulmonary-pressure-based
targeted medical therapy strategy is still under observation.

Although the LVEDD was not significant in the multivariable regression model, it
was significant when we included only the preoperative factors in the model. This result
was consistent with our clinical experience. The cut-off value of the LVEDD was similar
to that found during clinical practice. Two reasons may explain this phenomenon: one is
that a large RV compresses the LV and thus causes it to present a “D” shape on the TTE,
and another is that the increased PAP changed the pre- and afterload of the left ventricle. A
small LV may cause a patient to have a severe prognosis at follow-up. Physicians could even
directly conduct targeted medical therapy without RHC in some circumstances. Therefore,
patients with small LVEDD might need to have a further evaluation when undergoing this
invasive operation.

As for the 5 failed patients, we compared their clinical data to the data of the 78 suc-
cessful patients, and the differences were statistically significant. In clinical practice, a
postoperative mPAP >49.5 mmHg is always combined with occlusion failure, which was
consistent with our findings. Although the sample was too small to have enough power to
draw firm conclusions, the patients reported clinical symptoms of chest pain and dyspnea
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after the trial occlusion. This demonstrates that a trial occlusion is necessary and important
when closing a large PDA.

This study has some limitations. First, it was a single-center retrospective study with
inescapable referral bias. Second, we only recorded the terminal status of the patients
over the telephone. Some early patients were missing local hospital TTE results or were
absent from the examination for many years. Thus, collecting the exact time when the
PAP returned to normal was difficult. Third, the patients who received targeted medicine
therapy may have withdrawn from the therapy or only participated in half of it. Thus,
evaluating the drug therapy efficiency was difficult. Fourth, over half of the patients did
not declare whether they used diuretics and vasodilators in their medication records. Thus,
we may have underestimated the PAP before closure. Fifth, 46 patients did not undergo
the RHC. These patients’ PAP were similar to those of the patients with RHC, and the
proportion of patients with >35.5 mmHg was not significantly different between these two
populations (all p > 0.05). However, this finding was based on the experiences of our center
and has certain limitations. Sixth, we measured the TPR in the past 10 years, which is
different from what the guidelines recommend. Thus, when setting the inclusion criteria,
we set the TPR dividing line as 4 Wood Units to control the PVR of patients at 3 Wood Units.
Adopting the PVR would have been more appropriate. Finally, the TTE results obtained by
the researchers at local clinical centers and our institution may have been inconsistent, and
thus, the detected PH may have not been accurate.

5. Conclusions

The closure of large PDA with severe PH is feasible with 96.4% success (5 out of
139 patients failed). However, mPAP over 35.5 mmHg after closure predicts follow-up PH
and clinical outcomes that are likely worse. These patients should probably be treated with
target therapy, and repeated RHC should be performed after PDA closure, optimally with
PVR assessment. PVR (not TPR) should also be calculated before PDA closure. Patients with
smaller LV before closure (less than 56.5 mm LVEDD) should be observed more carefully.

Unfortunately, the importance of PVR assessment before the closure and evaluation of
an upper value of PVR that is safe for PDA closure cannot be derived from this study.
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Abstract: Background: The left circumflex coronary artery from the pulmonary artery is a very rare
congenital anomaly with few cases described, so far, worldwide. Case report: An 81-year-old female
presented complaining of dyspnea. The transthoracic echocardiogram revealed severe degenerative
aortic stenosis in addition to a hypertrophied left ventricle with normal function and no wall motion
abnormalities. As part of the pre-TAVI planning, she underwent a CT examination, which revealed
an anomalous left circumflex artery originating from the right pulmonary artery. The case is currently
being managed conservatively. Conclusion: The presented congenital coronary anomaly is, to our
knowledge, the first to be described in the literature in this age group (80+).

Keywords: coronary vessels anomalies; anomalous origin of the left circumflex coronary artery from
the pulmonary artery; ALXCAPA; coronary CT angiography

1. Introduction

The classic configuration of coronary tree anatomy consists of the left main coronary
artery (LMCA) and the right coronary artery (RCA), arising from the left and right coronary
sinuses, respectively, in the aortic root. Typically, the LMCA is a short common stem, which
bifurcates into the left anterior descending (LAD) artery and the left circumflex (LCX)
artery [1].

The prevalence of coronary artery anomalies (CAAs) shows a wide variation between
0.3% and 2% in the general population [2]. CAAs are typically found incidentally during
coronary angiography or autopsy studies. Considering that many hemodynamically
insignificant cases remain undiagnosed, the actual prevalence rate is probably higher.
Anomalous origins of the coronary arteries from the pulmonary trunk are relatively rare [3].
The left coronary artery from the pulmonary artery (ALCAPA), also known as Bland-
White-Garland syndrome, is a well-recognized cardiovascular malformation affecting 1 in
300,000 births and constitutes 0.25–0.5% of total congenital heart defects [4–7].

The anomalous LCX coronary artery from the pulmonary artery (ALXCAPA) can be
considered an extremely rare variant of the ALCAPA, with the first adult case documented
in 1992 [8] and only 47 cases reported worldwide by 2021 [9]. The presence of an ALXCAPA
in adult patients without congenital heart disease is extremely uncommon. Since 1992,
only few cases have been described, with stable angina being the most frequent presenting
symptom. While the ALCAPA is frequently identified in infancy due to ischemic symptoms
related to flow changes consecutive to pulmonary artery pressure decrease [10,11], the
ALXCAPA is usually discovered in adults [9,12], appearing concomitantly with other
congenital symptomatic or life-threatening cardiac defects. It is often accompanied by
aortic coarctation, patent ductus arteriosus, and subaortic or pulmonary valve stenosis [13].

The ALXCAPA identification in the more senior population has asked [14,15] for a
reconsideration of its impact on the patient’s prognosis.
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2. Case Description

We reported a case of an 81-year-old female patient, diagnosed five years before with
aortic stenosis and arterial hypertension. She was in good health, with two adult children
and minor non-cardiovascular complaints (lumbar disc herniation) at the time.

Three months before a CT examination, she was referred again to the cardiology
outpatient clinic due to a worsening of the clinical status with palpitations and fatigability.

At the time of the examination, the patient’s clinical condition was stable, with a heart
rate of 52 beats per minute and a blood pressure of 180/100 mmHg. A systolic murmur
of grade 3/6 was found during the clinical examination, but there was no pulmonary or
systemic congestion.

Her ECG showed a sinus rhythm with pressure overload changes, large R-waves, and
end-phase diffuse ischemic changes.

The echocardiography showed concentric left ventricular hypertrophy with no cardiac
wall motion abnormalities and an ejection fraction of 58%. The right ventricle function
was normal, and there were no signs of pulmonary arterial hypertension. The aortic valve
was intensely hyperechoic, with a maximum gradient of 100 mmHg and an average of
23 mmHg, and the diagnosis of severe degenerative aortic stenosis was set. The patient
was referred to the cardiovascular radiology department for a CT evaluation prior to the
trans-catheter aortic valve implantation (TAVI).

In accordance with the local pre-TAVI protocol, the examination included a native
coronary calcium score assessment, an ECG-gated thoracic Angio CT examination with
multiphasic contrast agent administration, and a non-ECG-gated Angio CT examination of
the abdomen and pelvis. Minor breathing artifacts were noted.

Extensive coronary artery calcifications were discovered in systemically supplied coro-
nary arteries, but they were very mild in the circumflex coronary artery, which originated
from the pulmonary artery (Supplementary Video S1). The total Agatston score was 4322.72,
placing her in the 99th percentile according to age, gender, and ethnicity; however, the LCX
calcification represented only 6.56 of those.

A normal left main coronary artery was found to arise from the left coronary sinus,
giving rise only to a dilated left anterior descending (LAD) artery (5.9 mm). The dilation of
the LAD was evident at the level of the diagonals (4 mm) and septal perforator branches
(2 mm) as well.

The enlarged left circumflex coronary artery (LCX; 3.5 mm) arose from the inferior
aspect of the right pulmonary artery (Figures 1 and 2 and Supplementary Video S2) and
gave two thin branches (retroatrial and lateroatrial). It was enlarged up to 8 mm, with a
large obtuse marginal, and ended as a posterolateral branch.

The right coronary artery (RCA) was codominant, originated in the typical location,
and ended as the posterior descending artery with a serpiginous course.

While the overall coronary circulation was dilated, no definite RCA−LCA collat-
erals were observed; however, the presence of atypical LCX branches and the enlarged
intramyocardial branches was indicative of an established network of collaterals draining
eventually into the RPA.

The left ventricle appeared with a normal volume (75.6 mL, 508.5 mL/m2), with
thickened walls up to 17.8 mL in the septum and 14.6 mm in the lateral wall.

No congenital malformations have been identified.
The main pulmonary artery was in normal size (26 mm), but both branches were en-

larged, with the right pulmonary artery displaying a fusiform aneurysmal aspect reaching
29 mm in the region of the LCX ostium. The normal right-to-left ventricle diameter ratio
and the normal arterio-bronchial ratio also implied the lack of pulmonary hypertension.

A general thoraco-abdominal assessment showed minor TB sequelae, diffuse athero-
matous plaques, and diffuse bone demineralization, but no further lesions.

The TAVI procedure has been reconsidered, with the patient currently undergoing med-
ical treatment, with mild improvement of the symptoms at the last clinical re-evaluation.
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Figure 1. Curved reformat of the coronary arteries from their ostia. There were extensive calcification
on the branches, starting from the systemic circulation (RCA, LCA/LAD, and diagonals), and only
trivial calcification spots in the left circumflex coronary artery and in the obtuse marginal branch. The
coronary arteries are enlarged, with perforant branches from the LAD reaching 2 mm in diameter.
RCA—right coronary artery; LCA—left coronary artery; LAD—left anterior descending coronary
artery; Di—diagonal branch; LCx—left circumflex coronary artery; OM1—first obtuse marginal.

 

Figure 2. 3D virtual rendering technique reconstruction of the heart, main vessels, and coronary arteries.
Pannel (A) (left) Left/cranial double oblique anterior reconstruction with the main pulmonary artery
and the left pulmonary artery removed from the image. Pannel (B) (right) Right/cranial double oblique
posterior reconstruction with the removal of the atria, ascending aorta, aortic arch, and descending
aorta. The coronary arteries are enlarged and had a tortuous course. There were both left and right
coronary arteries emerging from the corresponding coronary sinuses, and a circumflex coronary artery
emerged from the right pulmonary artery. RCA—right coronary artery; LCA—left coronary artery;
LAD—left anterior descending coronary artery; Di—diagonal branch; LCx—left circumflex coronary
artery; OM1—first obtuse marginal; LPA—left pulmonary artery; RPA—right pulmonary artery.
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3. Discussion

We reported the case of an 81-year-old female patient who was diagnosed with ALX-
CAPA following an Angio CT examination.

This type of anomaly may cause hemodynamic impairment. In case of the ALXCAPA,
the posterolateral wall of the left ventricle (LV) is perfused by the abnormally arising
coronary artery providing relatively low perfusion pressure and deoxygenated blood. In
case of well-developed collateral circulation and decreased pulmonary vascular resistance,
steal of blood flow will occur, a retrograde filling of the LCX from LAD artery and the RCA
circulation (left-to-right shunt). Additionally, due to volume overload via left-to-right shunt,
pulmonary hypertension may occur. Pulmonary hypertension can minimize the shunt
from the LCX to pulmonary arteries and maintain the myocardial perfusion at a sufficient
level. The hypoperfusion of myocardium will be prevented by a well-collateralized and
pressured system, enabling survival to adulthood. However, the left-to-right shunt will
induce a chronic increase in the LV preload, which will cause progressive dilatation of the
LV and deterioration of the LV function [16].

Clinical presentation and survival depend upon the degree of collateralization from
the two other coronary arteries. Adult patients may initially present with new-onset
stable angina, palpitation, dyspnea, abnormal ischemic changes on electrocardiogram, or
wall motion abnormalities observed on echocardiography [13]. Sudden cardiac death can
occur after myocardial ischemia during physical activity, stress, or ventricular arrhythmias
triggered by a previously developed scar tissue [17]. The symptoms of the ALXCAPA may
present in different periods of life; however, some patients remain asymptomatic with the
anomaly being identified incidentally during diagnostic procedures [18]. We hypothesize
that our patient remained asymptomatic throughout her life and reached the age of 81 due
to the development of adequate coronary collateralization and the relatively small area of
myocardium supplied by the LCX artery.

Invasive coronary angiography (ICA), which is widely available and considered the
gold standard diagnostic method, provides visualization of collateral vessels and enables
assessing the amount of retrograde flow from collateral vessels [14]. Moreover, in case of
CAAs, ICA should be performed to exclude additional stenosis. The coronary computed
tomography angiography (CCTA) has been shown to be a promising substitute for cardiac
catheterization as a non-invasive imaging method of identifying abnormal coronary origin
and course [19]. In some cases, the precise origin of aberrant coronary vessels could not
be identified by ICA. In such cases, CCTA and cardiac magnetic resonance imaging are
recommended, which allow unambiguous identification of coronary origins [13].

CT allows for the quantification of calcified plaques, which we found to be extensive
for systemic-supplied coronaries and only trivial in the branch connected to pulmonary
circulation. In previously reported ALXCAPA cases [12], we found no mention of such ex-
tensive calcification and we believe that their asymmetrical distribution may be attributable
to the variations in the local pulse pressure; however, since survival in untreated ALCAPA
patients is uncommon beyond the age of 50, there are little data on the amount of calcified
plaques in very elderly patients with coronary anomalies.

In diagnosing the ischemic effects of anomalous coronary arteries, stress testing (echocar-
diogram, magnetic resonance imaging, or CT stress perfusion) has proven useful [20],
demonstrating perfusion deficit in the territory affected. Our CT examination, conducted
with the patient at rest, did not reveal any structural changes in the myocardium that might
indicate perfusion deficit or long-term ischemic damage.

There are no consensus defining the standard management and operative techniques
for patients with the ALXCAPA [15]. Although the latest guidelines recommend surgical
treatment for asymptomatic ALCAPA, there is no specific guidance on variants such as the
ALXCAPA. The clinical course of the ALXCAPA may not always be favorable, and some
patients need surgical treatment in early infancy. In the ALCAPA, the surgical correction
is mandatory, when symptoms are attributed to ischemia [14]. Surgical treatment options
include reimplantation of the anomalous vessel into the aorta [17,21], ligation, or ligation
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with aorto-coronary bypass. Even if in many previous cases the surgical technique of
choice was ligation followed by bypass [5], the current surgical techniques focus, whenever
possible, on the anatomical reimplantation, regardless of the patient age [12], with overall
good results [22]. Although cardiovascular surgery has been mostly used, the conservative
approach may be an option in some circumstances. Although cardiovascular surgery has
been mostly used, the conservative approach may be an option in some circumstances [15].

There is limited experience on the management of concurrent ALCAPA and aortic
valve disfunction [23], with surgical correction in such an age group being uncertain to
provide a survival benefit. Transcatheter replacement of the aortic valve might improve
aortic stenosis symptoms; however, in a patient that has been balancing such conditions for
a long time, a change in the hemodynamic status can provide unpredictable results.

4. Conclusions

We described a rare case of the isolated left circumflex coronary artery from the right
pulmonary artery. This is the first case report of a patient with ALXCAPA in the age group
of 80+, and it shows extensive calcification in systemic-supplied coronary arteries and
trivial calcification spots in pulmonary-connected coronary arteries.
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Abstract: Beside somatic strains of congenital heart diseases (CHD), affected children often show
developmental impairments in the long term. Ventricular septal defect (VSD) is the most common con-
genital heart defect and early surgical repair is associated with positive somatic outcomes. However,
psychological adjustment is of lifelong relevance. We investigated 24 children with a surgically-
corrected isolated VSD and their mothers from primary school (6–9 years) to adolescence (10–14 years)
and compared them to controls. Both times, mothers reported child internalizing/externalizing prob-
lems, mothers and children rated child quality of life, and children performed neurodevelopmental
tests. Adolescents also rated internalizing/externalizing problems themselves, and their hair cor-
tisol levels were analyzed. Maternal anxiety and proactive parenting behavior were considered as
moderators. Results revealed no group differences in child neurodevelopment (language, cogni-
tion), externalizing problems, and cortisol levels at any time. In reports from mothers, internalizing
problems (depression, anxiety) were elevated in children with a VSD at both times—when mothers
reported anxiety symptoms themselves. In adolescent reports, VSD patients’ quality of life was
increased and internalizing problems were decreased—proactive parenting behavior went along with
decreased symptoms in VSD-affected adolescents and with increased symptoms in controls. The
findings pronounce the crucial role of parenting behavior and the influence of maternal anxieties
on child mental health after surgical VSD repair and might highlight the need for parent-centered
interventions.

Keywords: congenital heart disease; ventricular septal defect; child development; psychological
adjustment; quality of life; stress; adolescence; longitudinal study; mental health; cortisol

1. Introduction

Congenital heart disease (CHD) is the most frequent birth malformation, with isolated
ventricular septal defect (VSD) representing the largest sub-category in children (approx-
imately 37%) [1–4]. Most isolated VSDs close spontaneously during the first 12 months
of life. As a result of modern cardiological and cardiac surgical management, children
who require surgery have an excellent long-term outcome regarding their physical abil-
ities [1,5–7]. Therefore, the recent research focus has shifted towards examining psycho-
logical adjustments in children with CHD. Most of these studies find affected children to
be developmentally impaired. especially those with more severe CHD conditions [8,9].
In particular, studies concentrating on neurodevelopmental outcomes showed reduced
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cognitive development in children with CHD compared to non-affected controls [10–13]
and found that these deficits remain into young adulthood [14,15]. It is also widely un-
derstood that children and adolescents with CHD are at an increased risk of internalizing
and externalizing problems [12,16,17]. In clinical classification systems such as the DSM-IV,
internalizing problems are described as emotional problems that can include disorders
such as anxiety and depression, while externalizing or behavior problems comprise dis-
orders such as ADHD or antisocial behavior [18]. In addition, children with CHD are
reported to have a higher lifetime prevalence of psychiatric disorders, such as attention
deficit/hyperactivity disorder (ADHD) or anxiety disorders [19–21]. Still, a recent review
found most of these dysfunctions to be high in prevalence but mild [8], which accounts
specifically for less severe conditions, as with VSD [22]. Moreover, most of them seem to
be more relevant in younger children [23] and might decrease over the individual’s life-
time [24]. The limitations in neurodevelopmental, internalizing, and externalizing function
could lead to reduced health-related quality of life (HRQOL) in children with CHD [25,26].
Nevertheless, results on the perceived HRQOL of children with CHD are still inconsistent.
Some studies reported satisfactory overall HRQOL with no differences or even better scores
compared to non-affected controls [19,27–29], whereas other studies found these children
to be at a greater risk of impaired HRQOL [30–32]. These differences could be attributed to
variability in method designs, such as the age of the children at the time of assessment [33]
or the severity of CHD [32]. One long-term study exclusively including children with
surgically corrected VSDs found increased HRQOL three months after cardiac surgery and
even higher scores after at the one-year follow-up [34]. To fully understand psychological
development in children with CHD, it seems important to investigate these adjustments
on a physiological level, in additional to self-reporting and proxy reports. Some studies
found that early stressful life events such as cardiac surgery could lead to alterations to the
hypothalamic–pituitary–adrenal (HPA) axis, the key system of stress response, and thus
to different patterns of cortisol release [35–37]. This dysregulation of the HPA axis could
be one mechanism underlying impaired neurodevelopmental and psychopathological
outcomes in children [35–37]. However, after using a homogeneous sample of children
who underwent surgery for a VSD, no differences were found regarding the stress system
when compared to non-affected controls.

A CHD does not only affect the child. Besides the impacts of CHD on children’s physi-
cal development and later psychological adjustment, the diagnosis, medical treatments,
and surgery have a major influence on parents as well [38,39]. Many parents experience
tremendous emotional distress (e.g., shock, sadness, guilt); mothers, who are often the
primary caregiver, describe immense suffering and anxiety, as well as the burden of caring
for a child with CHD [40–42]. In addition, mothers of children with CHD have been shown
to be less involved in interactions with their child [43], and the parent–child relationship
seems to encounter difficulties [44]. Moreover, maternal characteristics such as a lower
educational level, anxiety symptoms, or parenting stress were found to be risk factors
for increased internalizing and externalizing problems [45–47], early delays in cognitive
development (e.g., communication difficulties) [10], and lower quality of life (QoL) [28]
in children with CHD. Thus, family-related variables (e.g., maternal mental health and
parenting style) seem to have an even greater impact on predicting behavioral and cognitive
outcomes in children with CHD than disease or surgical factors themselves [48]. In reverse,
positive parenting behavior could be a potential protective factor and improve emotional
and behavior problems in children with CHD [49]. To summarize, the characteristics of the
mother (e.g., parenting behavior, maternal psychopathology) seem to be highly relevant
moderators of child development and psychological adjustment and should be considered
in studies targeting the longitudinal development of children with CHD.

2. Aims of This Study

Even though there is growing interest in the psychological development of children
with CHD [9,12,22], there is still a lack of relevant literature focusing exclusively on children
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with surgically corrected isolated VSDs. Previously, we compared psychological long-term
outcomes between primary school-aged children (t1) who underwent surgery for a VSD in
infancy and typically developing children, including assessment of maternal anxiety and
proactive parenting behavior as potential moderators [50,51]. The aim of this follow-up
study was to reinvestigate these children in adolescence (t2) to reveal potential changes in
their psychological adjustments. Specifically, this follow-up study explored the long-term
consequences of early surgical VSD correction on children’s neurodevelopment (cognitive
development and language), internalizing and externalizing problems (depression, anxi-
ety, attention deficit/hyperactivity disorder (ADHD), and antisocial behavior), HRQOL,
and cortisol levels and additionally sought to reveal the role of maternal characteristics
(proactive parenting behavior and maternal anxiety) in child development from primary
school to adolescence. The development of children who underwent surgery for a VSD
was compared to non-affected matched controls.

Neurodevelopment. For primary school-aged children, our study team found no differ-
ences in cognitive development (IQ scores) between the groups but did observe weaker
language skills in children with VSDs [50]. Since intelligence is a psychological construct
that is considered to be stable over time [52], it was hypothesized that adolescents with
VSDs do not significantly differ in their cognitive development from typically developing
adolescents. In line with the findings of Eichler et al. [50], this study assumed signifi-
cantly poorer language outcomes in adolescents with VSDs than the comparison group at
adolescence.

Emotional and behavioral problems. Regarding the development of psychopathological
symptoms, the current literature is still inconsistent regarding whether these symptoms
increase or decline over time in children with CHD. At primary school age, Eichler et al. [50]
found no differences in internalizing and externalizing behavior problems between the VSD
group and the non-affected control group. As adolescence is a critical stage in life when
many mental health symptoms appear for the first time [53–55], some studies reported
adolescents with CHD to have more internalizing and externalizing symptoms and to be
at higher risk of a lifetime prevalence of psychiatric disorders compared to non-affected
controls [19,21,56]. Moreover, Karsdorp, et al. [57] found that only adolescents with CHD
displayed an increased risk of adverse psychological adjustment, which could not be
demonstrated in younger children. In contrast, other studies showed that younger children
had more internalizing and externalizing problems [23] and that these symptoms might
decrease over time [24]. The studies reported above used inhomogeneous samples of
children with CHD, including a variety of different disease severities, which could account
for the differences in the results. Therefore, this study aimed to investigate whether
internalizing and externalizing problems occur in adolescence by using a homogeneous
sample of children with an early surgically corrected isolated VSD compared to non-affected
controls [51].

HRQOL. Many studies have targeted the HRQOL of children with CHD, but findings
are still heterogeneous. Some authors reported higher HRQOL in adolescence for those
with CHD [19,28], while others found their HRQOL to be impaired compared to typically
developing adolescents [30,31]. In our study of primary school-aged children [50], we
found a trend in mothers of children with a VSD: mothers reported higher HRQOL in their
children than the control group (child self-rating did not differ between groups). Since
ratings on HRQOL seem to depend on the severity of CHD [32], this study hypothesized,
in line with our previous findings [50], that mothers report higher child HRQOL scores
compared to non-affected controls in adolescence.

