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Abstract

Congenital heart defect (CHD), a life-threatening congenital pathology, is reported in about every
one neonate among 100 live births, with severity ranged from mild to fatal. The prevalence of CHD
is remarkably increasing over decades, most likely due to the evolved diagnostics and improved
accessibility of healthcare worldwide. The ratio of severe CHDs, which need surgery urgently, to
mild forms, which sometimes do not need surgery, is between 1:4 and 1:3. Therefore, every fourth or
fifth newborn with CHD needs the immediate and effective surgical treatment. Furthermore, one out
of 10 diagnoses is with multiple CHDs that requires complex surgical treatment and elevates the risk
of peri- and post-operative mortality. In this review, we concern epidemiology of CHD, in particular,
mostly diagnosed ventricular and atrial septal defects, and patent ductus arteriosus. Next, we focus
solely on ventricular septal defects (VSD). We briefly discuss the historical background and current
strategies for VSD treatment — open heart surgery, transcatheter surgery, and a mini-invasive hybrid
surgery. The hybrid method is then comprehensively discussed including its success and
complications rate compared to other two approaches, its implementation, typical delivery
approaches, and most common occluder device types; we accompany with our own clinical
experience. The advantages and limitations of the hybrid surgery are also highlighted in detail. We
summarize that because CHDs need treating with mini-invasive, safe, and effective approach the
perspectives for wider using of hybrid surgery are well prominent, especially due to its freedom from
cardiopulmonary bypass — the cornerstone of open-heart surgery.

Keywords: congenital heart disease; ventricular septal defect; pediatric patients; hybrid approach;
hybrid surgery; mini-invasive surgery

1. Introduction

Congenital heart disease (or congenital heart defects, CHD) encompasses a spectrum of cardiac
defects that develop in prenatal period and present sustainably at the birth. CHDs are the leading
part of birth defects, which are related to high morbidity, mortality, and excessive healthcare costs.
The most common types of CHD include defects in ventricular or atrial septum, valves, and main
vessels, and nearly in one of 10 CHD diagnoses there are multiple CHDs. While some types of CHD
like tetralogy of Fallot or ventricular muscle defect are relatively frequent among all CHDs [1-3],
other severe defects like single ventricle occur much rarely [4]. Nevertheless, high proportion of CHD
requires urgent surgical correction and, if untreated, these CHDs are strongly life-threatening and
mostly fatal. Moreover, the severity of CHD directly contributes to the pre-, peri- and post-operative
mortality because it is often that a severe CHD is accompanied by other pathologies and
malfunctions, many of them are congenital too. Also, nine out of ten of the world’s babies born with
CHD live in locations with little or no care and where mortality remains high [5]. The wide spectrum
of CHD brings great economic and social burden. For example, the cost of hospitalizations for
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individuals with CHDs only in the U.S. exceeded $9.8 billion in 2019 [6], highlighting the significant
economic burden associated with CHD care. It is therefore clear that the need for safe and robust
surgical treatments of CHD remains high.

In this review, we first describe the epidemiology of CHD, also in regards to regional variation
in reported prevalence and mortality, and briefly concern the causation and outcomes of the
congenital defects. Next, we summarize available data on most commonly diagnosed CHD -
ventricular septal defects, atrial septal defects, and patent ductus arteriosus. We focus then solely on
ventricular septal defects and, according to primary aim of the review, on one of the effective and
mini-invasive surgical treatment of this category of defects — a hybrid method. We highlight definite
advantages of the hybrid approach (applicable for low-weight patients, no need for cardiopulmonary
bypass, little surgical scar) as well as some limitations. The comprehensive discussion about the
hybrid method includes step-by-step description of its implementation, typical delivery approaches,
and most common occluder device types, and is accompanied by the experience of our clinic. We
conclude with the need for further research on the effectiveness and safety of the hybrid approach,
especially in susceptible patients like neonates.

2. CHD epidemiology

2.1. Prevalence of CHD

The worldwide diagnosis rate for various CHDs at the birth is often reported between 8 and 10
per each 1000 live births, the value is steady enough over the last three decades [7-11]. However, the
maximal reported CHD prevalence rate substantially exceeds 10 cases per 1000 births, e.g. over 20 in
Central Vietnam [12] and 26.7 in sub-Saharan Africa [13] and some reported even much higher values
up to 50 per 1000 newborns [14].

Certainly, there are numerous studies and reports about the rates of CHD prevalence, incidence
and mortality. Due to the large amount of studies (and probably due to locally significant factors),
the published rates show high variation that makes difficult to draw actual numbers. This includes
both temporal variation, most easier to be explained by last advancements in diagnosis, and
geographical, most easier explained by regional discrepancies in healthcare system. However, as we
show below, even in a single geographical region the reported values may differ in several times.
Other factors as well like race, ethnicity, socio-economic status, ecology, etc. may play in the variation.
Meantime, all the reported values indicate that CHD is a serious health problem affecting many
people worldwide — around 12 millions of people with CHD are living now globally that gives about
600,000 years of disability [5]. Here, we briefly give prevalence and mortality numbers that have been
already published for different regions in the world.

The highest average rates are detected in Asian regions at ~9.3 cases per 1000 births [15-17]. On
the other hand, highly different rates have been reported within the South and Central Asian regions.
In China, the reported CHD prevalence rate at birth or in perinatal period displays remarkable inter-
regional variability [18]. Thus, the reported values range from less than 3.0 in South China [19] to 3.6
and 3.9 in Liuyang and Jinan (cities in East China) [20,21] to 5.8 (averaged rate for 11 cities in East
China) [22] to 7.6 (Northwestern China) [23] to 22.9 per 1000 infants (North China) [24], with overall
prevalence at ~9 per 1000 live births in this country [25]. A ~15%-lower value for fetal CHD prevalence
(7.4 per 1000 live births nationwide) was obtained by accumulating data from >90 clinical centers in
China between 2011 and 2013 giving in total ~2.5 millions of pregnancies [26]. More recent Chinese
data accumulated between 2015 and 2019 and based on the analysis of several millions of births
showed even lower prevalence rate for CHD, approximately at 4.9 per 1000 newborns [18]. In India,
the most populous country in the South Asia and in the world, the prevalence for CHD also greatly
varies between country’s regions as well as between available reports. While most commonly
accepted prevalence rates vary between 2 and 5 per 1000 live births [27], in North India the all-type
CHD rate was reported at 8.07 per 1000 live births, with ventricular septal defects as a most frequent
defect [28] and in North Central India the reported values were extremely higher, at the level of 19.14
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per 1000 live births [29]. Surprisingly, in the regions of India with high natural level of radiation, the
prevalence rate for CHD was found much lower compared to the normal level areas, and the total
combined rate at 1.49 per 1000 live births was very low compared to other reported values [30]. In
Central Vietnam, the rates remain extremely high over the last decade and range between 15 and 20
per 1000 live births [12,31]. Middle East region also has relatively higher prevalence rates, e.g. in
Saudi Arabia the rate for mild plus severe CHD is 14.8 per 1000 live births while 3.2 per 1000 for
severe CHD only [32].

Similar to Asian countries and regions, available reports and studies related to African region
show varying values for prevalence of CHD. For example, it has been shown at 3.5 per 1000 newborn
in Niger [33]. Pan-African data that combined over 1,600,000 pediatric patients from more than 40
clinical studies show population-based and hospital-based prevalence at 5.12 and 12.63 per 1000 live
births, respectively [34]. It should be noted that the prevalence rate reported for African countries is
typically lower compared to other regions [35-37] and there is a lack of systematic reports regarding
this estimate. According to a systematic review and meta-analysis published more than a decade ago
and spanned a period from 1970 to 2010, the prevalence of CHD in Africa was sustainably lower
compared to all other geographical regions [15].

The variability in the reported values for CHD prevalence at birth shows very wide range in the
Central and South America, with values of 1.24 per 1000 neonates in the most populous state in Brasil
[38], 1.94 in Colombia [39], 7.1 in Equador [40], and 11.7 in French Guiana [41]. In North America, the
U.S. nationwide estimates for all-type and all-severity CHD prevalence at birth have been reported
at levels between 9 and 11 per 1000 live births, according to various studies [7,42—44]. However, one
recent study showed, using pooled data taken from single-state (Colorado) pediatric care system
between 2012 and 2019, that the actual prevalence rate for CHD in all-age children is much higher,
comprising almost 2% of overall pediatric population, which is equivalent to approximately each 20
per 1000 children [45] — much higher rate than the reported values, e.g. for Asian regions.

The reported prevalence rates also vary significantly between European countries. According to
registry-based data collected from 14 European countries for live births between 2008 and 2015, the
overall prevalence rate for all-severity CHD was 6.02 per 1000 people [46]. For critical CHD, lower
values were reported according to nationwide databases including European countries, with the
highest prevalence found in Czech Republic, at 3.09 per 1000 neonates [47]. However, the all-type
CHD prevalence in France was reported at the level of 10.7 per 1000 newborns [48], i.e. at the value
exceeding the average rate in South Asian regions. In Sweden, the rate of CHD incidence in live births
increased steadily during the last decades and now it has been reported even at higher level of 20 per
1000 live births (the estimate includes mild and severe CHDs of all types) [49]. In fact, the availability
for proper diagnostic tools, the existence of nationwide prenatal screening programs, the severity of
CHD (e.g. some studies provide numbers for severe CHD only while others report mild and severe
CHD together), and other factors contribute to the great variability between the reported values on
CHD-related early mortality.