Physiological stress regulation. In addition to self-reporting and proxy reports of child
psychological adjustment, we were also interested in physiological stress regulation in
children with surgically corrected VSDs compared to typically developing children. There-
fore, children’s cortisol levels were assessed. Studies on the association of children with
(surgically corrected) CHD and cortisol levels are rare and inconsistent. One study found
differences from normal reference values regarding the diurnal variability of salivary cor-
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tisol levels in children with CHD [58], while Stonawski et al. [51]—based on our own
data—found no differences in diurnal cortisol release between the VSD and control group
at primary school age. In adolescence, instead of salivary cortisol, which rather measures
acute cortisol production and is sensitive to diurnal rhythm [59], hair cortisol values were
used to enable the investigation of cumulative distress over a one-month time period [60].
Since existing studies were heterogeneous in terms of methods and designs and revealed
mixed results, this study aimed to investigate whether children with early surgically cor-
rected isolated VSDs differed in their hair cortisol levels from non-affected children.

Maternal characteristics as moderators of development. As mentioned above, maternal char-
acteristics such as parenting behavior and maternal anxiety symptoms can be considered as
important moderators of child development, especially in children with surgically corrected
VSDs. In the previous study of primary school-aged children, Eichler et al. [50] found
mothers’ proactive parenting behavior to be a protective factor that levelled impairments in
language development in the VSD group, whereas high maternal anxiety was identified as
a risk factor for the development of anxiety symptoms in children with surgically corrected
VSDs. Therefore, the final goal of this study was to explore the potential moderating
role of maternal parenting behavior and anxiety in children’s psychological adjustment in
adolescence.

3. Methods

3.1. Study Design and Participants

Between March 2006 and March 2012, 86 children with an isolated VSD underwent
surgery in the Department of Cardiac Surgery at the Erlangen University Hospital, Germany.
A total of 26 children were excluded because of genetic syndromes, additional congenital
malformations, complex heart defects, or non-cardiological death. Finally, 60 children
fulfilled the inclusion criteria. Six families were not available, and fifteen families chose not
to participate. Finally, n = 39 took part and were invited to a first investigation in 2015 at the
Department of Child and Adolescent Mental Health at the Erlangen University Hospital,
Germany, to assess their psychological adjustment when they were primary school-aged (t1)
(see Eichler et al. [50] for further information). When children were in adolescence, families
were reinvited between July 2019 and June 2021 to participate in a follow-up assessment
(t2). In total, 15 of the original 39 children (38.5% drop out) did not attend the follow-up
assessment, either because they were not interested (n = 7) or they were not available
(n = 8). Children who attended the study at t2 did not differ in sex (χ2 = 0.60, p = 0.440), age
(t = −0.90, df = 37, p = 0.372), or socioeconomic status (t = 0.25, df = 37, p = 0.801) from the
15 non-attending children. A total of 24 children and their mothers participated in the study
at both time points, of which 16 came directly to the Department of Child and Adolescent
Mental Health, 4 were visited at home, and 4 participated via mail (non-contact attendance
due to the coronavirus pandemic). The VSD group was matched with a non-affected control
group (n = 24) for sex, age, and socioeconomic status (VSD: M = 11.08, SD = 2.55; Controls:
M = 11.63, SD = 2.50; for details see Section 3.2.1). The control group was recruited from
the Franconian Cognition and Emotion Studies sample [61]. An overview of the study’s
design, data assessments, and measurements relevant for this publication can be seen in
Figure 1.

Most mothers and fathers had a national origin (87.5–91.7%), with no differences
between the VSD group and the controls. Parental education levels were comparable in
both groups (VSD group—none/low: mothers 33.4%, fathers 25%; middle: mothers 29.2%,
fathers 33.3%; high: mothers 33.3%, fathers 29.2%; 4.1% to 12.5% did not provide any
information. Control group— none/low: mothers 25%, fathers 37.5%; middle: mothers
29.2%, fathers 12.5%; high: mothers 45.8%, fathers 50%). Family monthly net income
did not differ between the VSD group and the control group (VSD: M = 4.05, SD = 1.15;
Controls: M = 4.17, SD = 1.17).

70



J. Clin. Med. 2022, 12, 7242

Figure 1. Visual concept model of the study design and variables of interest. M = Mean, SD = Stan-
dard Deviation, n = sample size; VSD = ventricular septal defect; DYSIPS = Diagnostic System
for Psychiatric Disorders according to ICD-10/DSM-IV [18]; IDS = Intelligence and Development
Scales [62]; WISC = Wechsler Intelligence Scale for Children [63]; APQ = Alabama Parenting Ques-
tionnaire [64,65]; BSI = Brief Symptom Inventory [66].

Sample characteristics are shown in Table 1. Age in the VSD group ranged from
10 years 9 months to 14 years 7 months (M = 12 years 4 months, SD = 0.93), and age in the
comparison group ranged between 12 years 9 months and 13 years 8 months (M = 13 years
2 moths, SD = 0.24). Affected and unaffected children did not differ significantly in sex
(VSD: 13 females, 11 males; Controls: 14 females, 10 males; χ2 = 0.09, p = 0.771) or socioeco-
nomic status (t = −0.74, df = 46, p = 0.461) but differed significantly in age (t = 4.04, df = 46,
p = 0.001). Children with VSDs and non-affected controls were tested for differences in
corporal diseases (auditory, ocular, cutaneous, respiratory, gastrointestinal, cardiovascular,
thyroid, endocrine, kidney), mental health (ADHD, anxiety), and medications (antibiotics,
corticosteroids, methylphenidate, ketoconazole). No significant differences between the
two groups could be demonstrated (p = 0.074–1.000). Descriptive sample characteristics are
summarized in Table 1.

At both times of measurement, mothers answered standardized questionnaires about
their child’s psychopathology and HRQOL, as well as questions about parenting style and
maternal anxiety. Children performed a neurodevelopmental test battery and answered
a self-report questionnaire on HRQOL. At t2 (adolescence), children were asked about
their own psychopathology using standardized questionnaires and child hair samples were
taken. The study protocol was approved by the local ethics committee of the University
of Erlangen–Nürnberg and conducted in accordance with the Declaration of Helsinki.
Mothers gave written informed consent and assent of the children was obtained.
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Table 1. Descriptive Data.

VSD (n = 24) Controls (n = 24) Statistics

M/n SD/% M/n SD/% t/χ2 d/ϕ

Mother-related
Anxietyt1 44.48 8.68 46.38 7.87 −0.79 −0.23
Anxietyt2 39.88 4.52 46.75 9.49 3.20 0.93 **
Parentingt1 3.41 0.62 3.59 0.49 1.05 0.31
Parentingt2 3.47 0.67 3.23 0.51 −1.34 0.41

Child-related
Child’s age (y) 12.40 0.93 13.19 0.24 4.04 1.17 **
Sex

Male 11 45.80 10 41.70 0.09 −0.04
Female 13 54.20 14 58.30

Physical development
BMI 20.58 7.29 20.05 3.14 −0.32 −0.09

School level
low 9 37.50 4 16.70 2.65 0.24
middle 7 29.20 9 37.50
high 8 33.30 11 45.80

Note. ** p < 0.01. Continuous variables are reported as M (SD) and group differences were tested using a t-test
with Cohen’s d as the effect size measure; categorical variables are reported with n (%) and group differences were
tested using the χ2 test with the phi-coefficient ϕ as the effect size measure. Single missing data are demonstrated
by reduced degrees of freedom (df ): Anxiety df = 45–46, Parenting df = 42–44, Child’s age df = 46, Sex df = 1,
BMI df = 45, School level df = 2. Anxiety = maternal anxiety: German version of the Brief Symptom Inventory
[66]; Parenting = proactive parenting behavior: German version of the Alabama Parenting Questionnaire [64,65];
BMI = body mass index; VSD = ventricular septal defect.

3.2. Measurements
3.2.1. Socioeconomic Status

For assessing families’ socioeconomic status, a sum index was created based on
maternal and paternal education level (four categories: <9 [1], 9 [2], 10–12 [3], or 13 [4] years
of education), maternal and paternal origin (two categories: international [0] or national
[1]), and monthly family income (six categories: less than EUR 1000 [1], EUR 1000–2000 [2],
EUR 2000–3000 [3], EUR 3000–4000 [4], EUR 4000–5000 [5], more than EUR 5000 [6]) with a
theoretical range from 6 to 16 [50].

3.2.2. Neurodevelopment

At t1, the Intelligence and Development Scales (IDS) were applied for measuring
children’s neurodevelopment [67] (for more details, see Eichler et al. [50]). At t2, adolescents’
neurodevelopment was assessed using the Wechsler Intelligence Scale for Children—Fifth
Edition (WISC-V) [63]. Both procedures represent standardized developmental test batteries
for measuring cognitive development and yield IQ (M = 100, SD = 15) and language
competencies (IDS: language score [M = 10, SD = 3], WISC-V: ‘verbal comprehension’
subtest [M = 10, SD = 3]). Z-standardization was used in order to transfer the language
scales of the IDS and WISC-V into a common unit for further analyses.

3.2.3. Child Internalizing and Externalizing Outcomes

To measure children’s internalizing and externalizing problems, the Diagnostic Sys-
tem for Psychiatric Disorders (DYSIPS-II) according to ICD-10/DSM-IV for children and
adolescents was conducted [18]. With this inventory, different symptoms of psychiatric
disorders in childhood and adolescence can be assessed in separate questionnaires. On a
four-point Likert scale, with values of “not at all” (0), “a little bit” (1), “to a great extent” (2)
and “particularly” (3), both children via self-rating at t2 and mothers via external rating at
t1 and t2 assessed statements about the child’s internalizing and externalizing problems
during the last six months. In this study, the symptoms of four psychiatric disorders were
investigated: anxiety (44 items, e.g., “shows single intense anxiety states that develop
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within a few minutes”/“I am suddenly overcome by very strong fear, that develops within
a few minutes“), depression (29 items, e.g., “seems sad most of the time; often appears
close to tears”/“I am sad most of the time and often close to tears“), ADHD (20 items, e.g.,
“describes a frequently occurring strong feeling of inner restlessness“/“I often run around
or climb permanently when it is inappropriate“), and antisocial behavior (38 items, e.g., “I
am often angry or offended/“Is often angry or offended“). In all four questionnaires, the
mean raw sum was calculated for a total score with a theoretical range of 0.00 (“not at all”)
to 3.00 (“particularly”).

3.2.4. Health-Related Quality of Life

At t1, the mother and child versions of the Revised Quality of Life Questionnaire
were used to assess the child’s HRQOL [68] (for more details, see Eichler et al. [50]). Both
mothers and children rated the child’s HRQOL at t2 using the German version of the
Kidscreen-10 questionnaire, which provides a global score [69]. It comprises ten statements
about physical, psychological, and social aspects of HRQOL in relation to the previous week
(e.g., “Have you been full of energy?/Was your child full of energy?”), which are scored
on a 5-point scale: “not at all/never” (1), “a little bit/rarely” (2), “moderate/sometimes”
(3), “quite a bit/often” (4), and “very much/always” (5). The mean raw sum scores of both
inventories were transformed into percentage scales ranging from 0 to 100%.

3.2.5. Maternal Anxiety

At both measurement time points, the German version of the Brief Symptom Inventory
was used to assess maternal anxiety [66]. The inventory contains 53 items that measure
psychological distress and from which nine subscales and a global score (Global Severity
Index [GSI]) can be formed. In this study, the 6-item “anxiety” subscale was used as a
potential moderator to assess maternal anxiety (t-scores, M = 50, SD 10). The statements
of the scale refer to physical and psychological symptoms over the last seven days (e.g.,
“fearfulness”) and were rated by the mothers on a 5-point Likert scale: “not at all” (0), “a
little bit” (1), “quite a bit” (2), “highly” (3), and “very much” (4).

3.2.6. Maternal Proactive Parenting Behavior

To assess parenting behavior at t1 and t2, the German version of the Alabama Parenting
Questionnaire was used as a self-rating inventory for mothers [65,70]. The questionnaire
consists of 72 items that form seven subscales. In line with the findings of Eichler et al. [50],
this study focused on the subscale “proactive parenting”, which comprises 6 items (e.g.,
“You explain to your child how to behave well in a certain situation”) and which was rated
on a 5-point Likert scale. The mean raw sum score was calculated, with a theoretical range
of 1.00 (“almost never”) to 5.00 (“almost ever”).

3.2.7. Hair Cortisol

At t2, to measure children’s hair cortisol concentration (HCC), an at least 1 cm wide
strand of hair was cut off near the hairline of the posterior vertex (as close as possible
to the scalp) and stored in paper envelopes at 4 ◦C until analysis. Mothers answered
questions about the chemical treatment of their children’s hair, medication intake, infection
symptoms, and endocrine diseases over the last six months. In the control group, three
children were excluded because of corticosteroid medication and one child was excluded
because of chemical hair treatment, resulting in a final sample of 20 controls. From the
24 children with VSDs, 1 child was excluded because their hair sample was missing. There
were no relevant medication intake or hair treatment abnormalities in this group. One child
had an endocrinological disease but was excluded anyway because no hair cortisol could
be extracted (information is listed below). Child body mass index (BMI) was measured
as a confounder and one child had an obesity score >30 kg/m2 but was still included in
the study.
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For HCC quantification, the first proximal centimeter of each sample was cut (1 cm of
hair corresponds to about one month of growth) and processed according to the protocol
published by Frisch, et al. [71]. Briefly, each sample was subjected to a repeated washing
procedure with 2.5 mL isopropanol [72], air-dried, and minced with grinding balls in a
ball mill. To calculate the weight of the hair sample, the tar weight (vial and grinding
balls) was subtracted from the gross weight (vial, grinding balls, and hair sample). For
cortisol extraction, a 4-step method [72,73] with alternating methanol and acetone extraction
steps was applied as described by Frisch et al. [71]. The accumulated methanol–acetone
supernatants were evaporated at 50 ◦C and the resulting pellets were stored at −20 ◦C until
analysis.

To quantify cortisol concentrations, pellets were dissolved in 250 μL of phosphate-
buffered saline and cortisol concentrations were determined using a salivary ELISA assay
kit (RE52611; IBL International, Hamburg, Germany; intra-assay coefficient of variation
(CV): 6.7%) according to the manufacturer’s instructions. Each sample was assayed in
duplicate; the mean value and CV of each duplicate were calculated and used for statistical
analysis. The cortisol-to-weight ratio was calculated (pg/mg) as follows:

Cortisol-to-weight ratio (pg/mg) =
HCC

[ ng
mL

]× 0.25 mL
hair sample weight [mg]

× 1000.

In the VSD group, four samples had to be excluded because the CV for the duplicate
measurement exceeded 30%. Two samples had CV values between 20% and 30% and
were not excluded in view of the small sample size, since their inclusion did not lead to
significantly different results. Another five samples were excluded as no cortisol could
be extracted (n = 4) or because the cortisol-to-weight ratio (pg/mg) was too high (outlier
value exceeded mean + 3 SD; n = 1), resulting in n = 14 valid samples for the VSD group.
Since the Shapiro–Wilk test revealed that neither HCC mean values nor cortisol-to-weight
ratios were normally distributed, both were ln-transformed. Testing sex, age, menarche,
and BMI as potential covariates via t-tests/Pearson correlations did not reveal any signifi-
cant association with cortisol concentrations, which is why no covariates were taken into
account. Descriptive statistics of children’s hair cortisol are presented in Table 2. For further
information see Frisch et al. [71] and Grimm, et al. [74].

Table 2. Hair Analysis Results: Descriptive Data.

VSD Controls Statistics (df = 32)

n M (SD) Min Max n M (SD) Min Max t p d

HCC, ng/mL 14 0.11
(0.08) 0.02 0.31 20 0.19

(0.13) 0.04 0.51 2.04 0.050 0.71

Hair sample weight, mg 14 19.34
(5.71) 9.80 29.60 20 21.97

(10.57) 3.06 56.90 0.85 0.404 0.30

Cortisol-to-weight-ratio,
pg/mg 14 1.41

(0.87) 0.33 3.45 20 2.33
(1.51) 0.60 7.20 2.04 0.050 0.71

Variables are reported as M (SD) and group differences were tested using a t-test with Cohen’s d as the effect size
measure. HCC = hair cortisol concentration; VSD = ventricular septal defect.

4. Statistical Analyses

Statistical analyses were performed using the statistical software IBM SPSS Statistics
version 28.0 (IBM Corporation, Armonk, NY, USA). All tests were chosen according to
individual requirements. In case of non-fulfilment of the specific requirements of single
variables, additional non-parametric analyses were conducted. Results of non-parametric
analyses showed no differences in statistical significance; therefore, only results of para-
metric tests are reported in the manuscript. At the beginning of data analyses, potential
confounders (age, sex, menarche, BMI, and socioeconomic status) were initially detected
by significant Pearson correlations (r) (age, BMI, socioeconomic status) or independent
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t-tests (sex, menarche) with regard to child outcomes. Group differences in mother-rated
psychological adjustment (depression, anxiety, ADHD, and antisocial behavior, as well as
HRQOL) and child neurodevelopment between the VSD group and control group over both
periods of measurement were analyzed using repeated measures analysis of covariance
(rm ANCOVAs), which were conducted separately for each outcome. Potential moderators
were separately entered as covariates (Model A: maternal anxiety moderator; Model B:
maternal parenting moderator) into separate t1 (Model At1/Bt1) and t2 (Model At2/Bt2)
moderator models. As a main time effect was not of interest in the present study, only group
effects and group x time interactions are presented in the results. For conducting group
comparisons of children’s self-reported problems and HCC, which were only available at t2,
ANCOVAs with maternal characteristics as covariates were conducted. All analyses were
two-tailed and the level of significance was defined as p ≤ 0.05. As our sample size was
small, results with a level of significance of p ≤ 0.10 were interpreted as trends and partial
eta-squared (ηp

2) values were reported as the measure for effect sizes in (rm) ANCOVAs,
with 0.01 ≤ ηp

2 ≥ 0.05 representing small, 0.06 ≤ ηp
2 ≥ 0.13 medium, and ηp

2 > 0.13 large
effects [75].

5. Results

5.1. Preliminary Analyses

Potential effects of sex, age, and socioeconomic status on the dependent variables
(cognitive development, language, internalizing and externalizing problems, HRQOL, and
hair cortisol) and moderators were tested. Additionally, BMI and menarche were tested as
potential covariates with regard to hair cortisol analyses. No significant effects for age, sex,
socioeconomic status, BMI, and menarche were observed on the outcome variables and
moderators (p = 0.052–0.979). However, there was a significant correlation between age and
maternal anxiety at t2 (r = 0.291, p = 0.045) and between socioeconomic status and language
at t1 and t2 (t1: r = 0.331, p = 0.024; t2: r = 0.385, p = 0.010), cognitive development at t1
(r = 0.538, p < 0.001), and ADHD symptoms at t1 (r = −0.322, p = 0.026). The VSD group
and non-affected controls did not differ significantly by socioeconomic status. However, as
socioeconomic status is frequently related to child neurodevelopment, it was still considered
as a confounder when analyzing cognitive development and language scores.

Maternal anxiety (Table 3) and proactive parenting behavior (Table 4) were considered
as potential moderators. In the VSD group, the self-reported maternal anxiety of mothers at
t1 did not differ from mothers’ reports of typically developing children (VSDt1: M = 44.48,
SD = 8.68; Controlst1: M = 46.38, SD = 7.87; t(45) = 0.79, p = 0.436). However, mothers of
children with VSD showed significantly lower maternal anxiety scores at t2 than mothers
of non-affected controls (VSDt2: M = 39.88, SD = 4.52; Controlst2: M = 46.75, SD = 9.49;
t(46) = 3.20, p = 0.002). The two groups showed no differences in maternal proactive
parenting behavior at both time points (VSDt1: M = 3.41, SD = 0.62; Controlst1: M = 3.59,
SD = 0.49; t(44) = 1.05, p = 0.298; VSDt2: M = 3.47, SD = 0.67; Controlst2: M = 3.23, SD = 0.51;
t(42) = −1.34, p = 0.187).

Table 3. Repeated Measures ANCOVA-Tested Differences between the VSD Group and Controls.
Covariate: Maternal Anxiety t1 (Model At1).

VSD Controls Statistics F (η2
p)

M SD M SD Group
Group ×

Time
Group ×

Anxiety t1

Group ×
Anxiety t1 ×

Time

Neurodevelopment
Cognitivet1 97.11 12.19 105.17 11.34

0.08 (0.00) 0.13 (0.00) 0.59 (0.02) 0.12 (0.00)Cognitivet2 99.72 11.42 107.83 10.04
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Table 3. Cont.

VSD Controls Statistics F (η2
p)

M SD M SD Group
Group ×

Time
Group ×

Anxiety t1

Group ×
Anxiety t1 ×

Time

Languaget1 −0.42 1.06 0.46 0.78
0.44 (0.01) 2.93 + (0.07) 0.02 (0.00) 4.04 + (0.10)Languaget2 −0.26 1.12 0.18 0.67

Maternal psychopathology rating
Depressiont1 0.17 0.20 0.10 0.16

4.01 + (0.09) 0.07 (0.00) 5.40 * (0.12) 0.13 (0.00)Depressiont2 0.15 0.21 0.10 0.12
Anxietyt1 0.30 0.32 0.20 0.17

4.71 * (0.11) 0.28 (0.01) 6.84 * (0.15) 0.39 (0.01)Anxietyt2 0.18 0.27 0.09 0.14
ADHDt1 0.62 0.47 0.60 0.45

1.04 (0.02) 0.29 (0.01) 1.15 (0.03) 0.19 (0.00)ADHDt2 0.38 0.39 0.42 0.40
Antisocialt1 0.17 0.14 0.20 0.17

0.54 (0.01) 0.00 (0.00) 0.52 (0.01) 0.01 (0.00)Antisocialt2 0.11 0.10 0.11 0.09
Quality of life
Mothert1 86.35 7.11 80.30 9.06

2.06 (0.05) 1.11 (0.03) 1.55 (0.04) 2.12 (0.05)Mothert2 64.60 9.86 64.00 7.89
Childt1 74.15 12.96 74.24 9.29

0.31 (0.01) 0.48 (0.01) 0.27 (0.01) 0.62 (0.02)Childt2 63.25 9.77 62.00 8.94

Note. + p < 0.10, * p < 0.05. VSD = ventricular septal defect. Neurodevelopment: t1, Intelligence and Development
Scales, IDS [67]; t2, Wechsler Intelligence Scale for Children—Fifth Edition, WISC-V [63]; Cognitive = cognitive
development: M = 100, SD = 15; Language: z-standardization was used in order to transfer the IDS and WISC-V
values into a common unit, M = 0, SD = 1. Maternal psychopathology ratings at t1 and t2: Diagnostic System for
Psychiatric Disorders according to ICD-10/DSM-IV, DYSIPS [18]—0, ‘not at all’; 1, ‘a little bit’; 2, ‘to a great extent’;
3, ‘particularly’. ADHD = attention deficit/hyperactivity disorder, Antisocial = antisocial behavior. Quality of
life: t1, Revised Quality of Life Questionnaire [68]; t2, German version of the Kidscreen-10 questionnaire [69] (0
to 100% quality of life). Sample size (n): VSD: Cognitive/Language n = 18; maternal psychopathology ratings,
Depression/Anxiety/Antisocial n = 20, ADHD n = 23; quality of life, Mother n = 20, Child n = 16. Controls:
Cognitive/Language n = 24; maternal psychopathology ratings, Depression/ADHD/Antisocial n = 24, Anxiety
n = 23; quality of life, Mother/Child n = 24. Covariates—Cognitive/Language: socioeconomic status. Degrees
of freedom in rm ANCOVAs (dfF): Cognitive/Language dfF = 37, Depression dfF = 40, Anxiety dfF = 39, ADHD
dfF = 43, Antisocial dfF = 40, Quality of life Mother dfF = 40, Quality of life Child dfF = 36. dfH = 1. η2

p, partial
eta-squared, effect size measure: ≥0.01 small effect, ≥0.06 medium effect, ≥0.14 large effect.

Table 4. Repeated Measures ANCOVA-Tested Differences between the VSD Group and Controls.
Covariate: Maternal Parenting t1 (Model B t1).

VSD Controls Statistics F (η2
p)

M SD M SD Group
Group ×

Time
Group ×

Parenting t1

Group ×
Parenting t1 ×

Time

Neurodevelopment
Cognitivet1 97.11 12.19 104.38 11.46

1.60 (0.04) 1.41 (0.04) 0.82 (0.02) 1.37 (0.04)Cognitivet2 99.72 11.42 107.39 10.02
Languaget1 −0.42 1.06 0.50 0.78

3.22 + (0.08) 3.23 + (0.08) 1.89 (0.05) 2.51 (0.07)Languaget2 −0.26 1.12 0.20 0.68
Maternal psychopathology rating
Depressiont1 0.17 0.20 0.10 0.16

2.83 (0.07) 0.24 (0.01) 2.30 (0.06) 0.17 (0.00)Depressiont2 0.15 0.21 0.10 0.12
Anxietyt1 0.30 0.32 0.20 0.17

3.12 + (0.08) 0.34 (0.01) 2.42 (0.06) 0.30 (0.01)Anxietyt2 0.18 0.27 0.10 0.14
ADHDt1 0.62 0.47 0.60 0.46

0.74 (0.02) 3.01 + (0.07) 0.75 (0.02) 2.89 (0.06)ADHDt2 0.38 0.39 0.41 0.40
Antisocialt1 0.17 0.14 0.19 0.18

0.56 (0.01) 0.06 (0.00) 0.59 (0.02) 0.10 (0.00)Antisocialt2 0.11 0.10 0.11 0.09
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Table 4. Cont.

VSD Controls Statistics F (η2
p)

M SD M SD Group
Group ×

Time
Group ×

Parenting t1

Group ×
Parenting t1 ×

Time

Quality of life
Mothert1 86.35 7.11 80.07 9.20

2.94 + (0.07) 2.50 (0.06) 3.82 + (0.10) 3.90 + (0.09)Mothert2 64.60 9.86 64.17 8.02
Childt1 74.15 12.96 74.44 9.45

4.52 * (0.11) 0.83 (0.02) 4.60 * (0.12) 0.77 (0.02)Childt2 63.25 9.77 62.26 9.05

Note. + p < 0.10, * p < 0.05. VSD = ventricular septal defect. Neurodevelopment: t1, Intelligence and Development
Scales, IDS [67]; t2, Wechsler Intelligence Scale for Children—Fifth Edition, WISC-V [63]; Cognitive = cognitive
development: M = 100, SD = 15; language: z-standardization was used in order to transfer the IDS and WISC-V
values into a common unit, M = 0, SD = 1. Maternal psychopathology ratings at t1 and t2: Diagnostic System for
Psychiatric Disorders according to ICD-10/DSM-IV, DYSIPS [18]—0, ‘not at all’; 1, ‘a little bit’; 2, ‘to a great extent’;
3, ‘particularly’. ADHD = attention deficit/hyperactivity disorder, Antisocial = antisocial behavior. Quality of
life: t1, Revised Quality of Life Questionnaire [68]; t2: German version of the Kidscreen-10 questionnaire [69] (0
to 100% quality of life). Sample size (n): VSD: Cognitive/Language n = 18; maternal psychopathology ratings,
Depression/Anxiety/Antisocial n = 20, ADHD n = 23; quality of life, Mother n = 20, Child n = 16. Controls:
Cognitive/Language n = 23; maternal psychopathology ratings, Depression/ADHD/Antisocial n = 23, Anxiety
n = 22; quality of life, Mother/Child n = 23. Covariates—Cognitive/Language: socioeconomic status. Degrees
of freedom in rm ANCOVAs (dfF): Cognitive/Language dfF = 36, Depression dfF = 39, Anxiety dfF = 38, ADHD
dfF = 42, Antisocial dfF = 39, Quality of life Mother dfF = 39, Quality of life Child dfF = 35. dfH = 1. η2

p, partial
eta-squared, effect size measure: ≥0.01 small effect, ≥0.06 medium effect, ≥0.14 large effect.

5.2. Longitudinal Outcomes

As t2 moderator models did not prove to be significant (p = 0.108–0.988), only the
results with maternal anxiety (Model At1, Table 3) and proactive parenting behavior (Model
Bt1, Table 4) at t1 are presented below.

5.2.1. Children’s Neurodevelopment

Cognitive development. There were no significant main group effects or interaction
effects. Affected children’s intelligence did not significantly differ from controls at any time
point and was not moderated by any maternal characteristic.

Language development. A marginal significant main effect occurred, in which children
with VSDs demonstrated lower language scores compared to non-affected controls (Model
B t1: F(1,36) = 3.22, p = 0.081, ηp

2 = 0.08). There was a marginally significant interac-
tion effect (group x time: Model A t1: F(1,37) = 2.93, p = 0.095, ηp

2 = 0.07; Model B t1:
F(1,36) = 3.23, p = 0.081, ηp

2 = 0.08) at t1, with the VSD group exhibiting weaker language
skills than the comparison group (Model At1/Bt1: p = 0.002/0.003). In addition, there
was a marginally significant three-way interaction (Model At1: group x maternal anxiety
t1 × time: F(1,37) = 4.04, p = 0.052, ηp

2 = 0.10). However, post-hoc analyses revealed no
significant associations.

5.2.2. Internalizing and Externalizing Behavior Outcomes—Maternal Reports

Depressive Symptoms. Regarding internalizing problems, there was a marginally sig-
nificant main group effect, demonstrating that children with VSDs had higher depres-
sion symptoms compared to non-affected controls (Model At1: F(1,40) = 4.02, p = 0.052,
ηp

2 = 0.09). Additionally, a significant interaction effect between group and maternal anx-
iety at t1 (Model At1: F(1,40) = 5.40, p = 0.025, ηp

2 = 0.12) showed that higher maternal
anxiety at t1 was associated with higher depression symptoms in the VSD group, both at t1
and t2 (t1: r = 0.607, p = 0.002, t2: r = 0.645, p = 0.002). This interaction remained equally
strong over both points of time and was not found in the control group.

Anxiety. There was a significant main group effect: children with VSDs had higher anx-
iety symptoms than non-affected controls (Model At1: F(1,39) = 4.71, p = 0.036, ηp

2 = 0.11).
Furthermore, a significant interaction effect between group and maternal anxiety at t1
(Model At1: F(1,39) = 6.84, p = 0.013, ηp

2 = 0.15) was found. Post-hoc analyses showed
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higher maternal anxiety at t1 was associated with higher anxiety symptoms in children in
the VSD group, both at t1 and t2 (t1: r = 0.673, p < 0.001; t2: r = 0.475, p = 0.034). Conversely,
the relationship between children’s anxiety scores and maternal anxiety symptoms at t1
was not significant in the control group.

ADHD. Regarding ADHD symptoms, there was no significant main group effect. A
marginally significant interaction effect between group and time (Model Bt1: F(1,42) = 3.01,
p = 0.090, ηp

2 = 0.07) demonstrated that ADHD symptoms decreased over time and that the
difference in ADHD symptoms between t1 and t2 was larger in the VSD group (p < 0.001)
than in the control group (p = 0.003). Additionally, there was a marginally significant three-
way interaction (Model B t1: group x proactive parenting behavior t1 × time: F(1,42) = 2.89,
p = 0.096, ηp

2 = 0.06). However, post-hoc analyses revealed no significant associations.
Antisocial behavior. There were no significant main group or interaction effects.

5.2.3. Health-Related Quality of Life (HRQOL)

Maternal ratings. A marginally significant main effect for groups could be demon-
strated: children with VSDs showed higher HRQOL scores than typically developing
children (Model Bt1: F(1,39) = 2.94, p = 0.095, ηp

2 = 0.07). A slightly significant interac-
tion effect (Model Bt1: group × proactive parenting behavior t1: F(1,39) = 3.82, p = 0.058,
ηp

2 = 0.09) and a slightly significant three-way interaction effect (Model B t1: group x proac-
tive parenting behavior t1 × time: F(1,39) = 3.90, p = 0.055, ηp

2 = 0.09) were found. Post-hoc
analyses revealed that children with VSDs showed significantly higher HRQOL scores at
t1 (p = 0.015) but not at t2. Further, it was demonstrated that, in the control group, more
pronounced proactive parenting behavior at t1 was significantly associated with lower
scores in HRQOL at t1 (r = −0.443, p = 0.034). This association was no longer significant at
t2. No significant correlations between proactive parenting behavior and HRQOL occurred
in the VSD group.

Child ratings. A significant main group effect could be demonstrated: children with
VSDs reported higher HRQOL compared to non-affected controls (Model B t1: F(1,35) = 4.52,
p = 0.041, ηp

2 = 0.11). Additionally, there was a significant interaction effect (Model B
t1: group x proactive parenting behavior t1: F(1,35) = 4.60, p = 0.039, ηp

2 = 0.12), with
post-hoc analyses demonstrating that, in the control group, more pronounced proactive
parenting behavior at t1 was related to significantly lower child self-reports in HRQOL at
t1 (r = −0.455, p = 0.029) and marginally lower HRQOL scores at t2 (r = −0.361, p = 0.091).
In the VSD group, no significant associations between proactive parenting behavior at t1
and self-reported HRQOL could be found at both times of measurement.

5.3. Cross-Sectional Outcomes
5.3.1. Internalizing and Externalizing Behavior Outcomes—Children’s Reports

Depressive symptoms. A significant main effect occurred, showing that children with
VSDs reported less depressive symptoms than their non-affected peers (Model Bt1:
F(1,38) = 6.56, p = 0.015, ηp

2 = 0.15). Furthermore a significant interaction effect between
group and maternal proactive parenting behavior at t1 was found (Model Bt1: F(1,38) = 6.87,
p = 0.013, ηp

2 = 0.15). In the control group, more pronounced maternal proactive parenting
behavior was significantly correlated with higher reported depressive symptoms (r = 0.424,
p = 0.044). No significant association between maternal proactive parenting behavior and
depressive symptoms was found in the VSD group.

Anxiety. A slightly significant main group effect (Model Bt1: F(1,37) = 3.98, p = 0.053,
ηp

2 = 0.10) was detected: children with VSDs reported marginally lower anxiety symptoms
than typically developing children. Additionally, a significant interaction effect (Model Bt1:
group × proactive parenting behavior t1: F(1,37) = 4.42, p = 0.042, ηp

2 = 0.11) was found.
Post-hoc analyses showed that, in the VSD group, higher maternal proactive parenting
behavior at t1 was significantly associated with lower anxiety ratings at t2 (r = −0.460,
p = 0.041). There was no significant correlation between maternal proactive parenting
behavior and anxiety symptoms in the control group.
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ADHD. Self-ratings on ADHD showed no significant main group or interaction effects.
Antisocial behavior. A slightly significant main group main occurred (Model At2:

F(1,41) = 3.26. p = 0.078, ηp
2 = 0.07): children with VSDs reported higher antisocial be-

havior than non-affected controls. Additionally, a marginally significant interaction effect
between group and maternal anxiety at t2 could be demonstrated (Model At2: F(1,41) = 3.34,
p = 0.075, ηp

2 = 0.08). However, post-hoc analyses revealed no significant associations.

5.3.2. Children’s Hair Cortisol

Results are shown in Table 5. A slightly significant main group effect was observed
(Model Bt2: F(1,28) = 3.09, p = 0.090, ηp

2 = 0.10), demonstrating that children with VSDs
had lower hair cortisol values compared to non-affected controls. Marginally significant
interaction effects could be shown (Model Bt1: F(1,28) = 3.73, p = 0.064, ηp

2 = 0.12; Model
Bt2: F(1,28) = 3.94, p = 0.057, ηp

2 = 0.12). In the control group, higher maternal proactive
parenting behavior at t1 was significantly correlated with higher hair cortisol levels at t2
(r = 0.451, p = 0.053). In the VSD group, higher maternal proactive parenting behavior at
t2 was significantly associated with children’s lower hair cortisol values at t2 (r = −0.804,
p = 0.002).

Table 5. ANCOVA-Tested Differences between the VSD group and Controls. Covariate Maternal
Anxiety (Model At1/t2) or Maternal Parenting (Model Bt1/t2).

VSD Controls Statistics F (η2
p)

M SD M SD

Adolescent‘s psychopathology rating group group × anxiety t1
Depressiont2 0.31 0.33 0.34 0.36 1.36 (0.03) 1.31 (0.03)

Anxietyt2 0.34 0.42 0.38 0.35 0.33 (0.01) 0.27 (0.01)
ADHDt2 0.40 0.36 0.16 0.22 0.00 (0.00) 0.32 (0.01)

Antisocialt2 0.19 0.20 0.18 0.10 0.92 (0.02) 1.03 (0.03)
group × anxiety t2

Depressiont2 0.32 0.32 0.34 0.36 0.09 (0.00) 0.10 (0.00)
Anxietyt2 0.34 0.41 0.38 0.35 0.03 (0.00) 0.02 (0.00)
ADHDt2 0.40 0.36 0.16 0.22 0.93 (0.02) 0.39 (0.01)

Antisocialt2 0.19 0.20 0.18 0.10 3.26 + (0.07) 3.34 + (0.08)
group × parenting t1

Depressiont2 0.31 0.32 0.33 0.37 6.56 * (0.15) 6.87 * (0.15)
Anxietyt2 0.34 0.42 0.38 0.36 3.98 + (0.10) 4.42 * (0.11)
ADHDt2 0.40 0.36 0.16 0.23 1.61 (0.04) 0.76 (0.02)

Antisocialt2 0.19 0.20 0.17 0.10 1.64 (0.04) 10.57 (0.04)
group × parenting t2

Depressiont2 0.34 0.32 0.34 0.36 1.23 (0.03) 1.33 (0.03)
Anxietyt2 0.36 0.42 0.38 0.35 0.09 (0.00) 0.12 (0.00)
ADHDt2 0.44 0.38 0.16 0.22 0.11 (0.00) 0.04 (0.00)

Antisocialt2 0.19 0.20 0.18 0.10 0.30 (0.01) 0.28 (0.01)

Cortisol Adolescent group group × anxietyt1
0.18 0.67 0.67 0.60 0.03 0.00 0.03 (0.00)

group × anxiety t2
0.17 0.64 0.67 0.60 0.07 0.00 0.00 (0.00)

group × parenting t1
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Table 5. Cont.

VSD Controls Statistics F (η2
p)

M SD M SD

0.18 0.67 0.65 0.61 2.58 0.08 3.73 + (0.12)
group × parenting t2

0.27 0.62 0.67 0.60 3.09 + 0.10 3.94 + (0.12)

Note. + p < 0.10, * p < 0.05. Adolescent’s psychopathology rating at t2: Diagnostic System for Psychiatric Disorders
according to ICD-10/DSM-IV, DYSIPS [18]—0, ‘not at all’; 1, ‘a little bit’; 2, ‘to a great extent’; 3, ‘particularly’.
Sample size (n): VSD: psychopathology self-ratings, Depression n = 18–20, Anxiety n = 19–21, ADHD n = 18–22,
Antisocial n = 19–21, Cortisol n = 12–14; Controls: psychopathology self-ratings, Depression n = 23–24, Anxiety
n = 21–22, ADHD n = 23–24, Antisocial n = 23–24, Cortisol n = 12–14. Degrees of freedom in ANCOVAs (dfF):
Depression dfF = 38–40, Anxiety dfF = 37–39, ADHD dfF = 38–40, Antisocial dfF = 39–41, Cortisol df = 28–30.
dfH = 1. Adolescent cortisol at t2: ln-transformed hair cortisol concentration. VSD = ventricular septal defect.
ADHD = attention deficit/hyperactivity disorder, Antisocial = antisocial behavior. η2

p, partial eta-squared, effect
size measure: ≥0.01 small effect, ≥0.06 medium effect, ≥0.14 large effect.

6. Discussion

The aim of this follow-up study was to explore the long-term consequences of early
surgical VSD correction on children’s neurodevelopment, internalizing and externalizing
problems, HRQOL, and hair cortisol levels from primary school age to adolescence, as well
as to additionally reveal the role of maternal characteristics (proactive parenting behavior
and maternal anxiety) in child development. Children with early surgically repaired
isolated VSDs were examined in comparison to a matched, non-affected control group.

6.1. Long-Term Psychological Adjustment

Neurodevelopment. This study hypothesized no differences in cognitive development
between children with VSDs and non-affected controls except for poorer language outcomes
in the VSD group. In line with the results when children were primary school-aged,
as already published by Eichler et al. [50], this study found no differences in cognitive
development between children with VSDs and typically developing children in adolescence.
Other studies reported an association between the severity of CHD and the degree of
cognitive impairment and predicted cognitive outcomes in adolescence [15,76,77]. As VSDs
are considered to be a mild form of CHD, our result is in line with previous findings
showing that cognitive development in mild CHDs seems to be comparable to the non-
affected population, also in adolescence [57]. In this study, children with VSDs showed
tendentially lower language scores compared to non-affected controls at primary school age
(as already shown by Eichler et al. [50]), though not in adolescence. Fourdain, et al. [78] also
found no global neurodevelopmental impairment in children with CHD, but a discrepancy
between language and cognitive development was observed. The authors discussed
delayed development in the frontal and temporal cortical areas (areas associated with
speech production and comprehension) and prenatal and postnatal white matter alterations
as causative factors of specific language impairment. This effect is not very stable, as it
could only be shown when maternal proactive parenting behavior was considered as
a potential moderator. Therefore, the results must be replicated. However, contrary to
our initial assumption, the finding of this study suggests that the difference in language
abilities between children with VSDs and typically developing children evens out during
adolescence. Since this effect occurred when both moderators were taken into account, it
could be considered as stable. Additionally, a moderate effect showed that higher maternal
anxiety at t1 seemed to only be a risk factor for language impairment in children with VSDs
when they were primary school-aged, and not during adolescence. Nevertheless, the result
should be replicated as it could only be shown in one model (when considering maternal
anxiety as a potential moderator).

Emotional and behavioral problems. The present study aimed to investigate whether
VSD-affected children show more internalizing and externalizing symptoms than non-
affected controls in adolescence while not showing differences during childhood (see
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Eichler et al. [50]). Mothers of children with VSDs reported at least marginally more in-
ternalizing problems (depression and anxiety) in their children during childhood and
adolescence compared to mothers of non-affected controls, which is in line with most stud-
ies on this matter [23,56]. In this context, in the VSD but not in the control group, maternal
anxiety at primary school age t1 acted as a significant moderator of child development.
When mothers had higher anxiety scores, they also described their children to have more
depressive and anxiety symptoms, both at primary school age and in adolescence. This
finding is interesting as only in the VSD group (and not in controls) did maternal anxiety
levels decrease from primary school age to adolescence. In addition, regardless of group, all
maternal anxiety levels were in a normal range and not clinically apparent. However, even
at this low level of maternal anxiety, it seems to be relevant for children’s and adolescents’
mental health after early surgical VSD correction. There might be at least two explanations
for these findings. First, elevated maternal anxiety might lead to higher internalizing
symptoms in the vulnerable group of children with surgically corrected VSDs. In line with
this thought, Eichler and colleagues [50] found higher maternal anxiety to be a risk factor
for developing more anxious symptoms in children with surgically corrected VSD when
they were primary school-aged, and maternal anxiety thus served as a risk factor. Second,
mothers who have had the experience of having a child with a VSD and associated cardiac
surgery and medical treatments and who have experienced higher anxiety symptoms might
be subject to different perceptions of children’s internalizing symptomatology than mothers
of typically developing children. Such an altered perception due to their own anxiety
symptomatology could lead to a stronger rating of child internalizing behavior problems.
To sum up, our findings support the assumptions of several current studies that emphasize
the important role of maternal characteristics (e.g., parenting stress, maternal mental health)
in the psychological adjustment of children with VSDs [47,79,80]. With regard to our results,
this effect seems to outlast childhood and remain until adolescence. The group difference
in anxiety symptoms occurred under both moderators and can therefore be interpreted as
stable. The other results on internalizing problems should be replicated, as they could only
be demonstrated when maternal anxiety was taken into account.

Mothers’ reports on their children’s externalizing problems (ADHD and antisocial be-
havior) revealed no differences between the VSD and control group. This result is contrary
to various studies showing an increased risk of ADHD for children with CHD [12,22]. A
current review of behavioral problems in children with CHD found these children to be at
greater risk of internalizing but not externalizing problems and discussed method differ-
ences in this context (e.g., type of questionnaire) as a potential cause [81]. Methodological
differences in assessing internalizing and externalizing problems might not be relevant in
our study as we used symptom-specific subtests of one questionnaire. Dahlawi et al. [23]
found younger children with CHD to be at greater risk of behavior problems compared to
older children, which is in line with the results of this study showing that ADHD symptoms
decreased over time and that the difference in ADHD symptoms between primary school
age and adolescence was larger in the VSD group. An explanation for this matter could
be a temporal association between the occurrence of risk factors (e.g., children’s physical
health) and externalizing behavior problems, as found by Kjeldsen, et al. [82]. If the surgical
correction for the VSD is performed in early childhood, it may no longer account for the
externalizing behavior problems in adolescence. Additionally, a highly engaged parenting
style at t1 was associated with lower ADHD symptoms in primary school-aged children.
This correlation was not significant but showed a moderate effect size, indicating the poten-
tial protective role of proactive parenting behavior on ADHD symptoms in children with
VSDs. The results regarding externalizing problems should be replicated, as they could
only be demonstrated when maternal proactive parenting behavior was considered as a
potential moderator. The model is therefore only slightly stable.

HRQOL. In line with our assumptions and the already published results for primary
school-aged children [50], mothers of children with VSDs reported higher HRQOL in
their children compared to mothers of typically developing children. Several studies have
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reported on decreased HRQOL as a function of the severity of the CHD; in less severe CHDs,
higher HRQOL compared to non-affected control groups might be expected [19,29,32].
Conversely, in our sample of children who underwent surgical VSD correction, even higher
HRQOL than in typically developing children was found. Eichler et al. [50] explained that
a mother’s experience of having a newborn with a serious disease might influence their
reference level in terms of their child’s quality of life. As children with VSDs also showed
higher self-ratings for HRQOL than controls, this modified reference level may also account
for these self-report differences.

Maternal proactive parenting behavior (assessed when children were primary school-
aged) was found to influence the development of children’s HRQOL. In the group with
typically developing children, both mothers and children reported an association between
maternal proactive parenting behavior and HRQOL; higher proactive parenting behav-
ior was associated with lower HRQOL. In contrast, this relation did not show up in the
VSD group. Maternal proactive parenting behavior is described as greater engagement in
mother–child interactions, including more sensitive, stimulating, and supporting behav-
ior [70]. We suppose that children with VSDs, who have experienced a life-threatening
disease in their early childhood, require higher maternal proactive parenting behavior
to develop similarly to their non-affected peers [50]. Thus, highly proactive parenting
behavior might be a protective factor in at-risk contexts, such as in the case of early surgical
VSD corrections, and may be prone to an overdose effect in unaffected controls, especially
in adolescence. Whether maternal proactive parenting behavior actually has a different
function for children with an early surgically corrected VSD and non-affected children
should be the subject of future studies. The effects on children’s HRQOL only occurred
when maternal proactive parenting behavior was taken into account and should therefore
be replicated in future studies.

In summary, the results of this study showed that the long-term effects of an early
surgically corrected VSD on psychological adjustment in children and adolescents must be
considered in a differentiated manner. The sole presence of a VSD does not automatically
lead to behavior problems and lower HRQOL in children and adolescents. We could
observe that internalizing behavior problems seemed to be present and stable over time,
especially when maternal anxiety during primary school was high. By contrast, there was
no evidence of the presence of externalizing behavior problems in adolescence. However,
there was an indication that high maternal engagement in mother–child interaction could
act as a protective factor regarding ADHD symptoms in children with VSDs.