In early childhood as well as in adolescence (4 to 18 years), the global prevalence of untreated
CHD in 2010-2014 amounted to >4.8 per 1000 lives, and this estimate does not include children having
genetic disorders associated with heart development impairment [50]. Another cross-sectional study
performed in China found higher rate, 6.73 per 1000 children aged between 3 to 19 years and screened
for CHD [51]. On the other hand, some recent meta-analyses report much lower global values in
infant patients, e.g. ~3 case per 1000 infants [52]. In adults, the CHD prevalence is even much lower
[29] most likely due to the following main contributions — the spontaneous closure of defects in
survived and the proportion of deceased patients with CHD aged before adulthood.

The remarkable CHD prevalence, however, includes the range of defects that do not have critical
influence on the heart contractility at least for some prolonged period, often to the adult age. For
example, in 2010 in the US the number of currently living people with cardiac defects was estimated
as ~2.4 millions, where adults amounted to around 60% of this cohort [7]. Moreover, more than 85%
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the neonates with CHD, if treated appropriately (but not interventionally or surgically), survive to
adulthood [53].

It is now widely accepted that fetal echocardiography allows for early prenatal diagnosis
improving outcomes by facilitating delivery planning at specialized centers and enabling immediate
postnatal intervention. The increased availability for early prenatal screening in many countries
worldwide is now the main contributor to the dramatic increase in the diagnosed fetal CHD over the
last decades. For instance, one study reported the rise from 6.2% in 1991 to 82.8% in 2021 [54]. On
average, 50-60% of CHD are detected now on fetal screening [55]. However, while screening
programs and neonatal care have enhanced survival rates, implementation remains inconsistent in
many low- and middle-income countries [56].

2.2. Mortality and morbidity in CHD

Many congenital cardiac defects are life-threatening at birth or become such during early
development, at puberty, or in adulthood. For instance, critical congenital heart defects such as
hypoplastic left heart syndrome or transposition of the great arteries can be fatal if not immediately
corrected after birth [57]. Other examples include severe coarctation of the aorta, which can cause
life-threatening complications like aortic rupture or heart failure if left untreated early in life [58].
According to a nationwide population-based study that encompassed several decades, the risk of
myocardial infarction and the 30-day mortality in adult individuals with severe CHD are much
higher compared to general population [59]. Moreover, the mortality risk in infants with severe forms
of CHD during first year of life is 12 times higher vs. those with mild forms of CHD [14]. Another
critical complication — heart failure — is developed during lifetime in each one of every 13 adult
survivors with CHD [60]. A large meta-analysis based on 9 separate cohort studies (performed in
Denmark, Sweden, UK, US, and China), which collectively included >80,000 CHD patients and
>600,000 control individuals, revealed the following risks for CHD cohort: three-fold higher incidence
of cardiovascular diseases, ~2.5 times more frequent chance of stroke, and about 6 times higher risk
of heart failure [61].

In general, about 20-25% of CHD are considered seriously life-threatening conditions and
therefore require urgent surgical treatment [44,62,63]. Additionally, nearly 10% of CHDs are multiple
[64]. During adolescence, certain untreated congenital anomalies — such as severe ventricular septal
defects — may lead to pulmonary hypertension or heart failure if not addressed timely. In adulthood,
some conditions like Eisenmenger syndrome, which results from longstanding unrepaired congenital
heart defects, can cause significant morbidity and can be life-threatening [65]. Additionally, acquired
conditions like myocardial infarction (heart attack) or advanced heart failure can also be precipitated
by congenital defects that were initially asymptomatic. Moreover, the implications of CHD were
found in “essentially non-cardiac” diseases like the elevated risk of dementia and CNS infections
[66,67] or type 2 diabetes mellitus [68] in the individuals with severe CHD. These pathologies may
originate from the impaired/deficient metabolic status in CHD patients, as they correlate with
patients” underweight in early life [69]. Also, it has been revealed that about 23% of CHD-affected
newborns have accompanying defects in the CNS [26] thus showing substantial parallelization of the
malformations. Moreover, other accompanying malfunctions and abnormalities include
gastrointestinal and urogenital organs [26]. These examples underscore the importance of early
detection and management, as some defects pose immediate risks while others may threaten life at
later stages if left unrecognized or untreated.

CHD-associated mortality and actual factors affecting its rate reveal distinct variation between
reports as well as between geographical regions. In some African countries like Ethiopia, the
mortality rate in neonates with CHD is reported at extremely high level of 9.9% [70] while other
countries have nearly twice lower rates, e.g. Kenya and Tanzania (3.4-3.8%) [71]. The mortality of
children aged before 5 years is somewhat higher in these two countries, about 4.5% [71]. Among
countries in North Africa and Middle East, the reported mortality rate varies from 1.1 to 15.9 [37]. For
African continent as a whole, the mortality rate is much higher compared to developed countries
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[36,37]. In some Asian countries the mortality rate during first year of life among neonates and infants
born with CHD has been reported at very high levels like 15% in Malaysia [72] and 30% in China [20].
In Central Asian region, there are also different CHD-related mortality estimates for children born
with CHD, i.e. ranging from 8% of neonatal mortality in Turkey [73] to 7.6% mortality in early age
children (from birth to 4 years) in Kazakhstan [64]. In the Middle East countries, the mortality has
been reported even at higher rate, e.g. around 17.4% in Saudi Arabia, but this rate was obtained for
babies from birth to two years of life [32]. Comparable values are available from South and Central
America, with 12% mortality in CHD neonates in Peru [74]. Data from the U.S. vary across available
published sources, with mortality rate for CHD babies aged <1 year to be 0.3 per 1000 [75] and 4.1%
mortality in neonates [43], during the comparable period of surveillance (from 1999 to 2016/2017).
People born earlier, between 1980 and 1997, had elevated risk of mortality during first year of life
which is reported at 7.2% [76]. In the UK, the mortality rate before age of 5 years in those with severe
CHD was at the rate of 10.4% [77]. A very recent study that analyzed data provided by the European
Congenital Heart Surgeons Association Congenital Cardiac Database (ECHSA-CCDB) for the period
of 1999-2024 revealed the 10.28% in-hospital mortality rate in neonates with CHD [78]. Therefore, it
might be concluded that the mortality rate in newborn and infants with CHD is nearly similar over
the world.

According to the analysis of large sample of preterm live births the U.S., included over 1.8
million patients, the mortality rate in premature neonates with CHD was significantly higher vs.
neonates without CHD, and accounted for 11.6% deaths [79,80]. Moreover, 1-year survival in those
infants was significantly lower compared to norm-term neonates with CHD [81,82]. A large study
collected very preterm birth clinical data obtained between 2007 and 2015 from 10 countries
(including Australia, Canada, Japan, and several European countries) and similarly revealed that the
mortality rate in neonates with CHD is two-fold more frequent compared to those without CHD [83].
On the other hand, some reports indicate that the mortality rate in neonates with diagnosed CHD
may not differ between preterm and norm-term live births regardless if the compared groups are
moderate CHD or severe CHD [84].

As many studies have reported the proportion of mortality in newborns with CHD to the total
number of live births (i.e. irrespective to the presence of CHD or other pathology), direct comparison
with reports for CHD-related deaths in CHD patient cohorts becomes tricky. In the countries of South
America, 70.6 CHD-related fatal cases occurred during first year of life per 100,000 live births in Peru
[85]. The rates are very high compared to the developed countries like the U.S. (0.29% for infants <1
year age and 0.12% for all-age cohort) [75] or the United Kingdom with reported value of 0.35% for
children before 5 year in age [77]. Therefore, despite the overall global positive trends in CHD-related
mortality in all-age cohort and below 5-year age cohort, the contribution of untreated CHD into
overall mortality remains to be a critical challenge [86].

2.3. Causes and critical outcomes of CHD

The etiology of CHD is complex and multifactorial. Although the exact cause remains unknown
in many cases, established risk factors include chromosomal abnormalities (e.g., trisomy 21 or Down
syndrome), monogenic syndromes, maternal infections (e.g., rubella), pregestational diabetes,
teratogenic drugs, alcohol, and other environmental exposures during pregnancy [87-91]. For
example, the association between Down syndrome and congenital cardiac defects is generally
reported at ~50% [92,93] but much greater association in ~75% has also been documented in patients
with at least one cardiac defect [94] and in patients with complete atrioventricular septal defect [95].
Some may report lower association, e.g. only 12.8% of 1371 patients with CHD had Down syndrome
according to a Tanzanian study, but it is still high enough to conclude that this association is
important [96]. The trisomy 21 is so severe condition that among adult survivors only about 10% of
those having severe CHD also have Down syndrome [91]. Other chromosomal aberrations, like
trisomy 13 or trisomy 18, are accompanied by even higher co-incidence of CHD, at 60-80% [92,97].
Also, unequal prevalence of CHD in male and female neonates has been reported in several studies
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[70,91,96,98] while other studies did not reveal substantial sex disproportions [99,100]. It is interesting
that greater overall frequency of CHD and the prevalence of moderate CHD are both higher in female
neonates while the prevalence of severe CHD is higher in male neonates [25,101] thus explaining why
male sex is a risk factor of mortality [64]. Specifically, females experience tetralogy of Fallot and atrial
septal defects more frequently than males, but males are more predominant with
stenosis/insufficiency of aortic valve as well as transposition of great arteries [102].

About one-third to 40% of CHD cases is related to genetic variants and the number of new such
variants constantly increases [103,104]. Moreover, non-inherited de novo genetic variants are
responsible for ~8% of CHD [105]. The most important variants include genes responsible for early
stages of heart development, i.e. those that control normal cardiogenesis. The inherited
predisposition to CHD is a greatly contributing factor because parents with CHD have substantially
increased risk to give birth to offspring with CHD, and mothers have nearly twice higher such risk
compared to fathers [106]. Because of high proportion of genetically conditioned CHDs, genetic
screening and testing in prenatal stage is now considered one of the major contributors to further
surviving of the affected people [97], along with constantly improved surgical approaches.

CHDs are typically classified as acyanotic or cyanotic defects, where the latter constitutes about
25-30% of all CHD [107,108]. Acyanotic forms, such as atrial septal defects, ventricular septal defects,
and patent ductus arteriosus, often maintain hemodynamic stability for years. In contrast, cyanotic
defects — including tetralogy of Fallot and truncus arteriosus — usually cause systemic hypoxemia,
ischemic stroke, and affects neutrophil-to-lymphocyte ratio, and therefore require intervention
urgently due to the risk of severe complications or death [55,107,109,110].

Despite the major advances in medical and surgical treatment of CHD, physical, psychosocial,
and neurodevelopmental outcomes remain a major concern. In a large cohort of patients with CHD,
aged between 19 and 38 years, about 40% reported at least one disability type among several types
like troubles in hearing, vision, mobility, cognition, self-care, etc. [111]. Children with CHD -
particularly those undergoing repeated surgeries or prolonged hospitalizations —are at increased risk
for cognitive and motor delays, as well as attention, learning, and behavioral difficulties [112,113];
this is partly related to the same genetic mutations that were the background of CHD development
[114]. Moreover, adult females with CHD are at elevated risk for complications of cardiovascular
system during pregnancy as compared to their healthy counterparts [115]. Altogether contributes to
a high proportion of people who are restrained in their everyday activity or even critically disabled
life-long.

3. Most common types of CHD

In this section, we list most common types (with detailed description for ventricular septal
defects only) of congenital heart defects, which can be successfully treated surgically or
interventionally. We do not describe here the molecular and cellular mechanisms that commence
pathophysiology of early heart development, which results in the defective heart structures. Another
recent review paper covers these aspects in much detail [116]. However, we briefly mention here the
most critical hemodynamic and functional consequences related to a certain type of defects.

3.1. Ventricular septal defect

Ventricular septal defect (VSD) is an opening in the interventricular septum that permits
abnormal blood flow between left and right ventricles. This abnormal “shunting” increases
pulmonary blood flow and without treatment it generally leads to congestive heart failure.

According to most studies, perimembraneous VSDs constitute the largest part of the VSD, often
reported between 60 and 80% [117-119]. Muscular VSDs are usually reported in 10-15% cases [120].
A recent study performed in Malaysia also reported greater proportion of perimembraneous (55%)
vs. muscular (30%) VSDs, with virtually similar occurrence of small and moderate sizes (42 and 46%,
respectively) [121]. On the other hand, a study involved 25,000 newborn in Denmark revealed totally
opposite distribution between main types of VSD, with ~93% of muscular and only 7% of
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perimembraneous [122]. Congenital VSDs constitute a vast majority of postnatally diagnosed VSD,
and acquired VSDs in newborn, children, adolescent or adult people were reported as relatively rare
events [123]. However, under certain conditions like trauma, ischemic episode, or infectious
myocarditis, the development of acquired cardiac defects in childhood and in adulthood can occur
[123-126]. The acquired defects often are VSDs in the form of ventricular septal rupture, and in some
circumstances and conditions they can be repaired by the hybrid approach [127,128].

The size of the ventricular septal defect may vary significantly. It is generally accepted that the
defects below 4 mm are small, between 4 and 6 mm are moderate, and above 6 mm are large [16,129]
while standardized size-based classification is not currently introduced [116,130]. Indeed, the
nominal size of VSD as measured by echocardiogram provides little information about its actual
functional role until the size of the heart is known. This is why another classification may be used,
where the small-moderate-large scale for VSD size is determined according to the diameter of aorta,
i.e. by the ratio between VSD size and aortic root dimeter [131]. According to this approach, an
alternative to the above classification for small, moderate, and large VSDs can be proposed, e.g. those
VSDs with sizes of <1/3, >1/3 to <2/3, and >2/3 of the diameter of aorta, respectively [132].

Small perimembraneous and muscular defects may close spontaneously either in prenatal
period or during the first year of life, often with much higher closure rate for muscular vs.
perimembraneous VSD [118,122,133]. In younger patients aged <1-2 years, the rate of spontaneous
closure of perimembranous or muscular VSDs may vary in a large range: from 30% [133,134] to 55%
[121] to 83.5% [122] within one or two years of observation. In longer observation periods, the
spontaneous closure rates may be as high as 97% for 7-year follow-up period [129]. A substantial
proportion of prenatally discovered VSD was found to close successfully in uterus [135]. Much higher
spontaneous closure occurrence after birth was reported for muscular VSD compared to
perimembraneous VSD [122,129,133]; the difference between muscular and perimembraneous VSDs
is especially remarkable for sizes >4 mm [136]. Of note, the larger chance for isolated muscular VSDs
to close spontaneously correlates in some extent with reportedly much lower frequency for
observation of chromosomal aberrations in these defects (0.4%) as compared to isolated
perimembraneous VSDs (4.8%) [133]. It is also not surprising that the smaller size of VSD appears to
be one of the factors contributing to its spontaneous closure [122] as well as the larger VSD is a risk
factor for post-operative complications and longer in-hospital stay [117].

In contrast, moderate-size VSDs often necessitate surgical or catheter-based intervention, and
large and very large VSDs always require on-time surgery [137]. Moreover, the severity of VSD-
related heart malfunction generally depends not only on both nominal size of the VSD but also the
age of the patient (i.e. therefore the size of patient’s heart). One study reported the results of successful
VSD closure surgeries in infants aged between 4.2 and 6.5 months — among the VSDs, there were
some with very large sizes of ~12-14 mm, according to the published data [138]. In another study, two
infant patients aged 3.5 and 3.9 months had even larger muscular VSD sized in 14 and 16 mm,
respectively [139]. Note that these VSD sizes are comparable with reported VSD sizes in adult patients
[124,140].

3.2. Atrial septal defect

Atrial septal defect (ASD) is a communication between the left and right atria that may lead to
right heart dilation, atrial arrhythmias, increased stroke risk, and also increased liver stiffness [141].
The congenital pathology often needs urgent treatment and presents a great challenge in cardiac
surgery [142].

Moderate to large defects typically necessitate closure via catheter-based device or surgery
[143,144]. The success rate for closure of ASD at the ostium secundum via percutaneous approach is
high and reported typically between 94 and 99% [145-147]. It is interesting that among functional
characteristics for evaluation of success in ASD occluder device closure in follow-up, liver stiffness
was recently proposed as a high correlate to the ASD occlusion [148].
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The size of ASD may vary substantially with age and size of the heart as well as between
available reports. One study reported absolute values for ASD size between 15 and 40 mm in patients
aged between 4 and 58 years [149]. Other studies that included only adult patients reported much
different ranges, e.g. from 2 to 47 mm in [150] and from 17 to 26 mm in [151]. In general, the most
often reported ASD size ranges in 10 to 30 mm in all-age cohort of patients [146].

Due to the thinner wall, one of the important challenges of ASD device closure is the wall
erosion. It has been reported as a rare but serious complication of percutaneous transcatheter device
deployment [152-154]. Novel ASD closure devices were developed providing good success rate of
closure without reported lesions at the deployment site [155]; on the other hand, relatively high
incidence rate for new onset arrhythmia has also been reported between <4 to 12% of cases
[146,156,157].

3.3. Patent ductus arteriosus

Patent ductus arteriosus (PDA) is a persistent fetal connection between the aorta and pulmonary
artery, causing left-sided volume overload. Treatment varies by age and defect size, from medical
therapy in neonates to transcatheter closure in older infants [158-160]. Despite nearly half of the PDA-
diagnosed neonates are not surgically treated [158,159], the size of the defect plays ultimate role in
the choosing the surgical treatment. This defect may range in size between 2 to >5 mm in low-weight
preterm neonates, according to available reports [161,162]. The success rate for transcatheter device
closure of PDA was reported at high level of 95-100% [161-163]. In addition, the post-operative
mortality and even major/significant complications are very rarely observed in such surgical
treatments, including transcatheter closure. Also, it has been reported that in nearly a half of patients
with PDA, the defect is spontaneously closing later postnatally, but this is dependent on the
gestational age and the chance for spontaneous closure decreased with the age [159].