6.2. Children’s Self-Reported Psychological Adjustment and Stress System in Adolescence

This study aimed to investigate if VSD-affected children differ in terms of their self-
reported psychological adjustment and hair cortisol values from typically developing
children. In adolescence, children with VSDs reported lower depression and anxiety
symptoms during adolescence compared to typically developing children. Several studies
found similar findings by demonstrating no difference in self-reported psychological
adjustment between adolescents with VSDs and non-affected controls [83,84]. As already
mentioned, the intensity of psychopathological symptoms is related to the severity of the
CHD, as children with more severe CHD are at higher risk of developing psychosocial
impairments [8].

Interestingly, the control group showed a comparable interaction with maternal proac-
tive parenting behavior at t1 in terms of depressive symptoms, as was already shown for
HRQOL. Non-affected children reported higher depressive symptoms in adolescence when
mothers showed a pronounced engagement in mother–child interaction. In childhood, high
maternal proactive parenting behavior is important for child development and leads to
stronger mother–child attachment and a more sensitive perception of one’s own emotions,
as described above [70,85]. In adolescence, as a natural effect of puberty, children detach
themselves from their parents and become more independent [86], which is why conflicts
between children and parents increase [87]. Therefore, adolescents who experienced pro-
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nounced maternal involvement in childhood have to actively detach themselves from
their close maternal bond, which is a developmentally appropriate step towards reaching
individualization. Thus, high maternal engagement might be perceived as a stress factor in
typically developing adolescents in this study. Further, for adolescents with VSDs, an op-
posite association was demonstrated. When mothers were more engaged in mother–child
interaction, children with VSDs reported lower anxiety symptoms in adolescence. When
mothers of children with VSDs managed to control the fears surrounding their children
and establish a proactive parenting style, this had a positive effect on their children’s
development, (such as with language outcome results in a study by Eichler et al. [50]). In
adolescence, the following questions arise: Why do children with VSDs not show the same
developmental steps as their non-affected peers? Why do children with VSDs not experi-
ence the same difficulties and why is pronounced maternal engagement not perceived as a
stress factor in adolescence? Developmental gaps could be an explanation. It is possible
that this developmental stage is delayed in children with VSDs or is omitted altogether.
Another explanation might lay in the age difference between the VSD and control group,
as the non-affected children were older than those in the VSD group. Children with VSDs
may also have a closer bond with their mothers because of their condition. In any case,
future studies should be dedicated to these questions.

Regarding self-ratings for externalizing problems, adolescents with VSDs showed
slightly higher symptoms of antisocial behavior compared to controls, while there were
no differences in ADHD. Since antisocial behavior is mainly associated with the onset of
puberty, it is not surprising that the differences between children with VSDs and controls
only emerge in adolescence [88]. It is also known that early adverse life events are associated
with antisocial behavior in adolescence [89,90], and several studies were able to show
more pronounced externalizing problems in adolescents with VSDs compared to non-
affected controls [46,91]. In this context, we also identified maternal anxiety shaping self-
ratings of antisocial behavior in adolescents with surgically corrected VSDs. High maternal
anxiety (assessed when children were in primary school) was related to lower symptoms of
antisocial behavior. Conversely, this association was not found in the control group. This
might be explained by the authors of [92], who suggested that mothers with more anxiety
symptoms use a more overprotective parenting style. In turn, overprotective behavior
could serve a positive developmental function in children with a chronic disease [93].
Therefore, future research should focus on how maternal characteristics might shape child
development differently in children with and without CHD.

In this study, both the VSD and the control group had hair cortisol levels in the normal
range. Interestingly, children with VSDs showed marginally lower hair cortisol values
compared to the control group. Cortisol levels in the normal range for children with VSDs
have also been observed in other studies [51,94] and indicate development comparable to
non-affected peers. Golub, et al. [95] demonstrated that children with a chronic disease
display hypocortisolism. Even though children with a surgically corrected VSDs have to
be regarded as somatically healthy and not as chronically ill, our sample might also react
with comparable hypocortisolism. In the VSD group, children’s self-reports on their better
psychological adjustments fit very well with the findings regarding their lower cortisol
levels in comparison to typically developing children. Additionally, in children with VSDs,
lower cortisol levels were slightly associated with more pronounced maternal proactive
parenting behavior, while the association was reversed in the control group. In line with the
results regarding internalizing behavior problems, a highly engaged parenting style seems
to be a stress factor for non-affected adolescents, which is a developmentally appropriate
step towards reaching individualization. Again, further studies are needed to clarify the
following question: Why do adolescents with VSDs not show the same development steps
as their peers?

In general, the ratings provided by adolescents with VSDs regarding their internal-
izing and externalizing problems did not match their mothers’ ratings in this study. The
discrepancy in self-reports and proxy ratings found in our study corresponds to the study
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of Spijkerboer, et al. [96], who showed that parents of children with CHD reported higher
internalizing behavior problems than their children, with children rating themselves compa-
rably to (or even better than) their non-affected peers. The discrepancy between self-reports
and proxy ratings of behavior problems has been demonstrated in several studies, with the
difference explained by increased autonomy and therefore less behavioral observation from
parents [97,98]. These findings emphasize the need for both self-reports and proxy ratings
when trying to realize a better understanding of psychological adjustment in children
with VSDs.

All effects on children’s psychological adjustments and hair cortisol values occurred
under only one of the two moderators, not in both models. Therefore, the effects should be
interpreted as slightly stable and should be replicated.

7. Strengths and Limitations

A clear strength of the present study is the multi-level approach towards data collec-
tion. In addition to maternal ratings, we also collected self-ratings in order to obtain several
perspectives on the children’s psychological adjustments and relied on standardized tests
for assessing children’s neurocognitive development, which were performed by trained
researchers. Further, children’s hair cortisol levels were evaluated in order to gain informa-
tion on children’s physiological stress system. This provided comprehensive insight into
the children’s psychological development.

An additional strength of this study is the longitudinal approach to assessing children’s
psychological adjustment over time in a homogeneous group of children with an isolated
surgically corrected VSD and a matched non-affected control group. Longitudinal studies
always carry the risk of participants dropping out and may result in smaller sample
sizes. For example, in this case, it could be that mothers who were concerned about the
development of their children chose to continue participating in the study more than
mothers who were less concerned, which may exaggerate the results. Therefore, results
should be interpreted carefully. The consistently medium to high effect sizes indicate the
practical relevance of our results and should be replicated in future studies with larger
sample sizes.

One limitation of the present study might lay in the age difference between the VSD
and control group, as the non-affected children were older than the VSD group. However,
the control group was still well matched regarding other sample characteristics.

Furthermore, an important issue to discuss is the approach taken to testing our hy-
potheses. To analyze one hypothesis, we conducted four (rm) ANCOVAs separately for
each outcome variable and moderator. We chose this data analyzing approach by including
as few variables as possible in each model to increase test power due to the small sample
size. In the case of multiple testing, α-levels have to be corrected. However, we decided
against an alpha correction because of the explorative character of our study. The results
have to be interpreted cautiously while taking effect size measures into account. For this
reason, the presented findings should be replicated with a larger sample.

Another limitation is not including data from fathers, which leads to a one-sided
parental perspective and hides potential protective or risk factors. Future studies should
include fathers’ perceptions of their children’s health and explore the role of paternal
characteristics in child development for children with surgically corrected VSDs.

8. Conclusions

The results of this study indicate that children with an early surgically repaired
VSDs have the potential for age-typical development in terms of intellectual abilities,
psychological adjustment, and stress response. This seems to remain stable over time, as
the results of this follow-up study replicated findings from primary school-aged children
with surgically corrected VSDs (cf. [50]). In general, the sample of this study was clinically
not suspicious. All outcomes for VSD-affected and unaffected children were within a
normal non-pathological range. There are some relevant factors supporting the age-typical
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development of children after an early surgical VSD repair, such as lower maternal anxiety
symptoms and proactive parenting behavior. The relevance of these factors was already
shown during childhood in a previous cohort [50], and the effect lasts into adolescence.
Maternal proactive parenting behavior proved to be an important factor associated with
positive psychological adjustment in children with VSDs and is thus a promising approach
for future interventions. Conversely, mothers of children with surgically repaired VSDs
still reported heightened internalizing problems in adolescence. Even though the amount
of maternal anxiety experienced by mothers of children with surgical VSD correction
decreased from primary school age to adolescence, relatively high levels of maternal anxiety
still acted as an amplifying factor in this context. Based on the differences between self-
reports and proxy ratings of children’s psychopathological symptoms and the association
found between emotional and behavioral problems and maternal anxiety, one can deduce
that the psychological long-term consequences of an early corrected VSD are more likely to
manifest in the mothers, instead of in the children. Mothers were exposed to enormous
trauma through diagnosis of and early operation on their child. Therefore, they might
find it difficult to let go and have confidence in the positive psychological and somatic
development of their children. This highlights the importance of further studies on the
psychological well-being of mothers of children with CHD and how they can be adequately
supported from the beginning.
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24. Opić, P.; Roos-Hesselink, J.W.; Cuypers, J.A.; Witsenburg, M.; van den Bosch, A.; van Domburg, R.T.; Bogers, A.J.; Utens, E.M.
Longitudinal development of psychopathology and subjective health status in CHD adults: A 30- to 43-year follow-up in a
unique cohort. Cardiol. Young 2016, 26, 547–555. [CrossRef] [PubMed]

25. Ernst, M.M.; Marino, B.S.; Cassedy, A.; Piazza-Waggoner, C.; Franklin, R.C.; Brown, K.; Wray, J. Biopsychosocial Predictors of
Quality of Life Outcomes in Pediatric Congenital Heart Disease. Pediatr. Cardiol. 2018, 39, 79–88. [CrossRef] [PubMed]

26. Marino, B.S.; Cassedy, A.; Drotar, D.; Wray, J. The Impact of Neurodevelopmental and Psychosocial Outcomes on Health-Related
Quality of Life in Survivors of Congenital Heart Disease. J. Pediatr. 2016, 174, 11–22.e12. [CrossRef]

27. Abassi, H.; Huguet, H.; Picot, M.-C.; Vincenti, M.; Guillaumont, S.; Auer, A.; Werner, O.; De La Villeon, G.; Lavastre, K.; Gavotto,
A. Health-related quality of life in children with congenital heart disease aged 5 to 7 years: A multicentre controlled cross-sectional
study. Health Qual. Life Outcomes 2020, 18, 366. [CrossRef]

28. Mishra, T.A.; Sharma, P. Health Related Quality of Life of Children with Congenital Heart Disease Attending at Tertiary Level
Hospital. J. Nepal Health Res. Counc. 2019, 17, 288–292. [CrossRef]

29. Silva, A.M.; Vaz, C.; Areias, M.E.; Vieira, D.; Proença, C.; Viana, V.; Moura, C.; Areias, J.C. Quality of life of patients with
congenital heart diseases. Cardiol Young 2011, 21, 670–676. [CrossRef]

86



J. Clin. Med. 2022, 12, 7242

30. Holst, L.M.; Kronborg, J.B.; Idorn, L.; Bjerre, J.V.; Vejlstrup, N.; Juul, K.; Ravn, H.B. Impact of congenital heart surgery on quality
of life in children and adolescents with surgically corrected Ventricular Septal Defect, Tetralogy of Fallot, and Transposition of the
Great Arteries. Cardiol. Young 2019, 29, 1082–1087. [CrossRef]

31. Hövels-Gürich, H. Psychomotor and Cognitive Development and Quality of Life in Children and Adolescents with Congenital
Heart Defect. Klin. Padiatr. 2019, 231, 183–190. [CrossRef]

32. Mellion, K.; Uzark, K.; Cassedy, A.; Drotar, D.; Wernovsky, G.; Newburger, J.W.; Mahony, L.; Mussatto, K.; Cohen, M.; Limbers,
C.; et al. Health-related quality of life outcomes in children and adolescents with congenital heart disease. J. Pediatr. 2014, 164,
781–788.e1. [CrossRef] [PubMed]

33. Ferguson, M.K.; Kovacs, A.H. Quality of life in children and young adults with cardiac conditions. Curr. Opin. Cardiol. 2013, 28,
115–121. [CrossRef] [PubMed]

34. Huang, J.-S.; Huang, S.-T.; Sun, K.-P.; Hong, Z.-N.; Chen, L.-W.; Kuo, Y.-R.; Chen, Q. Health-related quality of life in children and
adolescents undergoing intraoperative device closure of isolated perimembranous ventricular septal defects in southeastern
China. J. Cardiothorac. Surg. 2019, 14, 218. [CrossRef]

35. Juruena, M.F.; Eror, F.; Cleare, A.J.; Young, A.H. The Role of Early Life Stress in HPA Axis and Anxiety. Adv. Exp. Med. Biol. 2020,
1191, 141–153. [CrossRef] [PubMed]

36. McGauran, M.; Jordan, B.; Beijers, R.; Janssen, I.; Franich-Ray, C.; de Weerth, C.; Cheung, M. Long-term alteration of the
hypothalamic-pituitary-adrenal axis in children undergoing cardiac surgery in the first 6 months of life. Stress 2017, 20, 505–512.
[CrossRef]

37. Raymond, C.; Marin, M.F.; Majeur, D.; Lupien, S. Early child adversity and psychopathology in adulthood: HPA axis and
cognitive dysregulations as potential mechanisms. Prog. Neuropsychopharmacol. Biol. Psychiatry 2018, 85, 152–160. [CrossRef]
[PubMed]

38. Jackson, A.C.; Frydenberg, E.; Koey, X.M.; Fernandez, A.; Higgins, R.O.; Stanley, T.; Liang, R.P.-T.; Le Grande, M.R.; Murphy,
B.M. Enhancing parental coping with a child’s heart condition: A co-production pilot study. Compr. Child Adolesc. Nurs. 2020, 43,
314–333. [CrossRef] [PubMed]

39. Parker, R.; Houghton, S.; Bichard, E.; McKeever, S. Impact of congenital heart disease on siblings: A review. J. Child Health Care
2020, 24, 297–316. [CrossRef] [PubMed]

40. Nayeri, N.D.; Roddehghan, Z.; Mahmoodi, F.; Mahmoodi, P. Being parent of a child with congenital heart disease, what does it
mean? A qualitative research. BMC Psychol. 2021, 9, 33. [CrossRef] [PubMed]

41. Lee, S.; Ahn, J.-A. Experiences of Mothers Facing the Prognosis of Their Children with Complex Congenital Heart Disease. Int. J.
Environ. Res. Public Health 2020, 17, 7134. [CrossRef] [PubMed]

42. Lemacks, J.; Fowles, K.; Mateus, A.; Thomas, K. Insights from parents about caring for a child with birth defects. Int. J. Environ.
Res. Public Health 2013, 10, 3465–3482. [CrossRef]

43. Gardner, F.; Freeman, N.; Black, A.; Angelini, G. Disturbed mother-infant interaction in association with congenital heart disease.
Heart 1996, 76, 56–59. [CrossRef]

44. Biber, S.; Andonian, C.; Beckmann, J.; Ewert, P.; Freilinger, S.; Nagdyman, N.; Kaemmerer, H.; Oberhoffer, R.; Pieper, L.;
Neidenbach, R.C. Current research status on the psychological situation of parents of children with congenital heart disease.
Cardiovasc. Diagn. Ther. 2019, 9, 369–376. [CrossRef]

45. Jilek, E.; Shields, A.; Zhang, L.; Simpson, P.; Bear, L.; Martins, S.A.; Mussatto, K.A.; Brosig, C.L. Predictors of behavioural and
emotional outcomes in toddlers with congenital heart disease. Cardiol. Young 2021, 32, 1216–1221. [CrossRef] [PubMed]

46. Chang, L.-Y.; Wang, C.-C.; Weng, W.-C.; Chiu, S.-N.; Chang, H.-Y. Age differences in the mediating effects of parenting stress on
the relationship between cyanotic congenital heart disease and externalizing problems in children and adolescents. J. Cardiovasc.
Nurs. 2021, 36, 293–303. [CrossRef] [PubMed]

47. Guan, G.; Liu, H.; Wang, Y.; Han, B.; Jin, Y. Behavioural and emotional outcomes in school-aged children after surgery or
transcatheter closure treatment for ventricular septal defect. Cardiol. Young 2014, 24, 910–917. [CrossRef]

48. McCusker, C.G.; Doherty, N.N.; Molloy, B.; Casey, F.; Rooney, N.; Mulholland, C.; Sands, A.; Craig, B.; Stewart, M. Determinants
of neuropsychological and behavioural outcomes in early childhood survivors of congenital heart disease. Arch. Dis. Child. 2007,
92, 137–141. [CrossRef]

49. Burek, B.; Ford, M.K.; Hooper, M.; Green, R.; Kohut, S.A.; Andrade, B.F.; Ravi, M.; Sananes, R.; Desrocher, M.; Miller, S.P.
Transdiagnostic feasibility trial of internet-based parenting intervention to reduce child behavioural difficulties associated with
congenital and neonatal neurodevelopmental risk: Introducing I-InTERACT-North. Clin. Neuropsychol. 2021, 35, 1030–1052.
[CrossRef]

50. Eichler, A.; Köhler-Jonas, N.; Stonawski, V.; Purbojo, A.; Moll, G.H.; Heinrich, H.; Cesnjevar, R.A.; Kratz, O. Child neurodevelop-
ment and mental health after surgical ventricular septal defect repair: Risk and protective factors. Dev. Med. Child Neurol. 2019,
61, 152–160. [CrossRef]

51. Stonawski, V.; Vollmer, L.; Köhler-Jonas, N.; Rohleder, N.; Golub, Y.; Purbojo, A.; Moll, G.H.; Heinrich, H.; Cesnjevar, R.A.; Kratz,
O.; et al. Long-term Associations of an Early Corrected Ventricular Septal Defect and Stress Systems of Child and Mother at
Primary School Age. Front. Pediatr. 2018, 5, 293. [CrossRef]

52. Canivez, G.L.; Watkins, M.W. Long-term stability of the Wechsler Intelligence Scale for Children—Third Edition. Psychol. Assess.
1998, 10, 285. [CrossRef]

87



J. Clin. Med. 2022, 12, 7242

53. Rushton, J.L.; Forcier, M.; Schectman, R.M. Epidemiology of depressive symptoms in the National Longitudinal Study of
Adolescent Health. J. Am. Acad. Child Adolesc. Psychiatry 2002, 41, 199–205. [CrossRef]

54. Kessler, R.C.; Berglund, P.; Demler, O.; Jin, R.; Merikangas, K.R.; Walters, E.E. Lifetime prevalence and age-of-onset distributions
of DSM-IV disorders in the National Comorbidity Survey Replication. Arch. Gen. Psychiatry 2005, 62, 593–602. [CrossRef]
[PubMed]

55. Schwarz, S.W. Adolescent Mental Health in the United States: Facts for Policymakers; National Center for Child in Poverty: New York,
NY, USA, 2009.

56. DeMaso, D.R.; Calderon, J.; Taylor, G.A.; Holland, J.E.; Stopp, C.; White, M.T.; Bellinger, D.C.; Rivkin, M.J.; Wypij, D.; Newburger,
J.W. Psychiatric Disorders in Adolescents With Single Ventricle Congenital Heart Disease. Pediatrics 2017, 139, e20162241.
[CrossRef] [PubMed]

57. Karsdorp, P.A.; Everaerd, W.; Kindt, M.; Mulder, B.J. Psychological and cognitive functioning in children and adolescents with
congenital heart disease: A meta-analysis. J. Pediatr. Psychol. 2007, 32, 527–541. [CrossRef]
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Abstract: The evolution of AI and data science has aided in mechanizing several aspects of medical
care requiring critical thinking: diagnosis, risk stratification, and management, thus mitigating the
burden of physicians and reducing the likelihood of human error. AI modalities have expanded
feet to the specialty of pediatric cardiology as well. We conducted a scoping review searching the
Scopus, Embase, and PubMed databases covering the recent literature between 2002–2022. We found
that the use of neural networks and machine learning has significantly improved the diagnostic
value of cardiac magnetic resonance imaging, echocardiograms, computer tomography scans, and
electrocardiographs, thus augmenting the clinicians’ diagnostic accuracy of pediatric heart diseases.
The use of AI-based prediction algorithms in pediatric cardiac surgeries improves postoperative
outcomes and prognosis to a great extent. Risk stratification and the prediction of treatment outcomes
are feasible using the key clinical findings of each CHD with appropriate computational algorithms.
Notably, AI can revolutionize prenatal prediction as well as the diagnosis of CHD using the EMR
(electronic medical records) data on maternal risk factors. The use of AI in the diagnostics, risk
stratification, and management of CHD in the near future is a promising possibility with current
advancements in machine learning and neural networks. However, the challenges posed by the
dearth of appropriate algorithms and their nascent nature, limited physician training, fear of over-
mechanization, and apprehension of missing the ‘human touch’ limit the acceptability. Still, AI
proposes to aid the clinician tomorrow with precision cardiology, paving a way for extremely efficient
human-error-free health care.

Keywords: artificial intelligence; pediatric cardiology; pediatric cardiac surgery; machine learning;
congenital heart diseases
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1. Introduction

The discipline of pediatric cardiology has evolved as a specialty over the past 60 years,
deriving its roots from attempts to treat congenital heart diseases [1]. Congenital heart
diseases (CHD), in the wake of the burden of mortality and morbidity they bring in,
have always been an issue of concern. A total of 3.12 million babies in the United States
were born with congenital heart disease, and around 13.3 million individuals are living
with congenital heart anomalies [2]. CHD has a multifactorial etiology that consists of
environmental stressors and genetic factors and accounts for 80% of all forms of CHD [3].
Pediatric heart diseases remain a global burden on health services and are associated with
lifelong comorbidities that carry into adulthood, ultimately decreasing the quality of life
for children [4]. The last decade has seen the increasing prevalence of hypertension and
other ‘adult’ heart diseases among the pediatric population, especially adolescents, which
has counterpoised the falling burden of rheumatic heart disease in the same age group.

Advancements in pediatric cardiology care and surgical technology have helped with
significant reductions in mortality [5,6]. However, while high-income countries saw the
mortality rates of CHD reduce by half, the needs for surgical care and advanced imaging
for pediatric patients are unmet in middle- and lower-income countries [7]. The absence
of a timely diagnosis for suspected pediatric heart diseases significantly delays timely
treatment and often presents a diagnostic dilemma. The clinically suspected diagnosis of
CHD is confirmed by echocardiography, which can even be conducted during pre- and
postnatal screening [8,9]. The diagnosis thus requires adequate clinical suspicion, health
infrastructure, and a skilled workforce [10].

The growth of artificial intelligence (AI) in the context of medicine has contributed
immensely to the streamlining of clinical processes and decision making in health care
since 1960 [11,12]. The concept of machine learning (ML) is integral to the evolution
of AI. ML is defined as the ability of machines to learn tasks from a large amount of
previous data and be able to predict the same for future instances [12]. As a result, AI has
multiple key applications in the diagnosis, surveillance, prevention, and intervention of
congenital heart diseases and has created major advancements in pediatric cardiology as
a specialty [13]. Due to its widespread ability to improve the diagnostic value of cardiac
magnetic resonance imaging (MRI), echocardiograms (ECHO), computer tomography (CT)
scans, and electrocardiographs (ECG), AI can augment the diagnostic accuracy of pediatric
heart diseases [14,15].

While AI has already found its applications in a multitude of specialties, the notion of
its use in almost any medical specialty is conceivable. CHD is an interesting area where AI
can be applied owing to the burden of CHDs in pediatric and adult populations. AI-based
algorithms have expanded their application in various domains of pediatric cardiology
including but not limited to screening, clinical examination, diagnosis, image processing,
prognosis, risk stratification, and precision medicine [12]. Surprisingly, the full extent of AI
applications in all stages of care for patients with congenital heart diseases has not yet been
discussed. Evolving literature has pinpointed the efficiency of machine-learning algorithms
in the interpretation of heart murmurs, a common sign of congenital heart diseases [16–18].
The recent utilization of deep-learning computer networks has demonstrated the ability to
perform MRI segmentation, allowing clinicians to detect valvular defects simultaneously
in all four of the heart’s chambers [19,20].