Despite high success rate for closure and minimized post-treatment mortality, the PDA, if
untreated, is strongly associated with increased mortality, in particular in preterm neonates and in
neonates with low weight [164]. Also, in neonates with hemodynamically significant PDA, the
mortality is several times higher vs. those with hemodynamically non-significant PDA [165]. On the
other hand, in surgically treated PDA patients, the risk of mortality is also higher compared to those
treated conservatively, e.g. by medication [158]. Therefore, this type of CHD is a very critical and life-
threatening pathology, and the proper strategy should be done in a patient-specific mode. Still, the
in-hospital mortality rate can be decreased if early echocardiography screening for PDA is performed
in neonates as soon as possible after the birth [166].

3.4. Prevalence of the three most common types of CHD

There is clearly regional and inter-institutional variation in the reported proportions for various
types of CHD. For example, more than two-fold prevalence of VSD over ASD is reported by European
network of population-based registries for the epidemiological surveillance of congenital anomalies
in 2025 [167]. In Southern Africa, the prevalence for VSD is two-fold higher vs. ASD, and the two
types are predominant among other CHDs [168]. In the East Africa, the reported prevalence of VSD
is almost three-fold higher vs. that of ASD [35]. Another study reported 4-fold higher prevalence of
VSD over ASD (~40 vs. ~11%, respectively) as well as ~18.5% for the prevalence of PDA among all
types of CHD [169]. The meta-analysis based on data accumulated in Africa globally from 1992
through 2022 and presented in >40 clinical population-based and hospital-based studies concluded
with 2-to-3 times more frequent detection of VSD vs. ASD [34]. Similarly, more than two-fold
prevalence in VSD (25%) vs. ASD (10%) as well as vs. aortic valve disorders and coarctation of the
aorta (16% together) was reported in Australia based on multicenter data encompassing over 68,000
CHD patients [170]. Less dissimilar but still two-fold prevalence of VSD over ASD was reported in
other clinical studies, e.g. from China and India [29,171]. In a multicenter analysis of data obtained
by six Ethiopian cardiovascular clinical centers with 6275 CHD patients in total, the ratio of VSD to
ASD in these cohort was ~1.64 [172]. However, another group that analyzed nearly 235,000 live births
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in Colombia reported much smaller (but still presenting) prevalence of VSD over ADS, i.e. 13.7% vs.
10.1% among all cardiac defects [173].

Alike, the variability is found among reports from the same region. For example, a multicenter
study that encompassed several African countries revealed non-uniform distribution in the VSD-to-
ASD proportions, from much greater prevalence of VSD in Ghana and Central Cameroon through
nearly similar proportions in Nigeria to much greater prevalence of ASD in Eastern Uganda,
Northern Egypt and Southern region of South Africa [174]. On the other hand, the analysis of CHD
types in 2559 pediatric patients in a Tanzanian heart disease screening center revealed comparable
diagnosis rate for VSD and PDA (19.3% and 19.1%, respectively) and just a bit lower rate for ASD
(15.1%) [100]. Essentially similar proportions were also reported in other studies performed in
African region: a Ugandan study reported 27.2%, 22%, and 9.4% for VSD, PDA, and ASD, respectively
(n=3526 pediatric patients) [98] while a Tanzanian study reported 26.1% for VSD and 23.2% for PDA,
but only 7.1% for ASD (n = 1371) [96]. In contrast, much smaller cohort of 199 CHD patients studied
in an Ethiopian institution revealed totally opposite proportions: 41.2% for ASD, 26.6% for VSD, and
only 9.5% for PDA [175]. In China, the reported proportion between diagnosed VSD to ASD varies
greatly, from approximately 2:1 in [20,25,26] to the essentially opposite situation where ASD were
detected three times more frequently compared to VSD [21,51]. These regional discrepancies may
reflect both genuine epidemiological differences and unequal access to diagnostic tools or varying
practices in clinical reporting. In resource-limited settings, underdiagnosis of mild forms of CHD
(such as small ASDs) could artificially elevate the relative frequency of more symptomatic types like
VSD.

Of note, the rate of CHD detection (of any type) increases steadily over decades virtually in all
world regions but it is unlikely it reflects increasing susceptibility of the fetus to the pathological
remodeling. Rather, the advancement of various diagnostic tools as well as running of local and
national programs of early screening for prenatal development defects contributed to rapidly
elevating number of CHD diagnoses [18,90]. Indeed, numerous studies report the dramatic increase
in the diagnostic rate of major CHD in prenatal period and in neonates [18,54,62].

Whether congenital or acquired, timely diagnosis and treatment of structural heart defects are
essential to prevent complications such as pulmonary hypertension, heart failure, arrhythmias, or
irreversible myocardial damage. As surgical and interventional outcomes improve, early detection
becomes increasingly vital.

4. Conventional, transcatheter, and hybrid approaches for correction of
ventricular septal defects

4.1. General Considerations on Prognostic Implications and Risk Stratification

Although many VSDs have a favorable prognosis, the clinical course is strongly influenced by
defect size, subtype, and hemodynamic burden (Table 1). Large perimembranous or outlet defects
are associated with progressive cardiac dysfunction, increased risk of endocarditis, and early
development of pulmonary hypertension if untreated [130,176]. Conversely, small muscular defects
are typically benign and often resolve spontaneously. Despite the predominance of perimembranous
VSDs among diagnosed cases, muscular VSDs may account for a disproportionately higher part of
interventional procedures due to their multiplicity or complexity. Furthermore, many
perimembranous defects are hemodynamically insignificant and may not require intervention.

Management decisions are guided by comprehensive risk stratification, incorporating defect
size, location, shunt magnitude, and clinical symptoms [177,178]. Defects resulting in significant left-
to-right shunting, chamber dilation, or pulmonary overcirculation require closure. However, small
asymptomatic VSDs with negligible shunting may be safely monitored without surgical correction.
Surgical or transcatheter closure may be contraindicated or technically infeasible in certain complex
anatomies, such as multiple muscular VSDs or single ventricle [179]. Moreover, in younger patients,
the surgical treatment of any type is accompanied by increased rate of intraoperative cardiac arrest
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[180]. It underscores the importance of individualized, anatomy-specific and hemodynamics-related
treatment planning. It is also important to mention that according to a large retrospective study of
fetal congenital defects involving >2,450,000 pregnancies, congenital VSDs are the type of defects
which displays highest co-incidence with congenital defects in other organs and systems, including
CNS, gastrointestinal, urogenital, and skeletal systems as the most often affected [26].

Table 1. VSD Types: Prevalence, Spontaneous Closure, and Clinical Considerations.

Spontaneous  Surgical

VSD Type Prevalence Closure Indication Associated Risks
Perimembrano 70-80% Moderate Common Aortic regurgitation, heart
us block
R 1
Muscular 5-20% High are (1.m %% Residual defects, arrhythmias
multiple)
Inlet 5-8% Low Common AV valve involvement
Aortic val 1
Outlet 5-7% Low Common ortic valve protapse,
regurgitation

4.2. Surgical approaches to treat VSD

In this subsection, we discuss the following surgical modalities that remain in use for VSD
management [181-183]: a) conventional surgical repair utilizing cardiopulmonary bypass, b)
endovascular (percutaneous) closure techniques, and c) hybrid VSD repair without the use of a heart-
lung machine. All these modalities differ with their basics and implementation but we are not tasked
to discuss thoroughly the features of each modality. However, we mention briefly the historical
evolution of the modalities.

4.2.1. Conventional surgical repair of VSD utilizing cardiopulmonary bypass

In 1948, Gordon Murray was the first who performed VSD closure on a beating heart. To close
the defect, he used a needle carrying a flap of fascia lata to occlude the defect with fascial tissue. This
series included four patients, the youngest being 1 year and 5 months old. Three of the operated
patients survived, while one died due to respiratory failure caused by atelectasis [184]. In 1952,
Charles Bailey employed a similar method for VSD closure, using a pedicled autologous pericardial
patch [185]. Later in 1954, Kay and Zimmerman were the first to perform VSD closure under
hypothermic conditions [186]. Also in 1954, at the University of Minnesota, Lillehei with colleagues
performed the first VSD closure using cross-circulation. The technique involved cannulation of the
internal jugular vein for venous drainage and the common carotid artery for the return of oxygen-
rich arterial blood. The "donor" of oxygenated blood, via femoral artery and great saphenous vein
cannulas, was the patient’s father. Using this method, eight patients were operated on. Five were
under one year of age, and three were between four and five years old. Two patients died but the
mortality rate is likely reflecting the complexity of the procedure and not its technical inadequacy
[187]. Essentially the same approach was implemented by the same surgeons’ team later between
1954 and 1955 on 45 patients, with great proportion of out-hospital survivors: despite eight patients
died in-hospital, only two died during the next 30 years of follow-up [188].