Based on our knowledge, there is only one systematic analysis of a case series of atrial
septal defect repair with robotic assistance and AI; the full extent of AI applications in
all stages of care for patients with CHD has not yet been discussed. The objective of this
systematic review is to compile all existing literature on AI applications in the specialty
of pediatric cardiology with a focus on CHD. The review will attempt to appraise the
evolving literature and compile clinically relevant data that can serve as a source of health
information for clinicians.
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2. Materials and Methods

We conducted a scoping review in line with the PRISMA (Preferred Reporting Items
for Systematic Reviews and Meta-Analyses) guidelines.

2.1. Data Sources and Searches

A literature search was conducted on PubMed, Scopus, and Embase by two authors
(YS, NK) based on the following search terms: (“Artificial intelligence” OR “machine
learning” OR “Deep learning”) AND (“Pediatric cardiology” OR “congenital heart disease”).
The search was also refined using the MeSH Major Topic term “artificial intelligence”.

2.2. Article Selection

Duplicate studies were eliminated after the initial search, and two reviewers (NK,
YS) independently evaluated the title and abstract to see if the articles qualified for a
full-text review. An adjudicator (NP) overcame any disagreements. Both reviewers further
evaluated the entire article in accordance with the inclusion and exclusion criteria for each
potentially eligible study. A comprehensive review was ensured by screening the references
to include additional studies (Figure 1).

Figure 1. Flow diagram showing selection process of studies included.

2.3. Inclusion and Exclusion Criteria

The initial search was narrowed down by limiting the search to the English language
and excluding animal studies. We limited our search to studies published between January
2002 and March 2022 because of the rise in interest in AI in the field of pediatric cardiology
over the last 20 years. The inclusion criteria included observational studies (case–control,
case series, and cross-sectional studies), experimental studies (randomized control trials),
reviews, and expert opinions on the application of AI in pediatric cardiology. Studies were
excluded if they lacked direct relevance to AI or were aimed at a population other than
the pediatric (18 years) age group. Studies with no full text available, conference abstracts,
papers, and book chapters were also excluded.

3. Results

The studies describing the role of AI in pediatric cardiology are compiled in Table 1,
while Table 2 describes AI algorithms in pediatric cardiology.
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3.1. AI and Heart Murmurs

AI has the potential to improve the validity of auscultatory findings for diagnosing
CHD [87–89]. The limitations of objective performance data have restricted wide accept-
ability so far [90–92]. The auscultatory findings of CHD are integral to the clinical diagnosis
and have the benefit of being a low-cost tool, but are subject to clinical expertise, which
becomes a limitation in resource-limited countries and creates a need for support to the clin-
ician [93–96] that is objective and reportable by even peripheral health workers. The lack of
trained cardiologists at the peripheral level leads to an unavoidable miss of a timely clinical
diagnosis of CHD, contributing to delayed intervention and thus a poor prognosis [97].
The emergence of AI-based digital stethoscopes and cloud reporting for telemedicine has
helped with the timely diagnosis and early intervention of CHD in reported samples [68,70].
The AI-based technologies also seem affordable, helping the current interest. The use of an
intelligent diagnostic system based on AI algorithms such as wavelet analysis and artificial
neural networks (Figure 2) has shown a specificity of 70.5% and a sensitivity of 64.7% [71,72].
The developments in AI for detecting cardiac murmurs have shown promise in terms of
sensitivity but still require clinical validation before wide clinical recommendation [73,98].

 

Figure 2. A model of application of neural networks in pediatric cardiology.

3.2. Image Processing with AI
3.2.1. Chest X-ray

CHDs present with some classical chest x-ray signs that can help with suspicion of
the disease, including boot-shaped heart (Tetralogy of Fallot), egg-on-string (Transposition
of Great Arteries), snowman sign (Total Anomalous Pulmonary Venous Return), scim-
itar sign (Partial Anomalous Pulmonary Venous Return), gooseneck sign (Endocardial
cushion defects), a figure of three (Coarctation of Aorta) and box-shaped hear (Ebstein
anomaly) [99]. Chest radiography being easy, cost-effective, and readily available allows a
direct or collaborative diagnostic approach to CHD. The evolution of deep learning models
and machine learning models and the establishment of defined pediatric datasets have
allowed the entry of AI for use in the pediatric population [74]. AI can be immensely
beneficial in various steps of imaging such as ordering tests, reporting communication,
enhancing the quality of images, and aiding radiologists in interpreting images [77].

3.2.2. MRI

Cardiac MRI has evolved as a precise method for structural and functional evaluations
of the heart [100]. The technology has evolved over the years from traditional techniques
such as cardiac gating and the suspension of breathing to newer advanced techniques
of high-field-strength magnets, high-performance gradient hardware and ultrafast pulse
sequences. In the discipline of magnetic resonance imaging, the advancement of AI has
allowed for shorter scan times, resulting in higher patient satisfaction; it also reduces errors
by minimizing motion artefacts caused by patient movement. The segmentation of cardiac
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chambers helps visualize them better and aids in diagnosis. Currently, we do this manually,
and a shift to AI will help with a faster diagnosis and reduce variation between different
analysts [69].

3.2.3. Echocardiography

New AI-based technologies have revolutionized modern medicine in obtaining fe-
tal echocardiograms with improved precision and accuracy. Combining it with machine
learning has been quintessential in making predictions of future variables associated with
disease progression using retrospective patient data. It has helped in eliminating limi-
tations associated with a lack of expertise in fetal echocardiology, fetal movements, and
fetal heart size [19,74]. Machine learning-based systems have been useful in differentiat-
ing pathological versus physiological hypertrophic remodeling of the heart [59]. Deep
learning models have demonstrated superiority in terms of sensitivity and specificity up
to 76% and 88%, respectively, in diagnosing atrial septal defect (ASD) compared with
pediatric cardiologists who demonstrated sensitivity and specificity of 53% ± 0.04 and
67% ± 0.10 respectively [35]. Automation, AI, and machine learning are game-changing as
complementary tools to physicians and in areas with limited expert medical personnel or
cardiologists [60]. Fetal intelligent navigation echocardiography (FINE) has presented as
a novel method for fetal echocardiography using “intelligent navigation” technology to
obtain nine standard views—four-chamber, aortic arch, three vessels, and trachea—and
display abnormalities with great sensitivity helping to detect CHD [23,79].

3.2.4. ECG

The use of deep learning (DL), an application of AI, in the field of adult cardiology has
been well studied [64]. Its application in pediatric cardiology has become especially relevant
due to its potential for allowing early diagnosis, and thus better prognosis, in congenital
heart diseases (CHDs). DL models such as convolutional neural network (CNN) and
recurrent neural network (RNN) are used in conjunction with electrocardiograms, which
remain the staple diagnostic tool for CHDs, to provide enhanced diagnostic information
that is otherwise only deduced with input from specialists [35]. Convolutional neural
networks can perform image processing and classification, providing an advantage of
extracting additional ECG information that would otherwise either be undetected [82].
While the efficiency and utility of using AI models with ECGs for CHDs is evident, the
enhancement of the interpretability and training of deep learning models is still needed for
widespread implementation [75].

3.3. Prognosis and Risk Stratification

AI-based algorithms have proven to be of great help for pediatric cardiology in
the clinical examination, diagnosis, procedural planning, and management of cardiac
interventions [12]. AI models have also aided with the extraction of patient data for risk
stratification and ambulatory health monitoring from wearables [15]. Machine learning
(ML)-based models such as optimal classification trees (OCTs) have accurately predicted
mortality, postoperative mechanical ventilatory support time (MVST), and hospital length
of stay (LOS) even with nonlinear data in patients with a history of congenital heart
surgery [25]. Similarly, ML algorithm-based models, extreme gradient boosting (XGBoost),
and RCRnet have accurately predicted preoperative mortality odds in patients with CHDs
and statistically significant prognostic indicators along with risk stratification markers
in patients with Tetralogy of Fallot and left-to-right shunt CHDs, respectively [41,53].
Importantly, the far-reaching utility of AI-based models in risk stratification and prognostic
predictions is the trainability of models to work with various data cohorts [76].

3.4. Planning and Management of Cardiac Interventions

The current approach to planning and the execution of interventions in CHD relies
primarily on generic treatment protocols derived from biological data and set guidelines.
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As such, there is a lack of tailor-made interventions based on each patient, which would
drastically improve outcomes and post-intervention prognosis [78]. Artificial intelligence
(AI), with its applications in the form of machine learning (ML) and deep learning (DL)
among many, has emerged as a tool aiding the creation of personalized intervention plans
as well as an accurate data extractor to ascertain potential post-operative sequelae [80].
The supervised machine learning models such as k-nearest neighbor classifier (KNN) and
support vector machine classifier (SVM) have also aided in the intra-operative assessment
of cardiac fluid kinematics, which are significant determinants of successful congenital
heart surgeries [81]. The subsequent post-operative management of CHDs is imperative
for maintaining the structural fluid dynamics and thus the prognosis. This could be done
seamlessly with the help of recurrent neural networks based on ML models and deep
learning models, allowing for an integrated system that can enhance survival outcomes in
pediatric patients [101].

3.5. AI in Cardiac Surgeries

AI can revolutionize pediatric surgery in all stages of surgery: preoperative, intraoper-
ative and post-operative. Preoperative risk assessment and decision-making can be made
easier by the tremendous processing and analyzing capacity of AI-enabled algorithms. Sur-
gical decision support systems using ANN can predict post-op outcomes and can prevent
morbidity and mortality arising from poor risk assessment pre-operatively.

Tech-enhanced (Hitech) operation theaters can enable intraoperative interventions and
decision support [83,102] and bring about a paradigm shift in telesurgery; it is especially
useful in cardiac surgeries, where manual segmentation of retrieved images (CT/MRI)
can take an unreasonable amount of time. Humans embarked on this path successfully
when Xiaowei Xu et al. utilized AI to perform a cardiac surgery remotely in a patient
having complications of long-standing ASD through the backbone of 5G technology. This
was possible since AI replaced manual segmentation and provided accurate results in just
two minutes compared to the traditional manual segmentation which takes 2–3 h even by
experts [69]. In this situation, the authors helped a patient who could not be transported to
another hospital due to her frail condition; we can extend the same advantage to a remote
inaccessible location especially in rural areas and developing countries [103].

Postoperative AI can help in various aspects such as ambulatory patient monitoring
post-discharge with AI wearables and automated risk stratification of patients to enable
stricter follow-ups. Mahayni AA et al. described an ECG based AI algorithm that predicts
ventricular dysfunction post-surgery, predicts long-term mortality in cardiac surgeries.
Such algorithms can be developed and implemented for pediatric surgical procedures and
drastically improve surgical outcomes [104].

3.6. AI in other Pediatric Heart Diseases

Kawasaki disease (KD) is an acquired pediatric vasculitis that can lead to coronary
artery aneurysms and acute coronary syndrome [105]. Very little is known about the
pathogenesis of Kawasaki disease but a recent study using AI-guided signatures reveals a
shared pathology with Multisystem inflammatory syndrome in children (MIS-C), COVID-
19 associated vasculitis in children. Both these syndromes share systemic inflammatory
storm with similar cytokines such as IL15/IL15RA. Such AI-based investigative approaches
will further elucidate its complex pathogenesis and help decipher novel diagnostic and
therapeutic targets [86].

The appropriate and timely management of Kawasaki disease can significantly reduce
the coronary complications associated with Kawasaki disease which contribute greatly to
mortality in adulthood [106]. AI-based approaches can prove to be extremely crucial in
predicting the risk of developing a coronary aneurysm. It is widely known that Kawasaki
patients with intravenous immunoglobulin resistance are at a higher risk of developing
coronary artery aneurysms, but most scoring models present for predicting the resistance
are impractical. Wang T et al. describe a machine learning-based model on patient data
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that can predict intravenous immunoglobulin resistance in Kawasaki disease patients
successfully. The scope for several such prediction models is possible with the advent of AI
and can support clinical decisions to improve patient outcomes [84].

Distensibility changes in a coronary artery can be used to predict acute coronary
disease in these patients. Benovoy M et al. calculated these changes in KD using an
automated deep learning approach and correlated it with the severity of OCT (Optical
coherence tomography) findings of KD-related CA damage [36]. Despite, the limited
studies using AI-based approaches, AI has the potential to revolutionize risk stratification
and prognosis estimation of Kawasaki disease as well as paving way for newer drug targets
by elucidating the pathogenesis.

RHD—The screening of RHD requires the clinician’s expertise, and hence the grass-
root level is limited by a lack of skilled human resources. Automatic diagnosis of echo-
detected RHD is feasible and can form the core of the screening programs of the future
covering the workload of experts [85]. Recent data has also shown promise for a convolu-
tional neural network-based deep learning algorithm to identify heart sounds as ‘rheumatic’
with an overall accuracy of 96.1% having 94.0% sensitivity and 98.1% specificity [67]. There-
fore, AI can form the backbone of future global screening programs for RHD.

3.7. AI Algorithms in Pediatric Cardiology

In many areas of pediatric cardiology, AI-based algorithms can be beneficial, including:
(1) clinical examination and diagnosis, (2) image processing, (3) fetal cardiology, (4) prog-
nosis and risk stratification, (5) precision cardiology, and (6) planning and management
of cardiac interventions. Machine learning algorithms are a very promising tool for di-
agnosing and assessing critical and non-critical CHD; however, extensive research is still
required to develop interpretable, robust, and generalizable models for clinical application,
especially in light of the extreme heterogeneity of complex CHD. Various such AI algorithm
models have gained interest over the past decade, and the present time has seen many
motivating developments. The most relevant ones for our discussion are summarized in
Table 2 and Figure 3.

Figure 3. AI-based algorithms and pediatric cardiology.
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4. Discussion

AI is rapidly growing, and its significance in clinical practice cannot be negated. It
plays a crucial part in augmenting and standardizing care by adding to a physician’s skills
and expertise. The role of AI in pediatric cardiology has greatly evolved over the past
two decades (Figure 4). It picks up subtle or unrecognizable features, preventing missed
diagnoses and leading to a better prognosis. Physicians can combine their clinical expertise
with AI to enhance their outputs in the domains of prevention, predictive intervention, and
health maintenance. AI can make use of continuous data received from wearable devices
to offer insight into patients’ behaviors and health trends. These features of AI empower
the professional to provide the best care to the patient earlier in the course of the disease,
helping to improve prognosis and leading to better outcomes.

Figure 4. Diagnostic and prognostic applications of AI in Pediatric Cardiology.

The current AI-based applications have greatly enhanced the diagnostics and prognos-
tic areas of pediatric cardiology. The applications with the most promising potential are:

(1) AI prediction algorithms: AI prediction algorithms can help assess patients’ risk based
on left ventricular ejection fraction and predict post-surgery mortality outcomes based
on predefined criteria.

(2) Wearables: Wearables and mobile monitoring devices can help with ambulatory
monitoring and early diagnosis. They can also help in educating patients about
lifestyle modifications and health promotion.

(3) EMR: Real-time analysis and the clustering of patients through EMR can help formu-
late research questions and aid the applicability of precision medicine.
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(4) Electrocardiography: ECG processing and classification based on deep learning-based
algorithms can aid diagnosis.

(5) Echocardiography: Deep learning-based programs such as FINE can also help process
echo images to enhance the precision of detection of abnormalities.

(6) Auscultation: AI algorithms such as wavelet analysis and ANN with digital stetho-
scopes promise to improve the accuracy of detecting abnormal heart sounds
(murmurs).

AI seems to be the tool of rich and economically advanced countries, but it can be
the magic wand for risk stratification troubles in lower- and middle-income countries
(LMICs). AI has the potential to reduce global health inequalities [107]. It can help serve
LMICs by bridging gaps in equity, availability, affordability, and accessibility [108]. For
instance, the major addition of AI is a reduction in the costs of dimensions requiring
expensive equipment and specialized expertise, including tools of screening and planning
that are unavailable in most hospitals, especially in LMICs. AI-based innovations can help
overcome resource-constrained environments.

The advent of AI has allowed smart tools to assist peripheral health workers in helping
with a rough screening at the doorstep and in peripheral areas having poor doctor–patient
ratios [60]. The availability of skilled cardiologists to diagnose CHD in remote locations
will require a giant leap in these countries. AI-based medical equipment can aid peripheral
health care providers in helping with screening and referral. It can also help in terms
of teleconsultation and remote radiology [109]. Furthermore, with the availability of AI-
based chatbots or virtual avatars and characters, we can offer greater help to populations
suffering from stigmatizing pathologies (such as HIV/AIDS and psychiatric pathologies).
This therefore can aid in improving access to health care and follow-up services. One of the
biggest challenges to health care is language, with improving translation tools, AI can help
cover this area well too [110].

4.1. AI: An Efficient Physician Assistant

The full-blown implementation of AI still is resisted by physicians and health care
staff fearing inaccuracies, the exclusion of social variables, and possible unemployment.
The mechanization of health care, loss of empathy, and human touch to this extent often
invite skepticism from the traditional medical community. Despite the fear-mongering
and skepticism of loss of human touch and jobs, we opine AI can be an efficient aid to
physicians rather than a replacement [111]. It can streamline insurance reviews, provide
real-time data analysis, and assist in research. It can reduce the burden on physicians
and burnout rates in the medical community. Thus, application in appropriate areas can
contribute to the overall enhancement of health care delivery and experience [13].

4.2. Challenges to AI in Pediatric Cardiology

The incorporation of AI into pediatric cardiology has several challenges. The data
available for pediatric cardiology is still very limited which is necessary to train AI algo-
rithms to identify, assess and reduce inherent biases and overfitting. Furthermore, the
heterogeneity in cardiac anatomy and the rarity of individual disease entities make data
accessibility and AI incorporation into pediatric cardiology difficult. We can cater to this
limitation by pooling data from all the different hospitals to get a large data set [19]. Imag-
ing in the pediatric population has another challenge owing to their smaller size and
frequent movements during imaging, which lead to higher motion artifacts. This poses a
technical challenge, for instance, requiring higher spatial resolution in the MRI [69].

The doctor and patient may hesitate to use AI to replace the current protocols. The
incorporation of AI will require health care providers to learn interpret data and accurately
understand the many model parameters or model architectures. This challenge is being
tackled in different ways. For example, some works have incorporated more intuitive
interfaces in the models aiding easier interpretation [75].
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Additionally, AI is evolving and several ethical concerns are arising. These concerns
include informed consent to data access, data security and privacy, algorithm fairness and
biases, and transparency [112]. Currently, there are no well-defined laws or regulations
in place to address the legal and ethical issues that may arise with AI use in health care
settings. However, as AI continues to grow and be used, laws and regulations can certainly
be explored to ensure algorithmic transparency and protect data privacy.

5. Conclusions

AI can be touted as the next revolution in medicine. From making physicians’ lives
easier to enabling research with ease, it has variegated applications in the working en-
vironment as well as in the management of patients. Pediatric cardiology is a specialty
requiring a great skill set in cognition and interpretation which makes it an ideal candidate
for AI incorporation. AI has been successfully integrated into clinical examination, image
interpretation, diagnoses, prognosis, risk stratification, precision medicine, and treatment
in pediatric cardiology. The advent of AI has facilitated medicine to be more accurate
and precise, but it is still a work in progress with challenges and limitations. Despite the
roadblocks, we optimistically opine that AI with its current pace will streamline approaches
in pediatric cardiology.
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Abstract: Background: Congenital heart diseases (CHDs) are often associated with significant
neurocognitive impairment and neurological delay. This study aims to elucidate the correlation
between type of CHD and Doppler velocimetry and to investigate the possible presence of fetal
brain abnormalities identified by magnetic resonance imaging (MRI). Methods: From July 2010 to
July 2020, we carried out a cross-sectional study of 63 singleton pregnancies with a diagnosis of
different types of complex CHD: LSOL (left-sided obstructive lesions; RSOL (right-sided obstructive
lesions) and MTC (mixed type of CHD). All patients underwent fetal echocardiography, ultrasound
evaluation, a magnetic resonance of the fetal brain, and genetic counseling. Results: The analysis
of 63 fetuses shows statistically significant results in Doppler velocimetry among the different
CHD groups. The RSOL group leads to higher umbilical artery (UA-PI) pressure indexes values,
whereas the LSOL group correlates with significantly lower values of the middle cerebral artery
(MCA-PI) compared to the other subgroups (p = 0.036), whereas the RSOL group shows a tendency
to higher pulsatility indexes in the umbilical artery (UA-PI). A significant correlation has been found
between a reduced head circumference (HC) and the presence of brain injury at MRI (p = 0.003).
Conclusions: Congenital left- and right-sided cardiac obstructive lesions are responsible for fetal
hemodynamic changes and brain growth impairment. The correct evaluation of the central nervous
system (CNS) in fetuses affected by CHD could be essential as prenatal screening and the prediction
of postnatal abnormalities.

Keywords: congenital heart disease; brain abnormalities; Doppler velocimetry

1. Introduction

Congenital heart diseases (CHDs) represent some of the most frequent fetal and
neonatal abnormalities, which seem to affect 9 per 1000 live births [1]. These numbers may
underestimate the real prevalence, which includes 20% of the spontaneous miscarriages
and 10% of intrauterine demises [2]. CHD involves a huge variety of cardiovascular defects
which could have a detrimental effect on neonatal and infant outcomes as well as a great
impact on personal and family’s quality of life [3]. An extensive body of evidence has
already assessed an association between CHD and neurocognitive impairment, as a direct
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consequence of the postnatal cardiac surgery on brain development [4–6]. Interestingly, the
use of neuroimaging techniques, such as magnetic resonance imaging (MRI) and functional-
MRI (f-MRI), suggest the hypothesis of brain abnormalities even before birth [7–14].

Therefore, several authors have studied the hemodynamic changes in fetuses affected
by various subtypes of CHD [15–20]: in particular, they evaluated the presence of hypoplas-
tic left heart syndrome (HLHS) on the onset of cerebral abnormalities and cardiovascular
changes. This CHD consists of an inadequate left cardiac output and a negligible flow into
the ascending aorta [21]. This leads to a necessary redistribution of energetic substances, as
a consequence of this impaired circulation [15–20]. This inadequate hemodynamic flow can
severely compromise myelinization and growth of brain cells as well as its microstructure,
leading to the risk of a white matter impairment [12,22].

Consequently, exploring the hemodynamic adaptation of CHD and the possible relation-
ship between heart disease and neurological impairment becomes of paramount importance.

Therefore, the primary aim of this study is to detect potential correlations between
the type of CHD and changes in Doppler velocimetry. The secondary aim is to investi-
gate the presence of central nervous system (CNS) abnormalities in fetuses affected by
complex CHD.

2. Materials and Methods

From July 2010 to July 2020, a cross-sectional study was carried out, recruiting pregnant
women referred for fetal echocardiography. The inclusion criteria required a diagnosis of
one of the following complex CHD:

1. LSOL (left-sided obstructive lesions): HLHS, aortic stenosis, aortic arch hypoplasia
or coarctation.

2. RSOL (right-sided obstructive lesions): pulmonary atresia, tetralogy of Fallot, Eb-
stein’s anomaly, Tricuspid atresia, pulmonary stenosis.

3. MTC (mixed type of CHD): double outlet right ventricle without pulmonary stenosis,
single ventricle, truncus arteriosus, transposition of great arteries.

4. Others (e.g., cardiomyopathy, tumors).

Exclusion criteria included (1) gestational age less than 20 weeks or greater than
40 weeks, (2) cardiac lesion other than the ones listed in the inclusion criteria, (3) age less
than 18 years (4) persistent non-sinus rhythm, (5) fetal anemia (6) maternal condition that
might affect fetal hemodynamics, such as fetal growth restriction, gestational diabetes,
thyroid disease, or pre-eclampsia, (7) presence of any kind of extracardiac anomalies or
neurologic malformations detectable with US, MRI and invasive procedures such as amnio-
centesis, (8) monochorionic twins and (9) chromosomal and sub-chromosomal anomalies,
analyzing amniotic fluid samples.

All patients included in the study group as part of a research protocol underwent:

1. Fetal echocardiography;
2. Ultrasound evaluation;
3. MRI of fetal brain;
4. Genetic counseling;
5. Amniocentesis.

2.1. Fetal Echocardiography

Fetal echocardiography was conducted according to the International Society of Ultra-
sound in Obstetrics and Gynecology guideline [23] using a WS80A Elite scanner (Samsung
Electronics, Seoul, South Korea) equipped with a 6 MHz curvilinear transducer.

Second-level echocardiography was performed in all fetuses following the sequen-
tial and systematic approach of heart evaluation. Multiple two-dimensional views were
obtained to evaluate fetal heart anatomy. Doppler flow was employed to evaluate valve
competence, stenosis, and shunting. M-mode was used to assess the cardiac rhythm.
Doppler color flow mapping was used to identify the umbilical vessels; subsequently, a
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reduced color scale was used to identify the circle of Willis and the middle cerebral artery
(MCA). All the CHD prenatally diagnosed were confirmed with an echocardiography
performed postnatally.

2.2. Ultrasound Evaluation

All ultrasound evaluations were performed with a Voluson 730 Expert GE or Samsung
Elite WS80A machine. Two full-time certified sonographers (F.V., A.G.) performed all the
ultrasound scans. A first-trimester evaluation assessed the exact gestational age using the
last menstrual period or fetal crown–rump length (CRL) [24].

The following fetal biometric parameters were analyzed: biparietal diameter (BPD),
head circumference (HC), abdominal circumference (AC) and femoral length (FL). Esti-
mated fetal weight (EFW) was calculated according to the method of Hadlock et al. [24,25];
both estimated fetal weight and birth weight centile were obtained using local refer-
ence curves [26].

IUGR was defined as birth weight (BW) below the 10th percentile for gestational
age or estimated fetal weight or abdominal circumference below the 5th percentile at the
mid-trimester anomaly scan, in presence of maternal and/or fetal Doppler anomalies [27].
Conversely, a fetus was detected as small for gestational age if the EFW or AC were below
the 10th percentile, according to gestational age, or if the Z-score was below 2 [28].

Pulsed-wave Doppler was used to determine blood flow velocities in the umbilical
artery (UA) and MCA. The peak systolic velocity, peak diastolic velocity and mean velocity
were measured from stable signals during fetal apnea. The pulsatility index (PI) is a
measure of vascular resistance in the circulatory bed downstream from the point of Doppler
sampling. It is calculated according to the relationship: PI = (systolic velocity − diastolic
velocity)/mean velocity. The MCA-PI to UA-PI ratio was labeled as the cerebroplacental
(CPR) ratio [29,30].

2.3. Magnetic Resonance Imaging

MRI examinations were acquired using a 1.5 T Magnet (Siemens Magnetom Avanto, Er-
langen Germany) without maternal–fetal sedation with one or two surface coil phased arrays.

The study protocol included the following sequences with the multiplanar acquisition
(axial, coronal, sagittal) [31]:

• T2-weighted HASTE: repetition time (TR) 1500 ms, echo time (TE) 151 ms; slices of
3 mm; FOV 260 × 350 mm; 256 × 256 matrices; time of acquisition (TA) 20 s.

• T1-weighted FLASH 2D: TR 362 ms; TE 4.8 ms; slices 5.5 mm; flip angle 70◦; FOV
350 × 300 mm; 256 × 192 matrices; TA 25 to 30 s with and [29] without fat saturation.

• Diffusion weighted imaging: TR 8000 ms; TE 90 ms; inversion time 185 ms; slices of
5 mm; FOV 420 × 300 mm; 192 × 192 matrix; TA 45 s; 3 b-factor per floor: 0.200 and
700 mm2/s.

The following parameters were evaluated: biometry (Fronto-Occipital Diameter, cere-
bral biparietal diameter (BPD), Transverse Cerebellar Diameter, height of the vermis, Antero-
Posterior Diameter of the vermis and length of Corpus callosum), ventriculomegaly (VM),
gyration, and signal intensity.

2.4. Genetic Counseling

Genetic counseling was proposed to all the couples in presence of CHD. Amniocentesis
for karyotype and CGH-array was proposed in all CHD cases; fetuses showing chromoso-
mal and copy number variations (CNV) were excluded from the conducted analysis.

2.5. Statistical Analysis

The statistical analysis was performed using the Statistical Product and Service Solu-
tions software (SPSS) version 20 for Windows (SPSS Inc., Chicago, IL, USA). Descriptive
analyses were presented as frequency with percentage, mean and standard deviation for
all variables considered.
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We converted the PI measurements into Z-scores using published normative data
from a cohort of 72,387 healthy fetuses from the Fetal Medicine Foundation database
(https://fetalmedicine.org, accessed on 21 March 2022) [20,32]. In this way, the conducted
analyses turn out to be independent of the gestational age. A Z-score equal to 0 refers to
the mean of the normal data and a Z-score equal to ±1 and ±2 is at 1 and 2 SDs from the
mean, respectively.

Doppler indices were compared between diagnostic groups using one-way ANOVA
to determine differences between two groups. Chi-square test and t-test were used for
intergroup correlations. p-values < 0.05 were considered statistically significant.

2.6. Ethical Approval

The study was approved by the Institutional Review Board of the Department of
Maternal and Child Health and Uro-gynecological Sciences, Sapienza, University of Rome,
Policlinico Umberto I, Italy (Report No.: 45/2010) as a quality improvement study with
anonymized data. All the patients provided a written informed consent form, and all the
followed procedures were in line with the Helsinki declaration’s principles of 1975, as
revised in 2000.

3. Results

During the study period, 170 individual fetuses suspected of CHD were evaluated by
echocardiography. In 143 fetuses, CHD was confirmed. Eighty fetuses were excluded for:
gestational age less than 20 weeks (n = 3), extracardiac anomalies (n = 29), chromosomal
anomalies (n = 33), non-sinus rhythm (n = 5), maternal condition (n = 8), and monochori-
onic twins (n = 1; 2 pairs). In particular 120/143 (83%) underwent amniocentesis and a
chromosomal anomaly was found in 27% of cases. Sixty-three fetuses were finally included
for the analysis and evaluated between 19 and 38 weeks. The specific CHD diagnoses and
the mean gestational ages at the time of the fetal echocardiogram are listed in Table 1.

Table 1. Descriptive analysis of main patients’ characteristics using mean and standard deviation
(SD) or n (%).

Main Sample’s Characteristics Mean ± SD

Age (years) 33.6 (5.3)

Gestational age at evaluation (weeks) 31.7 (5.4)

Type of CHD n (%)

LSOL 11 (17.5)

RSOL 6 (9.5)

MTC 26 (41.3)

Others 20 (31.7)
LSOL: left-sided obstructive lesions; RSOL: right-sided obstructive lesions; MTC: mixed type of CHD.

3.1. Cerebroplacental Doppler Data

Doppler values were obtained in 46/63 cases. The mean PI Z-scores for the UA and
MCA and the mean CPR ratio Z-scores are shown in Table 2.

We did not observe a significant difference in the UA-PI values (p = 0.07), even with
regard to the RSOL group, which had a higher UA-PI than the other groups. We found a
significant difference in the MCA-PI (p = 0.036) values among all groups considered, with
the LSOL group having a lower MCA-PI than the other ones. We did not observe statistically
significant differences in the CPR values among all groups considered (p = 0.4343505). We
observed a significant reduction in HC measures, as LSOL was associated with lower values.
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Table 2. One-way ANOVA Kruskal–Wallis Test using the z-scores of the variables analyzed, according
to different types of CHD. CHD: congenital heart disease, HC: head circumference; UA-PI: pulsatility
index of umbilical artery; MCA-PI: pulsatility index of middle cerebral artery; CPR: cerebroplacen-
tal ratio; LSOL: left-sided obstructive lesions; RSOL: right-sided obstructive lesions; MTC: mixed
type of CHD.

US Variables

LSOL
Median

(IQRSD)

RSOL
Median

(IQR) m SD

MTC
Median

(IQR) m SD

OTHERS
Median

(IQR) m SD
p-Value

UA-PI 0.38 (2.29) 0.87 (1.88) −0.28 (2.09) 0.15 (1.50) 0.4076

MCA-PI −0.78 (1.88) 0.93 (1.68) −0.33 (1.20) 0.34 (1.24) 0.036

CPR −1.28 (1.66) −0.26 (1.42) −0.43 (1.73) −0.08 (1.32) 0.4343

HC −1.36 (0.89) −0.4 (0.80) −0.81 (0.45) −0.96 (1.00) 0.0182

3.2. Brain Abnormalities

MRI was performed in all fetuses. It was found that 36/63 (57.1%) fetuses had signs of
brain abnormalities at MRI and in 27/63 (42.9%) brain MRI was normal. Brain alterations
are listed in Table 3. Corpus callosum (CC) abnormalities and ventriculomegaly (VM)
were present, respectively, in 16/36 (25.4%) and 13/36 (20.6%) of fetuses. We stratified
the analysis according to the single groups of CHD (Table 3): most of the cases of brain
abnormalities were detected in the MTC and Others groups.

Table 3. Frequencies of brain abnormalities according to the different types of CHD, using number (n)
and percentage (%). CHD: congenital heart disease; LSOL: left-sided obstructive lesions; RSOL: right-
sided obstructive lesions; MTC: mixed type of CHD.

Fetal Brain Abnormalities
LSOL
n (%)

RSOL
n (%)

MTC
n (%)

OTHERS
n (%)

TOTAL
n (%)

Supratentorial diameter 0 1 (11.1) 5 (55.6) 3 (33.3) 9 (14.3)

Subtentorial diameter 3 (37.5) 1 (12.5) 4 (50) 0 8 (12.7)

Corpus callosum 5 (31.3) 0 6 (37.5) 5 (31.2) 16 (25.4)

Subarachnoid spaces 0 1 (12.5) 4 (50) 3 (37.5) 8 (12.7)

Gyrification abnormalities 2 (22.2) 3 (33.4) 4 (44.4) 0 9 (14.3)

Ventriculomegaly 3 (23) 0 6 (46.2) 4 (30.8) 13 (20.6)

We found a significant correlation between the reduced HC and the presence of brain
alterations at MRI (p = 0.003). Conversely, we did not achieve statistical significance
evaluating the correlation between the detection of brain anomalies and UA-PI, MCA-PI,
and CPR values (Table 4).

Table 4. Correlations among US descriptors and the presence of brain injury at MRI, using mean (m)
and standard deviation (SD). US: ultrasound; MRI: magnetic resonance imaging; CNS: central nervous
system; HC: head circumference; UA-PI: pulsatility index of umbilical artery; MCA-PI: pulsatility
index of middle cerebral artery; CPR: cerebroplacental ratio.

US Descriptors
No CNS

Abnormalities
m (SD)

CNS Abnormalities
m (SD)

p-Value

HC 307.8 (44) 264 (49.5) 0.003

UA-PI 0.9 (0.18) 1.07 (0.24) 0.15

MCA-PI 1.78 (0.32) 1.72 (0.33) 0.59

CPR 1.88 (0.44) 1.67 (0.47) 0.13
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4. Discussion

This study investigates the relationship between the fetal cerebrovascular hemody-
namic changes and the presence of CNS abnormalities in fetuses affected by CHD. We
have observed that RSOL and LSOL CHD might cause a considerable change in Doppler
velocimetry: in our LSOL group, 6/11 (54.5%) fetuses had an HLHS and the analysis of
their Dopplers showed low MCA-PI values (p = 0.036). Different studies reported the same
trend but without significant difference [20,33]. Kaltman et al. [20] also found that only
fetuses with HLHS had a lower PIMCA (p = 0.001): this result might be attributed to the
severity of obstructive lesions of fetuses with LSOL, which was inversely proportional
to the amount of cerebral blood delivery. Interestingly, the use of Z-score index was able
to completely remove the affect related to gender and gestational age, providing more
comparable results.

We also observed registered a tendency to higher elevated UA-PI in fetuses with RSOL
(p = 0.027), whereas in a previous study, Kaltman et al. reported a similar finding in their
study, despite a significant elevation of UA-PI only in fetuses with severe RSOL. This could
be related to the severe obstruction of the outflow tracts which could impair the diastolic
blood flow in the UA, elevating UA-PI [20].

Evaluating the impaired hemodynamic flow that affected IUGR fetuses instead of
SG, we decided to exclude IUGR fetuses from our analysis, because of the possible bias
in Doppler velocimetry’s assessment that might intrinsically affect and compromise its
course [29]. Evaluating the CPR values, we did not find any statistically significant dif-
ference among the CHD subgroups, except for a tendency of lower CPR values in fetuses
with LSOL, compared to the other CHD types. Therefore, this could be explained by
the assumption that an obstruction of the left outflow tract might impact downstream
pulsatility. In light of the above, the use of CPR as an indication of the brain-sparing effect
may be inappropriate in the setting of CHD.

The type of CHD contributes to a blood flow distribution, resulting in devastating
effects on neurological development [34,35]. In our study, we have found a significant corre-
lation between reduced HC and the presence of brain alterations at MRI: this is in line with
the scientific literature which showed a reduction in frontal brain area of fetuses with CHD
with neurodevelopmental delay (NDD), in comparison with normal controls [15–17,36–39].
The exclusion of IUGR fetuses from our study allows us to demonstrate that, in fetuses with
CHD, the reduced HC is mainly due to hemodynamic alterations. The etiology of the neuro-
logical delay is likely to be complex and multifactorial: some attributed it as a complication
of surgery; conversely, it has been already well-established that pre- and peri-operative
risk factors account for roughly 30% of poor neuro-developmental outcomes [40,41]. A
systematic review examined the prevalence of prenatal brain abnormalities in fetuses with
CHD [42]: three studies reported a 28% rate of structural brain abnormalities in fetuses with
CHD, including abnormalities in brain’s structure, volume and blood flow. In our study
we did not find any statistically significant correlation between the CNS morphological
alterations and the type of CHD. The lack of statistically significant data could be related to
the limited sample size of LSOL and RSOL subgroups.

Our statistical data analysis showed that up to 57% of fetuses with CHD had brain
abnormalities; particularly in the groups of LSOL (63%) and Others (70%). The most
frequent alteration was observed in the corpus callosum size, usually related to fetal
biometry. This finding was also reported by Ng et al. who carried out a study using
tensor-based morphometry: they found a high rate of brain’s volume alteration in infants
with CHD compared to healthy control infants. They detected different development
in gray, white matter and corpus callosum size, without establishing a direct correlation
between the CHD subtype and the morphologic abnormalities. It seems that the regional
brain involvement could be related to different oxygen demand and cerebral hemodynamic
changes that affected CHD samples [43].
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The international guidelines allow the MRI brain evaluation only in fetuses affected
by HLHS, despite the consolidated literature evidence of brain abnormalities present in
more than 1/3 of CHD fetuses [44,45].

This research represents one of the few studies in the literature which investigate
the hemodynamical changes and brain abnormalities in fetuses with complex CHD using
two different imaging techniques: US and MRI. Our results confirm the advantages of
performing fetal brain MRI in fetuses with complex CHD to characterize and manage the
structural and hemodynamic brain modifications even before birth.

Conversely, there are few limitations: first, the relatively small number of cases for the
single complex CHD categories, which has prevented a detailed analysis by a single type
of CHD. Second, we did not include a control group and specific gestation windows to
compare the Doppler velocimetry indexes; this limitation is partially overcome with the use
of Z-scores, which allows us to view our data in the context of previously published normal
values. The mean MCA-PI Z-scores for the LSOL and RSOL groups were −0.75 and 0.89,
respectively. While these values are within the range of normal (within a Z-score range
of ±2), they suggest a deviation from the mean of the normal population. In addition,
outcome data, such as HC, birth weight, and the MRI scans of the brain at birth, were not
obtained due to our inability to follow the antenatal and postnatal progress of these fetuses.

5. Conclusions

Our data seem to support that complex CHD impairs the growth of the central nervous
system. Left and right-sided cardiac obstructive lesions modify the fetal cerebrovascular
resistance. We demonstrated that MCA-PI is lower in fetuses with LSOL, and, according to
previous study, we registered higher UA-PI in fetuses with RSOL even if not statistically
significant, due to the smaller sample of RSOL group than the other groups. Furthermore,
we did not find any statistically significant correlation between the CNS morphological
alterations and the type of CHD, but we underline the importance of the study of the
fetal brain when a cardiac abnormality is present. Alterations in cerebrovascular blood
flow distribution may be associated with the postnatal, neurological abnormalities found
in some newborns with complex CHD. Results of the multicenter international children
NEUROHEART ongoing study will compare and describe preoperative markers on CHD-
affected fetuses in prenatal as well as postnatal brain functional monitoring.
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Abstract: Background: Tetralogy of Fallot (TOF) is the most common form of cyanotic congenital
heart disease (CHD). Furthermore, the prevalence of anomalous origin of a coronary artery is higher
in patients with TOF than in the general population (6% vs. ≤1%). Preoperative assessment of
cardiovascular anatomy using computed tomography (CT) angiography enables the adaptation of
the surgical approach to avoid potentially overlooked anomalies. Our purpose was to determine the
prevalence of coronary artery and aortic arch anomalies in a cohort of TOF patients. Methods: In
this retrospective analysis, data were collected from CT reports (2015–2021) of 105 TOF patients. All
images were acquired using a 64-slice multi-detector CT (MDCT) scanner. Results: The median age of
the patients was 38.7 months, with a male-to-female ratio of 1.39. The overall prevalence of coronary
artery anomalies (CAAs) was 7.61% (8 of 105 cases). The anomalous origin and course of coronary
arteries across the right ventricular outflow tract (RVOT; prepulmonic course) were defined in 5.71%
of cases (six patients). In four of these, the left anterior descending artery (LAD) originated from
the right coronary artery (RCA), while in two cases, the RCA arose from the LAD. In the remaining
two patients, the coronary arteries followed an interarterial course. The most frequent anomalous
aortic arch pattern in the overall TOF population was the right aortic arch (RAA) with mirror image
branching, seen in 20% of patients (21 cases). The most frequent anomaly of the supra-aortic trunks
was bovine configuration, found in 17.14% (18 cases). Conclusions: The prevalence of CAAs and
aortic arch anomalies detected by CT angiography was in line with the data reported in anatomical
specimens. Therefore, this technique represents a powerful tool for the evaluation of congenital
cardiovascular anomalies.

Keywords: CT angiography; Fallot tetralogy; coronary arteries; aortic arch anomalies

1. Introduction

Tetralogy of Fallot (TOF) is the most common form of cyanotic congenital heart disease
(CHD), consisting of a ventricular septal defect, stenosis, or atresia of the pulmonary
outflow; biventricular origin of the aorta; and right ventricular hypertrophy as a secondary
feature (Figure 1C,D). This combination of defects occurs in 421 cases per million live births,
constituting around 7–10% of all congenital cardiac malformations [1,2]. Echocardiography
is the initial modality of choice for making the diagnosis and follow-up. Useful secondary
diagnostic tools are electrocardiogram (ECG) and chest radiography. Findings from these
tests are often suggestive but not definitive for the diagnosis of TOF. Invasive angiography
is sometimes needed to establish the diagnosis and to provide detailed anatomy and
hemodynamic characterization. As a good alternative to invasive cardiac catheterization,
multi-detector computed tomography (MDCT) with high spatial and temporal resolution
plays an important role in the evaluation of complex anatomical findings [3].
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Figure 1. Representative CT angiography images. (A,B) Volume-rendering technique (VRT) recon-
structions for CT images of 2 patients with Fallot tetralogy (ages: 7 and 14 months). Black arrow:
anomalous course of the left anterior descending artery over the right ventricle outflow tract (RVOT).
(C,D) Double oblique reconstruction of CT images in an infant with Fallot tetralogy. Red arrow:
Mildly dilated aortic root overlapping the interventricular septum. Green arrow: Ventricular septal
defect. Blue arrow: Narrowing of the right ventricular outflow tract (subpulmonary stenosis). The
right ventricle (star) is mildly hypertrophied.

Coronary artery anomalies (CAAs) are a diverse group of congenital conditions with
highly variable clinical presentation and pathophysiological mechanisms usually observed
in the context of complex CHDs [4]. The prevalence of the anomalous origin of a coronary
artery is higher in patients with TOF than in the general population (6% vs. ≤1%), as
described by Koppel et al. [5].

Right aortic arch (RAA) anomalies are known to occur in association with cardiac
outflow malformations, of which the most common type is TOF [6]. The prevalence of
RAA varies between 13% and 34% in TOF patients, as opposed to 0.1% in the general
population [7,8]. While the appearance of CAAs and RAA in TOF has been intensively
analyzed, the number of studies describing the variety of branching patterns in patients
with the left aortic arch (LAA) configuration is limited.
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Preoperative identification of the coronary tree and aortic arch anatomy in patients
with TOF is relevant to enable the adaptation of the surgical approach and avoid potentially
overlooked anomalies. Some cases of CAAs crossing the right ventricular outflow tract
(RVOT) are not detectable intraoperatively due to their intramyocardial course, overlying
epicardial fat, or pericardial–epicardial adhesions from previous palliative surgery [9].

Consequently, preoperative computed tomography (CT) angiography may be essential
in coronary assessment to minimize the risk of negative postoperative outcomes such as my-
ocardial infarction and patient death. Furthermore, knowledge of aortic arch morphology
is of crucial importance in deciding the appropriate access to palliative interventional pro-
cedures (e.g., constructing a systemic to pulmonary artery shunt), placement of monitoring
lines, and cannulation for extracorporeal life support [7].

In the present study, our goal was to determine the prevalence of coronary artery
and aortic arch anomalies in a cohort of TOF patients and to compare our results with
findings from previous studies. The majority of studies were based on invasive coronary
angiography (ICA) for assessing coronary anatomy; therefore, we also aimed to highlight
the role of CT angiography in preoperative evaluation.

2. Materials and Methods

This retrospective analysis included 105 TOF patients who underwent CT angiography
examinations between 2015 and 2021 for the evaluation of cardiovascular anatomy at a
single tertiary care hospital. All examinations were performed using a 64-MDCT scanner
(Definition AS, Siemens, Erlangen, Germany or Revolution HD, GE Healthcare, Milwaukee,
WI, USA) using ECG gating and power injectors, with contrast volumes and flow rate
according to local protocols.

The institutional reports database was queried to identify Fallot tetralogy patients who
underwent CT examinations, and the reports were further analyzed. All reports were pro-
vided by a radiologist with 5+ years of experience in cardiovascular imaging (EACVI Level
3). The data were collected retrospectively from the CT report protocols, with variables
being recorded in an MS Excel database (see Figures 1 and 2 for representative images).
We included all patients with a diagnosis of TOF, including those with extreme variants
(pulmonary atresia with major aortopulmonary collateral arteries (MAPCAs) or Fallot type
double outlet right ventricle (DORV)). For patients with multiple examinations, the data
were recorded only once. We recorded the following variables: gender, age, thoracic vessels
anatomical course, and variants, as well as coronary arteries’ course. CAAs and aortic arch
anomalies were assessed in both unrepaired and repaired TOF patients. This is a small
sample size and a single-center study; therefore, neonates, children, and adults were also
included. Patients who underwent surgical repair in our center before 2015 were evaluated
preoperatively through ICA as the golden standard. In this subgroup, CT angiography was
executed as part of a preoperative screening protocol for later interventions if any acute
cardiovascular event or late postoperative TOF complication arose. With the emergence of
newer-generation CT-scanners and software, CT angiography was preferred to ICA due to
its non-invasive approach, and, as such, it was the predominantly used evaluation method,
preceding primary TOF repair after 2015, in our center.

From these data, the incidences of both surgically critical (prepulmonic course) and
non-critical CAAs and aortic arch anomalies were calculated.