In 1955, at the Mayo Clinic, large VSDs were closed under normothermic conditions using a
mechanical pump-oxygenator with 20% mortality, which was considered a relatively low for that
time [189]. In 1957, Lillehei and colleagues reported the feasibility of VSD closure via atrial access
[190]. Subsequently, Okamoto et al. introduced a method involving hypothermic circulatory arrest
with rewarming using a pump-oxygenator for neonates with VSD [191]. Successful one-stage repair
of VSDs in infants was proposed in the late 1950s by Kirklin et al. at the University of Michigan
[192,193]. However, morbidity and mortality associated with cardiopulmonary bypass in young
children remained relatively high. One-stage repair gained wider acceptance following the
introduction of deep hypothermic circulatory arrest by Barratt-Boyes at Green Lane Hospital in
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Auckland, New Zealand, in 1969 [194,195]. However, normothermic CPB is still widely used;
moreover, a recent meta-analysis provided good evidence that normothermic CPB in pediatric
patients can be considered as safe (or even safer) as hypothermic CPB [196].

Currently, there are numerous surgical open-heart techniques available for the correction of
VSD. Open-heart surgery using cardiopulmonary bypass (CPB) was previously considered the gold
standard for VSD repair [197-199]. This method is effective indeed; however, it carries potential risks
associated with the use of CPB as well as cosmetic-related issues. The sudden cardiac arrest in
patients subjected to another widely used open-heart surgery, coronary artery bypass grafting
(CABQ), is also an important issue. For example, a recent study reported that in a large cohort of
41,450 those patients, 231 suffered the cardiac arrest immediately post-surgery in the ICU or in the
ward conditions, and 41.3% of them died within 30-day interval after the surgery [200].

Technical advancements in last decades significantly improved patient compatibility with CPB.
Nevertheless, the risk of systemic inflammatory response — manifested through edema,
encephalopathy, thrombosis, or air embolism - is still persisting [201]. The post-operative infections
are another critical complication after CPB in pediatric patients, with some reports showing that
nearly half of the patients may develop secondary infection [202]. Next, research indicates that CPB
procedure may impact neurodevelopment, especially motor skills and especially in infants — most
likely due to the systemic stress induced by deeper and/or longer anesthesia [203,204]. The incidence
of neurological outcomes in pediatric patients after CPB may be as high as 25% [205]. Also, the
presence of genetic anomaly is a risk factor for the negative neurodevelopmental outcomes, as it has
been shown in infants aged <9 months at the time of CPB [203]. In addition, postoperative pain due
to full sternotomy and subsequent scar formation remains a significant concern [206,207]. It therefore
has been concluded that the use of CPB in children and in particular in infant patients is a challenging
procedure affecting many physiological systems [205,208].

Vertical right axillary and right anterior mini-thoracotomy (ministernotomy) are approaches
mainly used as a standard approach for closure of ASD while they can also be successfully and safely
utilized for VSD and atrioventricular septal defects [209-212]. The implementation of these
approaches, however, also requires using of cardiopulmonary bypass, so their use in treating VSD
brings increased risks for post-surgery complications. In addition, as discussed in the following
section, these approaches almost always require larger surgical incision compared to hybrid
approach thus making issues related to the cosmetic outcomes of the surgery.

These consequences, which affect patients' quality of life, have prompted researchers to pursue
innovations aimed at improvement. As a result, efforts were initiated to develop interventional
(percutaneous) methods for closing ventricular septal defects.

4.2.2. Percutaneous (transcatheter) approach for VSD closure

Transcatheter approach for closure of VSD is utilized since 1988 when Lock and colleagues
reported the first percutaneous closure of a ventricular septal defect (VSD) in six patients, three of
whom had post-infarction VSDs and three with congenital VSDs. At the time, this approach was
considered an alternative treatment for selected patients [213]. However, the endovascular method
had its own limitations, including various types of arrhythmias, device embolization, and vascular
complications. Nevertheless, with advancements in VSD closure devices, the first percutaneous
closure of a VSD using the Amplatzer occluder was performed in animal models in 1997, followed
by successful application in patients with muscular VSDs since 1998 [214,215].

The percutaneous transcatheter closure was shown to be effective in several clinical studies. For
example, it was feasible in closure of moderate and large perimembraneous VSD, with success rate
of 91.4% in 35 pediatric patients aged approximately 2 years and weighed below 10 kg [216]. Similar
was found in children with weight deficiency where the success rate was reported at 85.7% for the
transcatheter closure of large or moderate perimembraneous VSD; the procedure did not result in
mortality or any major complications during median 20-month follow-up period [217]. The
transcatheter approach using modified Amplatzer Duct Occluder II for closure of small
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perimembraneous VSD was 100% effective and free from major complications in another study,
which involved 49 patients aged between 1.9 and 25 years [218]. A single-center retrospective study
that accumulated long-term data for 75 pediatric patients aged 46-96 months and treated by
percutaneous device closure with different types of devices (Amplatzer, Occlutech, Hyperion, etc.)
showed pooled 95.7% success rate for defect closure within 1 year after the treatment [219]. Another
single-center study retrospectively analyzed long-term outcomes for 149 patients, both children and
adults, diagnosed with muscular or perimembraneous VSD and treated by transcatheter device
closure; again, the devices were different in brands and types [140]. The reported closure rate was
86.2% for median 6-year follow-up period, with only one patient died in the period due to the
treatment procedure. Transcatheter closure was also shown effective in outlet-type VSD, with 100%
success closure and no incidence of complete atrioventricular block (cAVB) [220], and in post-
myocardial infarction ventricular septal rupture [221]. In general, according to systemic reviews on
the effectiveness of transcatheter VSD closure, perimembraneous VSD can be successfully closed
percutaneously in selected patients with limited reports about major negative outcomes like
regurgitation or heart block for at least one month post-treatment [222-224]. Technical and
procedural advancements allow for successful implementation of the transcatheter approach in low-
weight infants, mostly with perimembraneous VSD [225]. According to a large meta-analysis
collecting data from three randomized controlled studies and 24 observational studies (6421 patients
in total), comparison between open-heart surgery, transcatheter closure, and mini-invasive repair of
perimembraneous VSD indicates the superiority of the transcatheter closure regarding the total
duration of procedure, major complications, ICU stay, and in-hospital stay [223].

It is important to note that the entire procedure is performed under continuous fluoroscopic
guidance, and the long-term effects of radiation exposure on various organs of the body remain
insufficiently studied [226,227]. There are still numerous criteria that significantly limit the selection
of suitable patients for this method (while mostly those who have ASD) [118,143,179]. Additionally,
complications such as injury to and regurgitation of the aortic and tricuspid valves have been
reported [228-230], along with a high incidence of atrioventricular block or arrhythmias [224,231-
234]. Further advancements in the approach like a single transradial arterial access may partially
overcome these challenges [235,236]. Also, using softer material for the device decreases the risk of
conduction block issues, e.g. cAVB [178]. However, the feasibility of routine use of percutaneous VSD
closure in small patients (newborns and infants) is still debated — currently it is advised to apply the
method only for selected pediatric patients [227,237,238]. Therefore, despite the numerous reports on
utilization of the method for surgical correction of VSD, some limitations and challenges of the
treatment remain to be present, e.g. in the correction of perimembraneous VSD [239].

4.2.3. Hybrid approach for VSD correction

An alternative approach proposed was the hybrid procedure, known as transventricular or
perivenrticular closure of ventricular septal defect. The term “hybrid procedure,” now commonly
used in cardiology and cardiac surgery, refers to the combination of surgical and interventional
techniques aimed at optimizing the treatment of congenital and acquired heart defects while
minimizing their limitations. It is important to understand the rationale behind the term “hybrid”:
this technique combines some features characteristic for open-heart surgery (e.g. making an incision
in thoracic region while without the use of CPB) and catheter-based surgery to implant an occluder
device.

The initial attempts at hybrid VSD closure did involve the direct use of CPB and employed the
Rashkind double-umbrella occluder. However, the outcomes of these early procedures were
suboptimal, with failure rates ranging from 20 to 40% and mortality rates between 14 and 25% [240-
243]. The first successful implantation of an occluder on a beating heart without CPB was performed
in 1998 by Dr. Amin and his colleagues [244]. In animal-based experimental studies, muscular VSDs
were artificially created in pigs and dogs to advance the technique of VSD closure on a beating heart
without CPB [244-247].
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As technology evolved, self-centering implants became popular, allowing for more flexible
devices to be used. Furthermore, the use of transesophageal or epicardial echocardiography
significantly improved the accuracy of diagnosis and treatment. The first promising studies on hybrid
VSD closure began emerging since the first half of 2000s [248,249]. Moreover, researchers sought
alternative incision techniques for VSD closure. In 2003, Bacha and colleagues reported a case
utilizing a subxiphoid incision, marking the first instance of a muscular VSD being closed without
CPB via this approach [250]. Later, perimembranous VSD closure without CPB was successfully
applied in over 400 patients, aged between 5 months and 15 years, with overall success rate of 96.3%
and ~3% of minor adverse effects like tricuspid valve regurgitation and incomplete right bundle
branch block [251]. Other studies reported success closure rates between 90 and 100% in infants and
children with low weight [252-255]. Of note, the success closure may be below 100% immediately
after the surgery but can eventually achieve this rate, e.g. 6 month later [253].

Based on available published data and our own gathered experience, the average mortality rate
associated with the hybrid approach appears to be lower than that observed with conventional
surgical correction using CPB or with percutaneous transcatheter approach. Often available reports
indicate no mortality within short- and medium-term periods. For example, in a small cohort of 30
pediatric patients (all with non-muscular VSDs, aged <3 years or weighed <15 kg), no peri- or post-
mortality was observed during a 6-month period [252]. The hybrid approach was applied to another
small cohort of infants aged <1 year with large apical muscular VSD of mean size 8.5 mm — no fatal
cases during 36-month follow-up were reported as well [256]. In fact, many other case reports, case-
series reports, and large retrospective analyzes also provide data indicating no mortality in hybrid
method for VSD closure, in patients of different ages — from neonates to adults [254,257-259]. In
patients with post-myocardial infarction VSDs, the early mortality was substantially higher in open-
heart surgery group with CPB; however, the 1-year mortality was similar in these groups [260]. Our
own data accumulated on 500 pediatric patients subjected either to hybrid or conventional open-
heart surgery — 250 in each group — indicated much lower in-hospital mortality for hybrid approach
(0.43% for all-age mixed data) vs. traditional open-heart surgery with CPB (1.5%) [261]. However,
there is still the need to accumulate long-term results for survival rates and, in particular, for any
delayed unfavorable effects including neurological and developmental disorders.

Indeed, it is well known that the left ventricular (LV) function in most cases is compromised
immediately after VSD repair as well as in short-term period [262,263]. Moreover, in middle- or long-
term periods, the LV function may restore incompletely yet. For instance, a clinical study involving
infants younger or slightly older than 6 months (in total 104 patients) showed that the post-operative
LV dysfunction was observed in 38% of the patients and that the recovery of LV contractility requires
~9 months [264]. Similar estimates were obtained in another study, where pediatric patients with pre-
operative LV dilation and aged below one year needed approximately 12 months to recover their LV
function to the pre-surgery baseline [265]. It has also been found that the elevated pre-operative
internal dimension of the LV is a risk factor for either the post-operative LV dysfunction occurrence
or the prolonged recovery in LV contractility [263]. The negative post-surgery outcomes may relate
not only to the LV ejection fraction (LVEF, used as a standardized functional measure of pumping
function of the ventricle) but also its mechanical deformability measures even in the case of normal
LVEF values [266]. On the other hand, these reports mostly concern the patients treated by
conventional surgery with CPB, with in general much longer anesthesia and operation time. Yet,
comparing the conventional open-heart surgery and transcatheter device closure within a single
study revealed eventual recovery of LV function in both groups despite more pronounced decrease
in LV function was detected in those subjected to open-heart surgery [267]. Of note, substantial
decrease in LV function is of especial issue in small children despite if are treated for small defects
[268].

Additionally, right ventricular dysfunction after surgical repair was reported with a variable
frequency [269,270], whereas no right ventricular dysfunction was observed following the hybrid
procedure [271,272]. Although long-term studies on the hybrid method are still lacking and some
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show single cases of serious adverse effects like cAVB [178,273], short-term data indicate that serious
postoperative functional complications are rare. Furthermore, when treatment is conducted in early
childhood, the patients appears to have normal LV function, i.e. comparable to that of healthy
individuals [274].

Perventricular VSD device closure is mostly used in patients with muscular VSD [252,253]. Also,
it has been validated as a safe approach in complex muscular VSD in infants [Karimi et al. 2012].
Moreover, perventricular approach has been reported as a successful approach for closure of
perimembranous or doubly committed VSDs [199,254,276,277]. In infants and patients with low
weight, a subxiphoid perventricular approach via small incision was found a successful treatment in
~90% of patients (n=17), including the closure of muscular and perimembraneous VSD [278]. In
another study with 21 individuals including seven neonates, no post-operative mortality, morbidity,
need for reoperation, and functional consequences were reported after perventricular hybrid
approach [279]. A larger cohort of 59 patients, mostly with perimembraneous VSD, was treated by
periventricular approach with the overall success closure of 97% and only one post-operative major
complication [254]. Others report similar very good outcomes for perimembraneous, muscular, and
subaortic VSD in infants, with no observed late rthythm disturbances or other complications [199].
Small infants with large defects and patients with insufficient venous access are the selected patients
for perventricular hybrid approach, including muscular VSDs [276,280]. In addition, hybrid
perventricular transcatheter approach may be successfully performed in patients with apical VSD
developed after myocardial infarction, with much better in-hospital survival compared to traditional
surgery [260].

Besides in general better values for mortality and post-surgery complications, the hybrid
approach also has advantages in its shorter in-operation duration and overall cost-effectiveness.
Many reports show that the procedural duration is nearly twice shorter in hybrid vs. traditional
surgery [208,257,261,277,281]. Mini-invasive surgical treatments in pediatric patients, in particular
with congenital heart defects, continue developing, and further assessments in safety, outcomes, and
long-term efficacy (evaluated by care-related costs, everyday activity, etc.) will be accumulated [282].

5. Procedural and technical aspects of hybrid approach in treating ventricular
septal defects

The hybrid approach to ventricular septal defect closure integrates surgical exposure with
interventional devices on a beating heart, eliminating the need for cardiopulmonary bypass. The
procedure is conducted wunder general anesthesia with continuous transesophageal
echocardiographic (TEE) guidance. The primary procedural steps are outlined below and illustrated
in Figures 1-7.

5.1. Surgical Steps of the Hybrid Ventricular Septal Defect Closure Technique

Although many VSDs have a favorable prognosis, the clinical course is strongly influenced by
defect size, subtype, and hemodynamic burden (Table 1). Large perimembranous or outlet defects
are associated with progressive cardiac dysfunction, increased risk of endocarditis, and early
development of pulmonary hypertension if untreated [130,176]. Conversely, small muscular defects
are typically benign and often resolve spontaneously. Despite the predominance of perimembranous
VSDs among diagnosed cases, muscular VSDs may account for a disproportionately higher part of
interventional procedures due to their multiplicity or complexity. Furthermore, many
perimembranous defects are hemodynamically insignificant and may not require intervention.

Step 1: Preoperative Assessment

Preoperative TEE is essential for accurate assessment of VSD size, location, and morphology,
with special attention to any associated valvular abnormalities (Figure 1). Based on this evaluation,
an appropriate occluder device is selected — typically symmetric, asymmetric, eccentric, or muscular
types — tailored to the defect anatomy.
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PATT: 37.0C
TEE T< 37.0C

Paccr 0.46 cm

Figure 1. Short-axis view of ventricular septal defect by transesophageal echocardiography (TEE). The arrow

points to the ventricular septal defect and shows its approximate size.

Step 2: Surgical Access

A 2-4 cm inferior median sternotomy is performed, followed by a pericardiotomy to expose the
anterior free wall of the right ventricle (RV). For subarterial VSDs, an anterior parasternal incision
may be used as an alternative approach (Figure 2).

Figure 2. Typical surgical wound size in the hybrid method.

Step 3: Right Ventricular Puncture

Under real-time TEE monitoring, the optimal puncture site on the RV free wall is identified
(Figure 3A,B). A purse-string suture is placed around the selected site, and a trocar or 6F needle is
utilized to puncture the RV wall.
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Figure 3. Methods for determining the right location for right ventricular puncture. (A) Using the right index
finger, the operator identifies the approximate puncture site under transesophageal echocardiographic (TEE)
guidance. (B) With the left hand, the surgeon uses forceps to stabilize the right ventricular myocardium; with
the right hand, forceps are used to identify the optimal puncture site and direction.

Step 4: Guidewire and Sheath Insertion

A 0.035-inch guidewire is introduced into the RV and passed across the VSD into the left
ventricle (LV). The trocar is then removed, and a delivery sheath is advanced over the guidewire into
the LV cavity (Figure 4).

Figure 4. Installation of a guidewire and dilator. (A) The surgeon advances the dilator with stylet over the
guidewire, passing it through the anterior wall of the right ventricle (RV) and across the ventricular septal defect
(VSD), while the assistant holds the myocardium near the purse-string suture to stabilize the area. (B) As soon
as the dilator advances over the guidewire into the left ventricular (LV) cavity, the surgeon releases the

myocardium and removes the stylet along with the guidewire, while the assistant maintains the same position.

Step 5: Device Deployment

With the heart beating and under continuous TEE guidance, the occluder device is delivered
through the loading sheath (Figure 5). The left ventricular disc is deployed first against the
interventricular septum, followed by deployment of the right ventricular disc, achieving secure
closure of the VSD.
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Figure 5. The delivery system is connected to the loader (A-B), then the occluder is opened (C), and then the

pusher is disconnected (D).