All statistics were performed using GraphPad InStat. Associations were tested using
Chi-test with a significance level p < 0.05. The Emergency Institute for Cardiovascular
Diseases and Heart Transplant ethics committee approved the tertiary analysis of data
through address 8984/2020.
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Figure 2. Representative image for aortic arc anomalies. (A) Left-sided aortic arch with left carotid
artery (white arrow) from brachiocephalic trunk (“bovine arch”). (B) Right-sided aortic arch (yel-
low arrow) with anomalous left subclavian artery (white arrow). (C) Left-sided aortic arch with
aberrant right subclavian artery (white arrow). (D) Major aortopulmonary collateral arteries (MAP-
CAs) feeding the left pulmonary artery (green arrow) and the apical portion of the left upper lobe
(blue arrow).

3. Results

In this study, a comprehensive CT angiography evaluation was performed on 105 TOF
patients, of whom 61 (58.1%) were male (male/female ratio of 1.39). The median age of this
population was 38.7 months (interquartile range 6.9–179.4), with a broad age distribution
ranging from 0 months to 47 years. The majority of participants were under 18 years of
age, and more than one-third were neonates and infants (35.2%). Table 1 summarizes the
demographic characteristics of these patients.
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Table 1. Demographic characteristics.

Gender Male 58.1% (61/105)

Female 41.9% (44/105)
M:F ratio 1.39

Age distribution Range 0 month to 47 years
Median 38.7 months (IQR 6.9–179.4)
<1 year 35.2% (37/105)
1–18 years 47.6% (50/105)
≥18 years 17.1% (18/105)

IQR = interquartile range (IQR); M:F ratio = male to female ratio.

The overall prevalence of CAAs was 7.61% (8 of 105 cases). Anomalous origin and
course of the coronary arteries across the RVOT (prepulmonic course) were defined in
5.71% of cases (six patients), representing 75% of CAAs. Within this group, the left anterior
descending artery (LAD) emerging from the right coronary artery (RCA) was found in
four patients (Figure 1A,B), while RCA originating from the LAD was seen in two cases. In
the remaining two patients, the CAAs followed an interarterial course, with one case of
LAD arising from the RCA and one case of RCA originating from the left main coronary
artery (LM). Additional anatomical findings were noted, namely four other cases with a
prominent conus artery similar in caliber to the RCA (Table 2).

Table 2. Coronary artery anomalies and prominent conus artery.

Course Origin Overall Prevalence

Prepulmonic LAD from RCA 3.8% (4/105)
RCA from LAD 1.9% (2/105)

Interarterial LAD from RCA 0.95% (1/105)
RCA from LM 0.95% (1/105)

Other coronary findings Coronary pattern Overall prevalence

Prominent conus artery 3.8% (4/105)
LAD = left anterior descending artery; LM = left main coronary artery; RCA = right coronary artery.

Of 105 patients with TOF, CAAs following a prepulmonic course were found in five
patients in addition to aortic arch anomalies. Of these, LAD emerging from the RCA and
bovine arch was observed in three patients, while LAD originating from the RCA and RAA
with mirror image branching was seen in one. Another patient had RCA arising from the
LAD in addition to RAA with mirror-image supra-aortic trunks. No statistically significant
association was found between the prevalence of CAAs and anomalous aortic arch patterns
(p > 0.9999).

The variation in aortic arch position and branching pattern is summarized in Ta-
bles 3 and 4. In total, 76.2% of patients (80) had LAA, while RAA was seen in 23.8% of
cases (25 patients). As determined using the classification of Popieluszko et al. [10]—see
Table 3—the most common aortic arch pattern among these patients was type 1 (normal
configuration), which occurred in 40.95% of all cases. The second most frequently observed
configuration was RAA (23.8%), followed by the bovine arch variant (16.19%; Figure 2A).
Equal proportions of aberrant branching of the left vertebral artery (LV) and right subcla-
vian artery were observed (2.85%; Figure 2C). Only one patient had both a bovine arch and
an aberrant LV branching pattern (0.95%).
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Table 3. Different types of aortic arch variations.

Prevalence in LAA Overall Prevalence Characteristics

Popieluszko classification
Type 1—normal 53.75% (43/80) 40.95% (43/105) -
Type 2—bovine arch 21.25% (17/80) 16.19% (17/105) One patient had PDA
Type 3—LV from aortic arch 3.75% (3/80) 2.85% (3/105) -
Type 4—bovine arch and LV 1.25% (1/80) 0.95% (1/105) -
Type 5—common carotid trunk - - -
Type 6—ARSA 3.75% (3/80) 2.85% (3/105) -
Type 7—RAA - 23.8% (25/105) -
Unclassified branching pattern
LCC from anterior aspect of aortic arch 1.25% (1/80) 0.95% (1/105) -
LCC and LSA from anterior aspect of
aortic arch 1.25% (1/80) 0.95% (1/105) The patient had MAPCAs

RSA from aortic arch 1.25% (1/80) 0.95% (1/105) -

ARSA = aberrant right subclavian artery; LAA = left aortic arch; LCC = left common carotid artery; LSA = left
subclavian artery; LV = left vertebral artery; MAPCAs = major aortopulmonary collateral arteries; PDA = patent
ductus arteriosus; RAA = right aortic arch; RSA = right subclavian artery.

Table 4. Types of RAA according to the Edwards classification.

Prevalence in RAA Overall Prevalence Characteristics

Type I—RAA with mirror image 84% (21/25) 20% (21/105) Two patients had PDA
Type II—RAA with ALSA 12% (3/25) 2.85% (3/105) -
Type III—Isolated LSA - - -
Unclassified RAA with bovine arch 4% (1/25) 0.95% (1/105) -

ALSA = aberrant left subclavian artery; LSA = left subclavian artery; PDA = patient ductus arteriosus;
RAA = right aortic arch.

During the evaluation of LAA patterns, we found three unclassified arch anatomy
features. In one patient, both the left common carotid artery (LCC) and left subclavian
artery (LSA) arose from the anterior aspect of the aortic arch, while in another patient,
only the LCC had an anterior origin. A separate origin of each supra-aortic trunk was also
noted in one case. None of the patients in this series had a type 5 (common carotid trunk)
branching configuration.

In Table 4, we present the various forms of RAA. Within this group, 84% (21 of
25 patients) had RAA with mirror image branching of the main vessels, 12% (three patients)
had RAA with an aberrant left subclavian artery (ALSA; Figure 2B), and 4% (one patient)
had RAA with a bovine arch. Three types of RAA exist in the literature, as defined by the
Edwards classification scheme [11,12]. However, none of the CT scans showed obliteration
or isolation of the LSA with collateralization (type III).

The most frequent anomalous aortic arch pattern found in the overall TOF population
was RAA with mirror image branching, identified in 20% of cases (21 patients). The most
frequent anomaly of the supra-aortic trunks was bovine configuration, found in 17.14% of
cases (eighteen patients, one of them in association with RAA), followed by an aberrant
course of the subclavian artery in 5.71% of cases (six patients, equal numbers of left and
right subclavians).

Other vascular anomalies were detected using CT angiography: patent ductus arte-
riosus (PDA; eight patients, 7.61% of all cases), major aortopulmonary collateral arteries
(MAPCAs; four patients, 3.8%; Figure 2D), prominent sinoatrial nodal artery (one patient,
0.95%), and ductal diverticulum (one patient, 0.95%). PDA was associated with RAA in
two cases, while the remaining six patients had a left-sided aortic arch (Table 5).
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Table 5. Other vascular findings.

Prevalence in LAA Overall Prevalence Characteristics

PDA 7.5% (6/80) 7.61% (8/105) One patient had bovine arch

MAPCAs 5% (4/80) 3.8% (4/105)
One patient had LCC and LSA

arising from the anterior
aspect of the arch

Prominent sinoatrial nodal artery 1.25% (1/80) 0.95% (1/105) -
Ductal diverticulum 1.25 (1/80) 0.95% (1/105) -

LAA = left aortic arch; LCC = left common carotid artery; LSA = left subclavian artery; MAPCAs = major
aortopulmonary collateral arteries; PDA = patent ductus arteriosus.

4. Discussion

The survival rate of neonates with TOF has increased over the years due to highly
sophisticated imaging techniques and successful management of patients with CHDs. The
treatment strategies currently used in TOF have improved, offering excellent long-term
survival (30-year survival rate of 68.5% to 90.5%). However, reintervention procedures are
still often required [13]. Diagnostic imaging findings provide key information about the
anatomical relationships of cardiac and extracardiac structures and hemodynamic features
prior to surgical repair. The goals of preoperative imaging in TOF are to establish the
severity of the primary anatomical lesions and the degree of functional alterations, as well
as identify associated anomalies (such as variants of aortic arch patterning, CAAs, PDA,
and MAPCAs). Moreover, the assessment of the presence and extent of lesions is required
to determine the optimal timing and approach of surgical interventions—either definitive
early repair or a palliative interventional procedure followed by surgery at a later stage [14].

Inadvertent division of coronary vessels crossing the RVOT during right ventriculo-
tomy or transannular repair can lead to serious complications. Thus, clear delineation of the
origin and course of these arteries is vital for the selection of a suitable surgical approach.
Alternative surgical techniques must be chosen individually for this subset of anomalies
(e.g., transatrial-transpulmonary repair, RVOT stenting) [15,16]. Cases have been described
where a CAA crossing the RVOT was not identified during the preoperative assessment
and did not become clear during surgical repair, causing it to be damaged, followed by
myocardial infarction [5].

Different methods of visualization of the coronary tree anatomy can be used during the
surveillance of patients with TOF. ICA was considered the gold standard imaging modality
to identify and classify CAAs. However, a potential complicating factor during ICA
examination is the counterclockwise rotation of the aortic root, which causes overlapping of
the right and left coronary arteries in anteroposterior projection [17]. The possible utility of
ICA has been reappraised, and this technique is being progressively replaced by coronary
computed tomography angiography (CCTA). As CCTA is non-invasive, it is more widely
applicable for diagnosis [4].

Multi-detector CCTA offers a detailed characterization of cardiac structures and small
vessels using static images as well as 3D reconstructions. Although no studies have
compared coronary angiography and CT scanning directly, CCTA has been shown to be
a promising substitute for ICA as a method of identifying aberrant coronary patterns [5].
The main limitations of CT angiography are the dose of ionizing radiation given to the
patients and the potential induction of contrast-induced nephrotoxicity. However, the
patient’s radiation dose is higher during ICA when an appropriate pediatric protocol
is used [18]. Moreover, invasive angiography also involves the administration of an
intravascular contrast agent, leading to iatrogenic renal injury in susceptible individuals. It
is important to note that the introduction of ECG gating and postprocessing techniques
has resulted in significant improvements in image resolution, as well as reductions in
acquisition time and radiation dose [4].

In adults, cardiac magnetic resonance (CMR) imaging has an established role in the
diagnosis of CAAs. However, this method has had limited success in the evaluation of
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children as the smaller heart size and faster heart rate in pediatric patients lead to poor
spatial and temporal resolution. Moreover, additional sedation may be needed for adequate
image quality. In a recent study, CMR angiography did not perform well in patients younger
than 4 months; diagnostic image quality was obtained in only 17% of cases, even though
all examinations were performed under general anesthesia [19].

There is also increasing evidence for the successful identification of anatomical ev-
idence by transthoracic echocardiography, which can be a suitable method of primary
investigation in children that avoids radiation exposure. However, echocardiography is
not routinely used for the visualization of coronary vessels in the adult population because
of its lower spatial resolution and suboptimal acoustic windows [4].

Due to many possible anatomic variants, which are not considered anomalies, the
term CAA, as a definition, has historically been restricted to those occurring in less than
1% of the general population [4]. The reported prevalence of CAAs in patients with TOF
is between 2% and 23%. The overall prevalence of these congenital malformations was
6% in a meta-analysis including 28 studies, which was similar to our results (7.61%). In
our TOF patients, the proportion of surgically significant anomalies with coronary arteries
passing across the RVOT was 75% of all CAAs; again, this was similar to the percentage
(72%) calculated in the previously mentioned large-scale meta-analysis [5]. Anomalous
origin of the LAD from the RCA or the right sinus of Valsalva was the most common CAA
in the majority of studies; this was also the vascular anomaly most frequently encountered
in conjunction with prepulmonic course in TOF patients [5,14]. Our results correlated with
these findings.

Solitary coronary arteries arising from one of the sinuses of Valsalva are also frequently
reported CAAs in patients with TOF [9,17,20]. The prevalence varies between 0.0240% and
0.066% in the general population, whereas these anomalies are reported between 1.5% and
3.7% in TOF patients [21,22]. In the present study, a single coronary artery was found in
three cases (2.85%), which is in line with the reported frequency in TOF patients. This type
of CAA may cause myocardial ischemia by different mechanisms, even in the absence of
atherosclerotic coronary lesions. The abnormal vessel angulations or courses may affect the
distribution of blood flow, leading to serious complications. Coronary classification systems
are useful tools for providing detailed information about these anomalies; however, neither
of them can be applied in all TOF cases. The Leiden Convention coronary coding system
has been shown to be a feasible method for the characterization of single coronary arteries
in the setting of complex CHD; however, this classification is not routinely used in patients
with TOF. In this classification system, the aortic sinuses are described as left- or right-facing
or non-facing relative to the pulmonary valve sinuses; therefore, the applicability is limited
in cases of pulmonary atresia. In such cases, a detailed description of the coronary anatomy,
as well as associated characteristics, should be provided for treatment planning [23].

By the classic definition, five CAA course subtypes exist: prepulmonic, interarterial,
subpulmonic (intraconal or intraseptal), retroaortic, and retrocardiac [24]. As in the general
population, not all variations in CAAs are of equal clinical importance. Coronary arteries
following an interarterial course (between the ascending aorta and the pulmonary trunk)
with high-risk anatomic features (e.g., intramural tract, slit-like ostium) are considered
malignant and require additional corrective surgery. In this study, the morphological
aspects of these arteries were deemed benign.

It should also be noted that a single coronary artery with an interarterial course may
increase the risk of major adverse cardiac events [4]. In the case of subpulmonic course,
the coronary vessel exits the aorta below the pulmonic valve and traverses the RVOT, pul-
monary infundibulum, and interventricular septum. The differential diagnosis between the
intraseptal and the intramural interarterial course of a coronary artery is especially relevant
and can be difficult; however, an intraseptal CAA has a more inferior position [25]. In this
study, none of the CT scans showed CAAs with subpulmonic, retroaortic, or retrocardiac
courses in patients with TOF. In our sample population, represented mainly by preoperative
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TOF patients with a median age of 3 years, the clinical impact of the “malignant” variant
remains to be investigated in follow-up examinations.

The conus artery is a small branch that usually originates from the proximal portion of
the RCA. A large conus artery (as identified in four cases in this study) may supply a larger
area of myocardium and therefore should undoubtedly be preserved during corrective
surgery [26]. Variants larger than the RCA have been described, crossing over the outflow
tract of the right ventricle and reaching the heart apex. These variants could be easily
mistaken for an accessory LAD on ICA examination in the anteroposterior projection [27].
Hence, the true prevalence remains uncertain [5].

Congenital aortic arch malformations embody a large group of anomalies that result
from the disordered embryogenesis of the pharyngeal arches, including abnormal or in-
complete regression of one or more embryogenic vascular segments [28]. The recognition
of these aberrations is of paramount importance in TOF patients to ensure accurate pre-
operative surgical decisions. In this study, the classic branching pattern of the aortic arch
(left-sided aorta giving rise to the brachiocephalic trunk, LCC, and LSA) was found in
40.95% of patients, whereas the prevalence of this pattern is significantly higher in the
general population (80.9%) [10]. This finding suggests that the occurrence of atypical aortic
arch patterns is higher in TOF patients. According to the Popieluszko classification, the
most frequently seen anomalous arch pattern in our patients was the RAA variant (23.8%).
The incidence of RAA has been reported as around 25% in previous studies [7,18,29]. Apart
from the normal branching pattern, the most common left-sided aortic arch pattern was the
bovine arch, including the common origin of the innominate artery and the LCC, which
were seen in 40.95% and 16.19% of patients, respectively. These findings are in accordance
with those of Moustafa et al. (40.4% and 22.8%) [29] and Tawfik et al. (36% and 16%) [30].

The aberrant origin of one of the subclavian arteries occurs with a higher incidence in
patients with TOF than in the general population, where it is less than 2% [31,32]. Aber-
rancy of the subclavian artery can influence monitoring line placement—if this anomaly
is recognized preoperatively, the arterial line should be placed in the contralateral radial
or the femoral artery [33,34]. Different palliative procedures are offered depending on
clinical presentation, although the procedure most often carried out remains the modified
Blalock–Taussig shunt, which involves inserting an interposed graft between the subclavian
artery and the ipsilateral pulmonary artery [35]. Failure to identify an aberrant subclavian
artery prior to surgery might lead to incorrect insertion of the shunt between the carotid
artery and the pulmonary circulation [7].

Within the RAA branching configuration, a mirror image of supra-aortic trunks was
observed in 84% of patients, whereas RAA with ALSA was found in 12% of cases. These
findings are in accordance with the results of Prabhu et al., who identified RAA with mirror
image branching in 86.6% of 688 patients and RAA with ALSA in 10.6% [7].

Fallot-type DORV (where DORV means abnormal ventriculoarterial connection with
both great vessels arising, entirely or predominantly, from the right ventricle, and Fallot-
type means that DORV mimics elements of TOF) is an uncommon complex congenital
heart anomaly in which early complete repair should be considered to avoid ventricular
volume overload and progression of tricuspid valve regurgitation. The complex anatomy
of Fallot-type DORV can make surgical correction a challenge; therefore, comprehensive
preoperative assessment and planning are needed [36].

Tetralogy of Fallot with pulmonary atresia (TOF-PA) is a severe variant of TOF, char-
acterized by a lack of antegrade flow into the pulmonary arteries. To provide additional
blood flow to the pulmonary circulation, PDA is usually seen in association with TOF-PA.
Stenting of PDA has gained acceptance for palliation in TOF-PA, although the PDA is usu-
ally elongated and tortuous, making the implantation of a rigid, straight stent challenging.
Hence, advanced imaging with MDCT angiography is necessary for case selection and
preprocedural planning [37]. The common carotid and axillary artery approaches are the
most feasible routes for stent implantation. However, ductal stenting is contraindicated in
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the case of the common carotid trunk, as damage to the vessels during direct surgical or
percutaneous approach could lead to neurological deficits [7].

Finally, MAPCAs are persistent tortuous fetal arteries branching from the aorta or
systemic arteries that form in an attempt to compensate for the underdeveloped pulmonary
circulation via multifocal supply. TOF-PA with MAPCAs is a severe and rare type of
congenital heart defect [38]. We found this malformation in just 5% of cases. Surgical man-
agement to restore normal pulmonary blood flow is challenging due to the heterogeneity of
arborization in these patients [35]. Therefore, preoperative imaging is necessary to achieve
a complete understanding of cardiovascular anatomy.

The systematic use of CT angiography for preoperative identification of CAAs and
aortic arch patterns in TOF was scarcely reported. Therefore, one of the main objectives
of our study was to highlight the role of CT angiography in the evaluation of complex
anatomical findings, as a good alternative to invasive cardiac catheterization. Moreover,
the number of studies describing the variety of aortic arch and branching patterns in
TOF patients is limited, and most provide incomplete information regarding the entire
spectrum of aortic anomalies. This led to our aspiration to encompass all classifiable and
non-classifiable aortic malformations in this specific population.

5. Study Limitations

There are several limitations to the design of this study. First, this is a single-center,
small-sample observational study based on retrospective data analysis. Therefore, no
comparison of diagnostic accuracy was performed for CT angiography and ICA in TOF
patients. As mentioned previously, no prospective studies comparing these diagnostic
imaging methods have been found in the literature [5]. However, Gorenoi et al. declared
that CCTA with at least 64 slices should be used to identify coronary alterations in order to
avoid invasive investigation in patients with CHD [39].

Second, the concordance of coronary artery patterns between the preoperative CCTA
and corrective surgical findings was not evaluated. However, Goo et al. demonstrated
that dual-source CCTA with a high temporal resolution was useful for the assessment
of coronary artery anatomy before corrective surgery in TOF, exhibiting not only a high
concordance rate (95.0%) with surgical findings but also a high level of diagnostic accuracy
(96.9%) [9].

Technical limitations were also present. Not only was it possible that different contrast
agents might have impacted the quality of the CT examination [40], but the results of
this study were obtained using a 64-slice last-generation CT scanner. In order to reduce
the number of misinterpreted cases, higher temporal resolution CCTA is needed. The
second-generation 128-slice dual-source CT is one of the most frequently used imaging
modalities for evaluating TOF patients, enabling high temporal resolution and scanning
speed, as well as a low radiation dose. Moreover, diagnostic accuracy is expected to be
further improved with the recently introduced third-generation 192-slice dual-source CT
system, which provides even better image quality at lower radiation doses [41].

6. Conclusions

The prevalence of CAAs and aortic arch anomalies detected by CT angiography in this
study is in line with the data reported in anatomical specimens. Therefore, CT angiography
represents a powerful tool for the evaluation of congenital cardiovascular anomalies.
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Abstract: Background: Applications of atrial speckle tracking echocardiography (STE) strain (ε) anal-
ysis in pediatric cardiac surgery have been limited. This study aims to evaluate the feasibility of
atrial STE ε analysis and the progression of atrial ε values as a function of post-operative time
in children after pediatric cardiac surgery. Methods: 131 children (mean 1.69 ± 2.98; range 0.01–
15.16 years) undergoing cardiac surgery were prospectively enrolled. Echocardiographic examina-
tions were performed pre-operatively and at 3 different post-operative intervals: Time 1 (24–36 h),
Time 2 (3–5 days), Time 3 (>5 days, before discharging). The right and left atrium longitudinal systolic
contractile (Ct), Conduit (Cd), and Reservoir (R) ε were evaluated with a novel atrial specific software
with both P- and R-Gating methods. One hundred and thirty-one age-matched normal subjects
(mean 1.7 ± 3.2 years) were included as controls. Results: In all, 309 examinations were performed
over the post-operative times. For each post-operative interval, all STE atrial ε parameters assessed
were significantly lower compared to controls (all p < 0.0001). The lowest atrial ε values were found
at Time 1, with only partial recovery thereafter (p from 0.02 to 0.04). All atrial ε values at discharge
were decreased compared to the controls (all p < 0.0001). Significant correlations of the atrial ε values
with cardio-pulmonary-bypass time, left and right ventricular ε values (p < 0.05), and ejection fraction
(p < 0.05) were demonstrated. Conclusions: Atrial ε is highly reduced after surgery with only partial
post-operative recovery in the near term. Our study additionally demonstrates that post-surgical
atrial and ventricular ε responses correlated with each other.

Keywords: congenital heart disease; STE echocardiography; atria; pediatric cardiac surgery

1. Introduction

Speckle tracking echocardiography (STE)-derived myocardial strain (ε) analysis has
demonstrated a significant prognostic value in pediatric cardiology [1–4]. Preliminary
studies have reported both the feasibility and post-operative trends of left [4,5] and right [6]
ventricular ε in children with congenital heart disease (CHD) after cardiac surgery. Atrial
function has been shown to be an important predictor of cardiovascular outcomes in
the adult population [1,2]. Atrial ε indices enable a better understanding of the overall
function of the atrium, and there is increasing evidence to support the additional role of

J. Clin. Med. 2022, 11, 2497. https://doi.org/10.3390/jcm11092497 https://www.mdpi.com/journal/jcm
147



J. Clin. Med. 2022, 11, 2497

atrial ε as a sensitive parameter of ventricular diastolic dysfunction [1,2]. Investigation of
STE-derived atrial ε [1,2] to evaluate post-surgical outcomes in pediatric cardiology has
been limited. While some studies [7,8] evaluated differences in the atrial ε response a few
months after percutaneous versus surgical closure of atrial septal defects on small cohorts
(10–30 subjects), no large-scale analysis has been performed in the pediatric population [7,8].