Step 6: Post-deployment Assessment

After successful device release, intraoperative TEE is used to evaluate for residual shunts, device
position, and potential complications such as aortic or tricuspid regurgitation (Figure 6). Special
attention is given to detecting conduction abnormalities such as atrioventricular block. If significant
residual shunting (>2 mm), new-onset valve dysfunction, or conduction disturbances are observed,
conversion to conventional on-pump surgery may be required. The delivery system is detached only
after favorable transesophageal echocardiography (TEE) findings — no residual shunt across the
ventricular septum, preserved aortic and tricuspid valve function, and absence of rhythm or
conduction disturbances. A safety suture remains in place and is exteriorized through the purse-
string suture. After securing the purse-string, TEE is repeated to reassess the heart. The safety suture
is then shortened, the knot is tied, and the sternotomy is closed (Figure 7A,B). Hemostasis is verified,
and protamine sulfate is administered if needed. In primary procedures, stainless steel wires are not
used for sternal closure, whereas in reoperations, they are applied. If indicated, epicardial pacing
wires are placed. Standard pericardial drainage is maintained for 24 hours (Figure 7C,D).

Figure 6. Muscular occluder installed (B-long-axis view). The arrow shows the opening of the left and right

occluder discs.
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This algorithm provides the optimal level of automation and control of unnecessary movements,
which allows minimizing trauma and reducing the total duration of the surgical procedure. This
sequence of actions is based on our eight years of experience and vision of the operation, which, in
turn, has demonstrated high efficiency.

Figure 7. Tying a purse-string suture (A), then removing the safety thread (B), and then draining and preparing
the wound for suturing (C,D).

5.2. Device delivery approaches

An occluding device can be delivered either directly to the ventricle via a small incision on the
heart’s chamber or via a large vessel like femoral vein using catheter-based delivery system.

The system consists of: i) the VSD occluder, designed to connect to the delivery cable via a screw
mechanism, ii) the guidewire, used to advance the devices into the desired position (Figure 8B), iii)
the dilator, which facilitates penetration through tissue and the vessel wall, iv) the hemostatic valve,
which minimizes bleeding, and includes a side port with a flexible extension tube and a stopcock
used for flushing the system (Figure 8A), v) the loading sheath (loader), which is used to introduce
the occluder, attached to the delivery cable, into the introducer (Figure 8D), and vi) the delivery
sheath with plastic torque control (Figure 8C). The delivery sheath is used to advance the occluder
through the introducer and hold it in place while the introducer is retracted to deploy the occluder
or retrieve it if its size, position, or deployment is deemed unsatisfactory. The plastic torque device,
screwed onto the proximal end of the delivery cable, facilitates directional control and serves as a
handle for detaching the delivery system from the occluder.

Figure 8. Delivery system: a — trocar, b — guidewire, c — delivery sheath and dilator, d — loading sheath with a

muscular occluder.
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5.3. The types of device used to close VSD

The occluder devices used for VSD closure may have different shapes and sizes (Figure 9). The
most common types of occluder used in VSD closure are concentric and eccentric. Generally, the
former type is used more frequent compared to the latter. For example, the concentric type was used
in >70% of devices while eccentric type was set up in just 25.6% cases of <1 year old infants with
muscular and perimembraneous VSD [283]. Special types of occluder can also be used but its
prevalence has been reported as low as 5% of total number of occluders [283]. Typically, the size of
VSD occluder is 2-3 mm larger than the diameter of the VSD (the waist of the occluder corresponds
to the VSD diameter) [284]. Transcatheter implants have unique material properties, including shape
memory. Therefore, the devices for the closure of VSD, ASD, and PDA are pre-shaped according to
the individual anatomical features. Importantly, these devices can be compacted, delivered through
catheters, and deployed intracardially, where they resume their intended shape.

A B . C D

@

Figure 9. Types of occluders used for VSD closure (Cera Occluders, LifeTech Scientific Co). (A) Muscular
occluder. (B) Symmetric occluder. (C) Asymmetric occluder. (D) Eccentric occlude. (Adapted with permission
from [260]).

According to many available reports, the most used VSD occluder in perventricular approach is
Amplatzer Muscular VSD Occlude device [276]. This device is a self-expandable double-sided disc
made of nitrinol wire mesh and polyester, which provides tight deployment at the site of defect as
well as provides a space for surrounding tissue to grow inside the device. Older versions of
Amplatzer closure devices for perimembraneous VSD are not used now in some countries like the
U.S. due to the high risk of complete heart block; however, they are widely used in other countries
[285]. Currently widely used essential analogues of Amplatzer occluders include Konar MFO
[119,286-288] and MemoPart™ [199,281,289]. Moreover, the off-label use of different variants of
Amplatzer or Amplatzer-like devices specifically in the closure of VSD was shown to be feasible in
selected patients. The examples include closure of perimembraneous VSD [218,290-292] or
subarterial VSD [293] by Amplatzer Duct occluders (ADO II and ADO I, generally used for PDA
closure) and closure of perimembraneous VSD by Amplatzer Vascular Plug II [294,295]. Of
importance, the off-label use of the occluder devices results in fair good success rate, according to
these reports. In some reports, it has been shown that the use of duct occluders instead of original
VSD occluder can bring more safety as it allows for avoiding cAVB [290]. In addition, compared to
the conceptually different and widely used type of occluding device — Nit-Occlud Lé VSD Coil - the
Amplatzer and Amplatzer-like duct occluders show somewhat better occlusion success rate
[296,297]. For example, a comparative study showed that six month after the occlusion procedure,
the complete occlusion was remarkably higher, although non-significantly, in the group with duct
occluders compared to the coil group — 91.3% vs. 84.1%, respectively [296].

A novel transcatheter device occluder, LifeTech™ Multifunctional Occluder (also known as
Konar-MFO), was introduced several years ago as a promising closure device for muscular VSD [258].
It has recently been evaluated for its safety in terms of avoiding intra- or post-operative
atrioventricular blockage [288]. The meta-analysis thoroughly compared 19 studies which used this
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device and it was found that the overall success rate was >94%, with cAVB reported in only 2.3% of
followed-up patients. In a recent clinical study, percutaneous closure of muscular or
perimembraneous VSDs by Konar-MFO was implemented in 151 patients, with 98.7% of total success
rate in the closure; however, in 3.3% of the patients there were observed rhythm disturbances [119].
Slightly lower success rate, 93% in 57 patients subjected to percutaneous VSD closure by Konar-MFO,
was reported in another clinical study but no complications related to rhythm disturbance were
observed within a 6-month follow-up [287]. Only one case of complete heart block was reported in a
clinical study on 98 patients (mostly pediatric) with perimembraneous and muscular VSD subjected
to Konar MFO device deployment, whereas the overall success of the procedure was 98% [285]. A
smaller set of five patients with perimembraneous VSD and aged <12 months was surgically repaired
by Konar-MFO, and no electric block of the heart was observed during 15-month follow up [2].
Importantly, the feasibility of Konar-MFO has recently been demonstrated in low-weight infants
(below 10 kg), with procedural advancement where no arterial access and transesophageal
echocardiographic guidance were necessary and only venous route was used for catheterization
[225]. However, the lack of long-term follow-up observations still exists, and there are some reports
about adverse events after using Konar-MFO as late as 20 months post-surgery; on the other hand,
this case was about a transcatheter device closure of perimembraneous VSD [298].

The effectiveness of Konar-MFO was directly compared to the commonly used Amplatzer Duct
Occluder II device: long-term outcomes for 33 vs. 44 patients were analyzed, respectively [286]. There
was no reported permanently persisting heart conduction block or death in both groups, and the
freedom from post-operative complications was high and comparable between these devices. On the
other hand, some studies indicate that the Konar MFO device is more frequently used in larger VSD.
According to available comparative studies for these two devices, the difference in average or median
defect sizes may be as high as 2.5 mm [286,299]. There are several ongoing studies which continue
accumulating data about the safety of Konar-MFO and long-term outcomes for post-treatment
complications [178].

Another novel device - Cocoon Membranous VSD Occluder — has recently been introduced into
clinical practice and it is currently utilized for correction of perimembraneous VSDs. This is a
symmetric fabric-reinforced double-disc device made of nitrinol designed for compact closure of a
defect [300]. Preliminary reports were concerning its feasibility in pediatric and/or adult patients with
VSD [301] including post-operative defects [302]. In recent studies, the effectiveness and the
prevalence in use of Cocoon duct occluder has been evaluated against other types of occluders. For
example, it was revealed that Cocoon duct occlude is the most prevalently used device in India for
closure of perimembraneous VSDs [292]. However, early reports show that the implanting by this
type of device may be accompanied by adverse effects including leakage and incomplete conduction
block [301]. It is therefore needed to gather additional data on the safety and effectiveness of Coccon
devices in further studies.

In our center, we use the occluder CeraTM Occluder, LifeTech Scientific Co., China. It is a self-
expandable, double-disc device crafted from nitinol wire mesh. The two discs are interconnected by
a short cylindrical waist tailored to match the size of the VSD. Both the discs and the waist feature
polytetrafluoroethylene (PTFE) membranes securely sewn to the device using nylon threads (Figure
10). It has been shown in early studies that CeraTM septal occluders are safe and give good alternative
to the Amplatzer devices in treating ASD via transcatheter approach [303]. More recent study with
>200 patients revealed that both CeraTM and CeraFlexTM occluders provide excellent ASD closure
success with reliable safety and minimal occurrence of major/serious adverse complications [304].
The CeraTM occluders were found effective for PDA closure as well [305]. Nevertheless, similar to
Cocoon occluder devices, there are ongoing studies needed for further verification of long-term safety
of this type of device.
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Figure 10. Types of occluders and delivery system components. (A) Eccentric (asymmetric, a) and muscular
(symmetric, b) occluders. (B) The identical delivery systems with attached asymmetric (top, a) or symmetric

(bottom, b) occluder.

6. Advantages and limitations of hybrid approach for VSD closure

Here we describe most important advantages and limitations when using hybrid approach vs.
traditional open heart surgery. Despite the prominently successful implementation of hybrid closure
in most of reported studies, one should note that it is generally applicable with most success on
selected patients.

Probably the most advantageous thing is that hybrid approach is performing on beating heart
(also known as off-pump coronary artery bypass grafting), i.e. without the need for cardiopulmonary
bypass [306]. Another important advantage of hybrid closure is its feasibility in very small patients,
often weeks or even days old [118]. Indeed, the hybrid approach has demonstrated good applicability
and feasibility in neonates and infants aged <1 year, according to several clinical studies [278,279].
Perventricular hybrid approach is especially effective in small infants with large defects or in those
patients with insufficient access through vasculature [276,307]. Third, the overall duration of the
hybrid treatment surgery is substantially shorter compared to conventional surgery. Thus, some
studies reported two-to-three times shorter mean procedural duration as well as anesthesia duration
for hybrid vs. conventional approaches [208,257,281]. Inevitably, this also results in shorter in-
hospital stay [277].

In general, the success of hybrid approach to close the ventricular septal defect(s) has been
confirmed high, giving the overall post-operative success rate at around 95% or more with 5% of
complications or less [308]. For example, in a study embraced over 440 pediatric patients aged in
average below 1 year, the success closure achieved >96% with no reported deaths or major
complications [283]. Similarly, 96.6% of success closure was reported in total of 320 pediatric patients
aged between 1 and 3 years and subjected to the perventricular device closure [281]. Even large
muscular VSDs can be effectively closed by hybrid approach via percutaneous approach [309].

Within a 5-year period, the complete closure of the defect(s) occurred in 98.6% of the patients,
according to a multi-center study [310]. In few cases where the initial percutaneous closure gave
incomplete effect, the second hybrid approach can be effective [302]. However, some certain types of
heart defects like Swiss cheese VSD may require alternative approaches if the percutaneous device
closure has failed [311].

Better psychological outcome in patients subjected to mini-invasive hybrid approach, as
compared to those treated by conventional surgical methods, is also a definitive advantage [312]. The
minimization of cosmetic defects due to the diminished size of the surgical scar, as well as the
unnecessity of cardiopulmonary bypass in the hybrid approach are the most important outcomes
[306].

Among the limitations, fails in closure and rhythm disturbances are the main issues of hybrid
approach. It has been shown that the failure rate is somewhat higher for muscular VSD than for
perimembranous VSD, with major complications of 5.3% vs. 1.2%, respectively [127]. This study also
reported 1.6% rate for occurrence of cAVB after hybrid approach. Another study, in which
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complications were counted in patients subjected to the hybrid approach (interventional VSD
closure) between 1993 and 2015 in a single center, demonstrated even lower complication rate, with
only 0.7% for cAVB [140]. Transcatheter closure of perimembraneous VSD may result in arrhythmias
approximately in 25% cases, according to the study on 395 pediatric patients with median age of 4
years [313]. However, similar cohort (320 patients) in another study did not demonstrate any rhythm
disturbances or impairments of conduction system [281]. The brand of the closure device is unlikely
affects the outcomes. For example, nearly similar occurrence of cAVB in ~1-year old patients was
reported in the case of Amplatzer Duct Occluder II (ADO II) and Konar MFO, where each subgroup
contained one such case (4.5% and 3.3% of total number of patients, respectively) [299]. In another
study on 77 pediatric patients with median age of 4.3 years, there were no occurrence of permanent
conduction block in the heart or other surgery-related complications if the patients were treated either
by ADO II or by Konar MFO [286]. In general, it might be concluded that the incidence of delayed
cAVB is even lower in hybrid setting compared to transcatheter percutaneous closure, despite the
inevitable risk of such complication [273].

It should also be noted that the limiting factor for wider use of hybrid approach is the lack of
standardized protocols resulting in sometimes individualized decisions often based on the actual
experience present in a clinic and patient-specific symptoms and anatomical findings [273,314]. Other
issues include further need for analysis of long-term outcomes of the hybrid approaches, in particular
in regard to the risk of cAVB [273] and especially in patients with neuropsychological comorbidities
[315]. However, many large scale comparative studies did confirm that the hybrid approach is safer
and more efficient compared to both traditional open-heart surgery and transcatheter percutaneous
closure [277,316].

The annual (or, better, decade-based) rate of published papers concerning the hybrid approach
remains high from 2000s, and the available data show that this approach is effective in the treatment
of various VSD, mostly perimembranous and muscular [117,309]. However, regional discrepancies
in the using this approach do exist. For example, in the U.S. there are no FDA-approved occluders
for transmyocardial (perventricular) closure of VSD (while Amplatzer Septal Occluder is FDA-
approved device for ASD closure). Accordingly, there are few reports from the U.S. about
perventricular closure with hybrid approach, mostly reporting extending corrective measures in
adult patients previously subjected to the VSD correction [317]. Similarly, limited reports are
available from some other countries and regions including European countries [318,319] and Japan
[260]; if applied there, it is mostly used in adult patients. In contrast, the VSD occluder device for
perventricular closure in hybrid setting under video-assisting guidance (via TTE) is widely used in
China, especially for pediatric patients with CHD and especially in recent years
[117,208,257,273,316,320,321]. Several reports and case series were published which show that the
hybrid approach is used for newborn, infant, and early childhood patients in Russia [281,289,322],
Middle East [199], and Central East [65,261].

7. Future prospects in using hybrid approach for VSD closure

The hybrid approach to ventricular septal defect (VSD) closure continues to evolve as an
effective strategy that bridges the gap between open-heart surgery and transcatheter interventions
[178,276,323]. While current data demonstrate its feasibility and short-term safety in selected cases,
future advancements and broader clinical integration depend on several key developments:

1) Refinement of patient selection criteria through evidence-based protocols will be crucial.
Ongoing accumulation of clinical experience and real-world data will enable more precise
stratification of patients based on anatomical characteristics, age, comorbidities, and risk factors,
ensuring optimal outcomes and minimizing complications such as arrhythmias and device
embolization. Also, the increasing interest to genotyping diagnosed CHD (in particular, VSD) may
lead to better outcome of hybrid treatment in terms of better closure and diminished reopening,
especially if preoperative genetic mapping would be available [324].
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2) Technological advancements in occluder device design are expected to enhance procedural
success and reduce device-related complications. Innovations aimed at improving anchoring
mechanisms, biocompatibility, and retrievability may further increase the safety profile of the hybrid
method, especially in infants and young children.

3) Integration of imaging technologies, including real-time 3D transesophageal
echocardiography and intraoperative navigation systems, may improve accuracy in device
placement, reduce intraoperative time, and further minimize myocardial trauma.

4) Developing standardized hybrid protocols and surgeon training programs will be vital for
widespread adoption. Given the multidisciplinary nature of the procedure requiring both surgical
and interventional expertise, centers of excellence with dedicated hybrid teams will play a pivotal
role in training and outcome benchmarking.

5) Long-term follow-up studies and multicenter clinical trials are essential to assess durability,
functional outcomes, and the incidence of late complications such as cAVB [178,273]. These data will
provide the scientific foundation necessary for formal incorporation of the hybrid approach into VSD
management guidelines.

The progression and evolution of surgical treatment for CHD over the time led to significant
decline in overall mortality as well as to the improvement of quality of life of the survived patients
[5,88,325]. However, the reported post-operative mortality rates for surgical treatment of pooled
types of CHD remain significantly higher in the low- and middle-income countries compared to the
high-income countries with well-developed healthcare programs [5,10,13,33,326,327]. (Note that this
applies only for those countries/regions where the appropriate level of instrumental diagnostics and
medical expertize are available, as the lack of diagnostic tools may result in the inadequately low
prevalence rates as well as CHD-related mortality rates, for example, in some reports from South
America and Africa [10,38,39].) This great challenge stimulates using more advanced but also less
invasive surgical methods in the countries with insufficiently low reported mortality rates after CHD
correction, as well as further global and national efforts in the development of pediatric healthcare
system to reduce the burden of CHD [11]. Among other advancements, the hybrid technique holds
considerable promise as a less invasive yet highly effective modality for VSD closure. With continued
innovation and rigorous clinical validation, it may eventually become a standard of care for selected
patients.
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ADO Amplatzer Duct Occluder
ASD Atrial Septal Defect
CABG Coronary Artery Bypass Grafting
cAVB complete Atrio-Ventricular Block
CHD Congenital Heart Defect
CPB CardioPulmonary Bypass
LV Left Ventricle
LVEF Left Ventricular Ejection Fraction
PDA Patent Ductus Arteriosus
RV Right Ventricle
TEE Trans-Esophageal Echocardiographic (guidance)
VSD Ventricular Septal Defect
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