The recent availability of pediatric nomograms for atrial [9–11] ε values, including
those obtained with dedicated atrial strain software [12], may allow for the comparison
of post-operative atrial ε values with normal values, consequently enabling further un-
derstanding of the degree of alteration in atrial mechanics. The primary aims of this
investigation were to (1) assess the feasibility of atrial STE ε analysis in a large cohort of
children after biventricular cardiac surgery, (2) evaluate the progression of STE derived
atrial ε as a function of post-operative time, and (3) to compare these findings to atrial ε
values in normal age-matched controls.

2. Methods

From May 2018 to May 2019, children undergoing biventricular cardiac surgery for
CHD were prospectively enrolled at a Single Institution (Fondazione CNR-Regione Toscana,
G. Monasterio, Massa, Italy). Demographic data are reported in Table 1. Echocardiographic
examinations were performed at three different post-operative times according to institu-
tional protocols: Time 1 (n = 131) 24–36 h, Time 2 (n = 108) 3–5 days, Time 3 (n = 70) 6–9 days,
and at the immediate pre-operative time (n = 95). In complicated patients, echocardiograms
were repeated whenever required for clinical management, and no examinations other
than those necessary for treatment were performed. Only subjects in which atrial strain
analysis was deemed feasible for at least 80% of the parameters evaluated were included in
this study. A group of 131 age-matched normal subjects (mean 1.7 ± 3.2 years old) were
used as controls from a pool of 721 healthy children collected in a previous study [9].
Echocardiograms were performed on Philips iE33 systems (Philips Medical Systems,
Bothell, WA, USA) using 8 Mhz and 5 Mhz transducers [9,13]. All studies were performed
with simultaneous electrocardiographic monitoring. Images were obtained in the apical
four-chamber (4Ch), three-chamber (3Ch), and two-chamber (2Ch) views for the evaluation
of left ventricular strain, and in apical four-chamber (4Ch) for the evaluation of right and
left atrium speckle tracking analysis. The following parameters were calculated off-line:
LA and RA longitudinal reservoir ε (SR), conduit ε (SCd.), and contractile ε (SCt) [9,13–16].
A dedicated atrial ε package was used for analysis on a computer workstation (QLAB
10; Philips Medical Systems, Andover, MA, USA) according to recent guidelines [9–13]:
interatrial septum was included, and the atrial appendages were excluded. Feasibility
is meant as the capacity of the software to recognize and define all the atrial wall seg-
ments. Atrial ε analysis was validated when at least ≥ 80% of the atrial segments were
recognized correctly.

After semi-automatic placement of basic markers (lateral and septal mitral/tricuspid
annulus and septal roof) in end-diastole, the software automatically generated atrial con-
tours and performed STE analysis in seven segments through the cardiac cycle [9]. Minimal
manual adjustment of tracking was performed when required. For each parameter, the
mean value of three consecutive measurements was obtained. The P waves (P-P gating)
were used as the initiation of the ε calculation (Figure 1). The analysis was then repeated
by using QRS complex (R-R gating) for the initiation of the ε calculation (Figure 2). End-
diastole and onset of atrial contraction were checked and manually corrected according
to mitral inflow profile. Two experienced pediatric cardiologists (M.C., E.F.) acquired
the images and performed the measurements. Rates of intra-observer and inter-observer
variability were calculated from 20 subjects, randomly selected.
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Table 1. Patients demographics.

Older
(nr 64)

Infant
(nr 37)

Neonates
(nr 30)

Total
(nr 131)

Mean Mean Mean Mean p

Age (years) 3.23 ± 3.64 0.28 ± 0.13 0.03 ± 0.03 1.69 ± 2.98 <0.0001 *
BSA (m2) 0.57 ± 0.31 0.28 ± 0.06 0.21 ± 0.02 0.41 ± 0.28 <0.0001 *
CPB (min) 1.52 ± 0.75 1.6 ± 0.85 2.24 ± 1.16 1.69 ± 0.91 <0.0001 *
STAT-score 95.82 ± 46.38 93.97 ± 59.22 134.11 ± 99.79 103.96 ± 66.8 0.043 *

Extubation Time (days) 1.09 ± 1.22 2.74 ± 2.46 5.16 ± 5.77 2.48 ± 6.54 0.0389 *
ICU LOS (days) 10.19 ± 48.14 7.24 ± 7.15 10.67 ± 8.05 9.5 ± 34.75 0.023 *

Major complications 1 § 2 ◦ 3 * 6
CHD Numerosity

LVVO (nr) 18 17 2 37
RVPO (nr) 20 9 1 30
TGA (nr) 0 3 18 21
LVPO (nr) 8 2 9 19
RVVO (nr) 12 3 0 15
AVSD (nr) 6 2 0 7
Others (nr) 0 1 0 1

Total 64 37 30 131

AVSD = Atrioventricular Septal Defect; BSA = body surface area; CHD = congenital heart disease;
CPB = cardio-pulmonary bypass; ICU = intensive care unit; LUS = lung ultrasound; LOS = length of stay;
min = minutes; LVPO = Left Ventricle Pressure Overload; LVVO = Left Ventricle Volume Overload; RVPO = Right
Ventricle Pressure Overload; RVVO = Right Ventricle Volume Overload; TGA = transposition of the great arteries;
STAT-score = Society of Thoracic Surgeons/European Association of Cardio-Thoracic Surgery-STS/EACTS.
§ 1 tamponed, ◦ 1 tamponed, 1 Av block, * 1 AV block, 2 diaphragmatic paralyses.

Figure 1. Left atrial ε analysis in the four-chamber view by using the atrial specific software for
strain STE analysis with P-gating method. LA = Left atrium, LV = Left Ventricle, RA = Right Atrium,
RV = Right Ventricle, Sr = strain reservoir, Sct = strain contractile, Scd = strain conduit.

The ejection fraction was calculated by the biplane Simpson method. Approval for this
study was obtained from the Local Ethics Committee (Comitato Etico Meyer no. 62/2016).
Parents or legal guardians of all the children were informed and provided written consent for
participation in this study.

Images were acquired only in cooperative babies or in those who were sedated for
clinical reason. No sedations just for image acquisition were performed. Only patients
in sinus rhythm during the echocardiography were included in the present study.
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Figure 2. Left atrial ε analysis in the four-chamber view by using the atrial specific software for
strain STE analysis with R-gating method. LA = Left atrium, LV = Left Ventricle, RA = Right Atrium,
RV = Right Ventricle, Sr = strain reservoir, Sct = strain contractile, Scd = strain conduit.

All images and measurements were acquired by two independent and experienced
pediatric cardiologists (M.C., E.F.). The low rate of intra- and inter-observer variability in
atrial [9] ε measurements has been described in the previous reports [9].

Statistical Analysis

All continuous variables and categorical variables were expressed as mean standard
deviation (SD) and a number of cases and percentage, respectively. Comparison of continu-
ous variables at different time points was performed using Wilcoxon test and nonparametric
test for trends, as appropriate. Comparison of categorical variables at different time points
was performed using a chi-square (Cochran–Armitage) test for trends in proportions. Com-
parison of age class was performed using a Mann–Whitney U test and a chi-square test
as appropriate. Additionally, Pearson correlation coefficients (r) between strain values,
operative data, and outcome parameters were determined. The control group of normal
subjects was selected by 1:1 propensity score matching. Propensity score matching was
calculated for each group with bivariate logistic regression analysis by age. All calcula-
tions were done by using SPSS v23 (SPSS Inc, Chicago, IL, USA) and STATA v13 software.
A p < 0.05 was considered significant.

3. Results

3.1. Population

In all, 621 examinations were performed from May 2018 to May 2019 in 210 children
(mean 2.25 ± 3.62 years; range 0.01–17.68 years). Seventy-nine patients were excluded
for incomplete examinations (of these, 52 were not cooperative children and 27 had a
poor acoustic window due to wounds and medications), leaving 309 examinations in
131 children (mean 1.69 ± 2.98 years; range 0.01–15.16 years) for final analysis. Among
these children, 30 were neonates (0–31 days), 37 were infants (1–6 months), and 64 were
>6 months. All demographic data are summarized in Table 1.

One hundred and thirty-one age-matched normal subjects (mean age 1.71 ± 2.94 years;
range 0.03–14.12 years; mean BSA 0.43 ± 0.25) were included as controls. No differences in both
age and BSA among healthy and CHD children were found (p = 0.94 and p = 0.657, respectively).

3.2. Feasibility

Feasibility, as assessed by the total number of studies from which relevant atrial ε
parameters were acquired, ranged from 62 to 85% for all parameters. Feasibility was similar

150



J. Clin. Med. 2022, 11, 2497

between all age groups, although at Time 1 and Time 2, it was marginally higher in neonates
(≥80%) (p = 0.15 and p = 0.7). These results are summarized in Table 2.

Table 2. Feasibility at different post-operative times and in different age groups.

Time 1 Time 2 Time 3

% Neonates Infant Older Neonates Infant Older Neonates Infant Older

LARε 80.0% 85.2% 72.1% 84.8% 80.0% 76.0% 70.4% 82.1% 61.9%
LACTε 80.0% 82.0% 72.1% 84.8% 80.0% 74.7% 70.4% 75.0% 61.9%
RARε 80.0% 78.7% 70.6% 75.8% 80.0% 77.3% 63.0% 75.0% 64.3%

RACTε 80.0% 75.4% 70.6% 75.8% 76.7% 74.7% 63.0% 67.9% 61.9%
Feasibility 80.0% 80.3% 71.3% 80.3% 79.2% 75.7% 66.7% 75.0% 62.5%

ε = strain, LAR = left atrial reservoir, LACT = left atrial contractile, RAR = right atrium reservoir, RACT = right
atrium contractile.

3.3. Comparison vs. Normal Subjects

Pre-operative atrial ε values, obtained with either P-P or R-R gating methods, were
significantly lower (p all < 0.0001), compared with normal subjects, with the only exception
being the RA and LA contractile functions which were comparable with normal subjects.

3.4. The Post-Operative Trend for Atrial STE ε

Post-operatively, all atrial ε values decreased with the lower values observed at Time
1 with a progressive recovery thereafter (p ranging from <0.0001 to 0.027). At discharge,
however, all atrial ε parameters remained significantly lower compared to the control group
(p ranging <0.0001 to 0.004), with the only exception being the LA Ct ε function, which was
similar to healthy subjects’ values, as reported in Table 3. From Time 1 to Time 2, only the
reservoir function, for both LA and RA, reported a significant increase (p from 0.007 to 0.022).
From Time 2 to Time 3, the reservoir ε function, for the LA and RA, and the LA Cd ε function,
reported a significant increase (p from 0.010 to 0.022). The remaining atrial functions showed
a slower, however, significant, upward trend from Time 1 to Time 3 (p from 0.0009 to 0.002,
p 0.0066 and 0.027, respectively). All these results are summarized in Table 3 and Supplemen-
tary Table S1, and Figures 3 and 4.

Table 3. Mean and standard deviations of examinations at different pre-/post-operative times and in
control group.

Normal Subjects Pre Time 1 Time 2 Time 3

Mean Mean Mean Mean Mean

(R-Gating) LA ε R 52.07 ± 15.87 35.21 ± 11.63 25.44 ± 12.17 29.94 ± 11.24 35.29 ± 13.57
(R-Gating) LA ε Cd 37.82 ± 13.8 20.85 ± 10.17 15.94 ± 8.48 18.21 ± 7.85 21.58 ± 9.23
(R-Gating) LA ε Ct 14.74 ± 7.27 13.95 ± 6.28 10.65 ± 7.46 12.31 ± 7.65 13.85 ± 8.79
(P-Gating) LA ε R 45.19 ± 13.03 30.72 ± 9.34 22.69 ± 9.62 26.46 ± 8.58 30.58 ± 10.21

(P-Gating) LA ε Cd 33.25 ± 12.57 18.37 ± 8.87 14.7 ± 7.92 16.41 ± 7.3 19.05 ± 7.82
(P-Gating) LA ε Ct 12.6 ± 5.41 12.36 ± 4.89 9.36 ± 5.89 10.61 ± 5.65 11.68 ± 6.45
(R-Gating) RA ε R 47.84 ± 16.6 38.49 ± 12.77 18.96 ± 9.49 22.4 ± 8.38 28.2 ± 14.71

(R-Gating) RA ε Cd 31.14 ± 13.66 22.72 ± 9.06 11.37 ± 6.72 13.49 ± 7.92 16.59 ± 10.27
(R-Gating) RA ε Ct 17.25 ± 9.09 15.84 ± 7.82 8.81 ± 6.64 10.19 ± 6.83 12.51 ± 7.86
(P-Gating) RA ε R 40.7 ± 13.15 33.22 ± 9.48 17,23 ± 7.92 20.26 ± 6.93 24.56 ± 11.13

(P-Gating) RA ε Cd 27.04 ± 12.4 19.9 ± 7.98 10.35 ± 6.55 12.64 ± 8.2 14.86 ± 9.22
(P-Gating) RA ε Ct 14.31 ± 6.52 13.38 ± 5.8 8.15 ± 5.72 8.98 ± 5.41 10.59 ± 5.8

ε = strain, R = reservoir, Ct = contractile, Cd = conduit.
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Figure 3. Left Atrial Strain trends at different pre-/post-operative times and in comparison to the
control group. Median and interquartile range of ε values over time are shown. p values in the
patient group were determined relative to strain from Time 1 to Time 3. Horizontal line = median;
Box = interquartile range.

Figure 4. Right Atrial Strain trends at different pre-/post-operative times and in comparison to the
control group. Median and interquartile range of ε values over time are shown. p values in the
patient group were determined relative to strain from Time 1 to Time 3. Horizontal line = median;
Box = interquartile range.

3.5. Comparison of Post-Operative Trend for Atrial STE ε with Pre-Operative Values

Time 1 reported lower values in all LA and RA functions than the pre-operative data.
Concerning Time 3, all LA ε values were totally recovered with values comparable with the
pre-operative data (p > 0.05 each one), but, contrariwise, all RA ε values were still lower
than the pre-operative data.

All these results are summarized in Table 3 and Supplementary Table S1.

3.6. Differences among P- and R-Gating Post-Operative ε Values

No significant differences in the post-operative time for the atrial ε trends were
observed among values calculated with the P- and R-gating methods. Surgery atrial strain
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values calculated with P-gating, however, were constantly lower than those obtained with
R-gating (p < 0.001).

3.7. Differences among Age Groups

Children younger than 6 months reported no significant differences from Time 1 to
Time 2 in atrial STE ε with both gating methods. Children older than 6 months reported a
significant increase from Time 1 to Time 2 only for the LA ε R function, through P-Gating
(p 0.04), and for RA ε Cd through the two Gating methods, R and P (p 0.015 and p 0.017).

3.8. Correlation of Atrial Strain with Operative Data and Outcome Parameters

Strain parameters correlated with a CPB and cross-clamp time. At Time 1 (12–36 h
post-surgery), CC inversely correlated with the RA conduit function in both the P- and
R-gating methods (beta −0.04 p 0.009 and beta −0.004 p 0.045, respectively). Furthermore,
a CPB is inversely related with the conduit function of both LA and RA (p all < 0.05), while
it is inversely related with the reservoir function only for RA. Moreover, the LA reservoir
function demonstrated an inverse correlation with the STAT-score (beta −3.78 p 0.008 for
P-gating and beta −2.98 p 0.008 for R-gating).

No significant correlations were observed between the atrial STE ε values and the addi-
tional outcome parameters. Furthermore, no significant correlation was observed between
the atrial STE values, body surface area (BSA), and age. These results are summarized in
Supplementary Tables S2 and S3.

3.9. Correlation of Atrial Strain with Left and Right Ventricular STE

The atrial ε values correlated with the right/left ventricular ε and left ventricle ejection
fraction (LVEF).

At Time 1 (12–36 h post-surgery), univariate regression analysis demonstrated that LV
Longitudinal 4c, 2c, 3c, and global longitudinal (GL) ε values all positively correlated with
all the LA longitudinal systolic ε with the R-gating method only (Supplementary Table S4).
Right Ventricular ε, instead, did not correlate with LA and RA longitudinal systolic ε with
both gating methods. Additionally, EF positively correlated only with LA ε R in both the R-
and P-gating method (β = 0.28, p = 0.03 and β = 0.22, p = 0.03, respectively).

At Time 2, approximatively all atrial longitudinal systolic ε parameters positively
related with all LV ε in the univariate regression analysis. Right Ventricular ε, instead,
positively correlated only with RA ε R in both the R- and P-gating method (β = 0.44,
p = 0.044 and β = 0.41, p = 0.023, respectively). Lastly, EF remained positively related
with almost all atrial longitudinal systolic ε parameters. These results are summarized in
Supplementary Table S4.

4. Discussion

In this study, we prospectively investigated atrial ε using STE and examined trends in
atrial ε as a function of time after pediatric cardiac surgery. Defects assessed in this study
included atrial septal defects, ventricular septal defects, atrioventricular septal defects,
tetralogy of Fallot, transposition of the great arteries (TGA), and aortic stenosis. Our data
demonstrate that STE-derived atrial ε analysis is feasible for various surgical indications of
CHD across different ages.

By using a novel software specifically designed for atrial STE analysis [12], we report
the feasibility of 62–85%, which is slightly lower than that presented in similar studies
assessing ventricular ε analysis in a similar population (87–93% feasibility) [4,5]. Feasibility
in this study was also lower than that observed for atrial ε analysis in a normal cohort
(feasibility from 96.8% to 98.9%) [12].

Our study has demonstrated that all atrial ε parameters evaluated were significantly
reduced compared to atrial ε in normal subjects [9]. As expected, the lowest atrial ε values
were recorded at the first post-operative sample time (e.g., 12–36 h), with progressive recov-
ery thereafter. However, at discharge, STE atrial ε values remained depressed compared to
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that observed in normal subjects (p < 0.0001). To our knowledge, this is the first study to
assess the STE atrial ε response after pediatric cardiac surgery. Few studies have assessed
atrial ε response in the medium-term for children undergoing percutaneous versus surgical
closure of atrial septal defects [7,8]. Di Salvo and colleagues [7] evaluated color doppler LA
and RA atrial ε in 15 subjects (mean age: 9 ± 3 years) 6 months after surgical ASD closure
and compared these data with 15 age-matched patients who underwent percutaneous
closure, along with 15 age-matched controls. In this particular study, patients who had
undergone surgical AS closure had significantly lower LA and RA atrial ε compared to the
percutaneous group and to normal subjects [7]. In another study, adults [8] (30 subjects;
age 34.4 ± 8.3 years) > 1 year from surgical closure (range 1–5 years) were more likely to
have an impaired RA strain and LA conduit strain compared to age-matched controls.

The trend of atrial ε response, we found, is similar to what has been described in the
limited studies available for STE ventricular ε response after pediatric cardiac surgery [5,6,17].
In a study of over 117 children (mean age: 2.4 ± 3.9; range: 0–16 years), evaluated at
different times pre-operatively and post-surgery, STE ε analysis revealed a significant LV
systolic impairment after surgery with amelioration thereafter, but incomplete normaliza-
tion at discharge [12]. In one retrospective study, De Boer et. al [17] showed in children
(n = 204; median age: 3.7 ± 5.1 years) undergoing cardiac surgery for different CHD vari-
ants that LV and RV global longitudinal strain at the discharge echocardiography (median
7, range 6–14 days post-op) were significantly lower compared to age-matched controls
(n = 78). Another study in 37 children (median age 19 months, interquartile
range 5–63 months) demonstrated that RV peak systolic strain significantly decreased com-
pared to the baseline (–10.5 ± 2.9% vs. –19.5 ± 4.8%; p < 0.0001). In this same study, RV
peak systolic strain remained depressed compared with pre-operative values (–13.5 ± 4.0% vs.
−9.5 ± 4.8%; p < 0.0001) [6]. The results from our study support these observations.

The degree of impairment in ε correlated with the duration of the cardio-pulmonary
bypass and cross-clamp time. Our results support what has been published on ventricular
ε response after pediatric cardiac surgery. In a study with over 33 children (4.2 ± 2.5 years)
undergoing bypass cardiac surgery [5], LV longitudinal strain (ε) values were correlated
to the aortic cross-clamp duration on post-operative day 0 (r = 0.47, p = 0.016) and post-
operative day 1 (r = 0.53, p = 0.010) [5].

Of note, atrial ε values correlated with RV and LV ε, and LVEF. While similar correla-
tions between atrial ε and LV strain [18,19] have been demonstrated in adult populations,
data on children are lacking. In general, impaired atrial ε is more reflective of diastolic
dysfunction [20,21]. The impaired atrial function observed in the present study may be
indicative of abnormal ventricular diastolic properties. This is clinically relevant because
traditional echocardiographic parameters for ventricular diastolic function assessment are
poorly validated in children. Indeed, our data suggest that both the systolic and diastolic
function are impaired after pediatric cardiac surgery, and that the dysfunction in the systole
is correlated with dysfunction in the diastole.

We present data with a novel atrial specific software, calculated with both the P- and R-
gating method. Although the R-wave method of gating is the one currently recommended,
the P-gating method may be more appropriate for assessing the atrial function. Significant
differences among the two methods have been demonstrated in healthy children where all
atrial ε values were lower with P- than R-gating (p < 0.001) [9]. Similar differences were
noted even in children with CHD after surgery, where atrial strain values calculated with
P-gating were constantly lower than those obtained with R-gating. Feasibility and time
trends of atrial strain values, however, did not change among the P- and R-gating methods.
Thus, under a clinical point of view, both methods may be used; however, measurements
obtained with the two different methods cannot be used interchangeably and, during the
follow-up, values should be compared with those obtained with the same gating method
(and with the same vendor) [13]. Atrial strain analysis with the novel semi-automatic
software is very easy and fast, requiring just a few seconds for processing and automated
reporting. Thus, considering data acquisition and data analysis, atrial strain analysis may
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be routinely introduced in the follow-up of children with CHD undergoing cardiac surgery,
without big efforts or a loss of time.

Limitations

We used STE software developed for the left atrium’s deformation only, which has
been used for measuring right atrial ε. The use of vendor-specific software represents
another limitation. Atrial ε was measured only in the four-chamber view, and not in
the two- and three-chamber views [5,6]. Our study assessed longitudinal ε, including
components of atrial contraction, reservoir, and conduit function, but did not include
indices of atrial electromechanical coupling [1]. Examination times were slightly variable
between patients depending on the institutional protocols for single CHD and the clinical
indications. However, all 12–36 h examinations corresponded with the time of the first
post-operative echocardiographic examination. Around half of the patients, including most
older children assessed in our study, were extubated at the time of the examination, while
most neonates and infants were intubated.

In addition, patients included in this investigation were heterogeneous and included a
wide range of ages and cardiac defects. The relatively limited number of subjects enrolled
did not allow for a sufficiently powerful sub-group analysis of patients (e.g., age, corrected
vs. palliated, CHD groups), which may have constituted some bias in the final analysis.
Nonetheless, despite the heterogeneity of the patient population assessed, significant trends
in the ε response after cardiac surgery were observed, across different ages and different
CHD variants. Age-related differences for LA and RA strain values were too limited and
heterogenous to draw definitive conclusions. Parameter acquisition was incomplete at
different sample times, reflecting an additional limitation. A comparison with pre-operative
STE data is lacking; however, in uncorrected CHD, when significant shunts are present, the
value of the ε data may be limited.

5. Conclusions

We report the progression of STE-derived atrial ε values after pediatric cardiac surgery
as a function of the post-operative time. Our study observed that after pediatric cardiac
surgery, all atrial ε parameters were significantly reduced compared to normal subjects.
Atrial ε progressively recovered during the post-operative time; however, despite this
improvement, atrial values remained significantly depressed compared with normal sub-
jects upon discharge. The degree of atrial ε reduction seems to reflect the duration of the
cardio-pulmonary bypass. Furthermore, the atrial and ventricular ε response appears to be
correlated with each other. Additionally, the atrial ε response significantly correlated also
with the left ventricular ejection fraction. Further studies in a larger cohort are required to
validate and reinforce these observations.
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