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A b s t r a c t

Fetal cardiac interventions for congenital heart diseases may alleviate heart dysfunction, prevent them evolving into hypoplastic 
left heart syndrome, achieve biventricular outcome and improve fetal survival. Candidates for clinical fetal cardiac interventions 
are now restricted to cases of critical aortic valve stenosis with evolving hypoplastic left heart syndrome, pulmonary atresia with 
an intact ventricular septum and evolving hypoplastic right heart syndrome, and hypoplastic left heart syndrome with an intact or 
highly restrictive atrial septum as well as fetal heart block. The therapeutic options are advocated as prenatal aortic valvuloplasty, 
pulmonary valvuloplasty, creation of interatrial communication and fetal cardiac pacing. Experimental research on fetal cardiac 
intervention involves technical modifications of catheter-based cardiac clinical interventions and open fetal cardiac bypass that 
cannot be applied in human fetuses for the time being. Clinical fetal cardiac interventions are plausible for midgestation fetuses 
with the above-mentioned congenital heart defects. The technical success, biventricular outcome and fetal survival are continuously 
being improved in the conditions of the sophisticated multidisciplinary team, equipment, techniques and postnatal care. Experi-
mental research is laying the foundations and may open new fields for catheter-based clinical techniques. In the present article, the 
clinical therapeutic options and experimental fetal cardiac interventions are described.
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Introduction
Fetuses with congenital heart defects (CHDs), such 

as hypoplastic left heart syndrome (HLHS), may develop 
irreversible pathological changes in the cardiovascular 
system and they may lose the opportunity for a radical 
surgical repair [1]. Intrauterine death or spontaneous 
abortion is possible in these fetuses due to postplacental 
hypoxia in the presence of complex CHDs [2]. The ear-
ly relief of heart obstructions may promote ventricular 
and vascular growth and improve postnatal outcomes 
[3]. In the early years, postnatal intervention had to be 
adopted even with a prenatal diagnosis because of the 
unavailability of fetal echocardiography [4]. Nowadays, 
the advent of diagnostic tools, such as echocardiogra-
phy, electrocardiography and magnetocardiography for 
fetal CHDs, has made prenatal diagnosis feasible [5]. At 
the end of the 1980s, four-chamber view echocardiogra-
phy became an integral part of fetal cardiac evaluations 
[6], but in some instances it could not properly display 

the fetal anatomy with acceptable visualization [7, 8]. In 
the early 1990s, the introduction of color flow imaging 
allowed for a better understanding of the pathophysiol-
ogy of fetal CHDs [9]. Subsequently, noninvasive medical 
imaging techniques gained popularity in the diagnosis 
of these defects [10]. Nowadays, the diagnosis of fetal 
CHDs is possible at midgestation during 18–24 gesta-
tional weeks [11] or even 12–14 gestational weeks [12]; 
however, echocardiographic evaluations of fetal CHDs 
during early (< 20 weeks) or late (> 34 weeks) gestation 
can sometimes be problematic due to the poor quality of 
the medical imaging or maternal obesity [11]. 

The earliest reported human fetal cardiac therapy 
was in 1975 and involved the maternal-fetal transpla-
cental administration of a β-blocker in the setting of fetal 
ventricular tachyarrhythmia [13]. The first open intra-
uterine cardiac procedure was performed a decade later 
in 1986 with the insertion of a pacemaker for complete 
heart block [14]. Successful fetal balloon valvuloplasty 
for aortic stenosis (AS) was first reported in 1989 [15]. 
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Experimental studies on animal models that explore 
the pathophysiology and attempt to understand the na-
ture, history and possible therapeutic outcomes of fetal 
CHDs provide valuable knowledge necessary for clinical 
practice [16]. In humans, fetal cardiac interventions are 
typically catheter-based interventional techniques, and 
open fetal cardiac interventions represent a challenging 
issue due to the limitation of fetal bypass technique 
[17]. The present article aims to present the therapeutic 
options of clinical and experimental fetal cardiac inter-
ventions.

Clinical fetal cardiac intervention
Candidates
Prenatally diagnosed CHDs, including critical AS 

(1.6%), pulmonary atresia with intact ventricular sep-
tum (1.9%), and severe pulmonary valve stenosis (1.5%), 
may warrant intrauterine interventions [18]. Dietzel [19] 
confirmed that those with critical AS with evolving HLHS, 
pulmonary atresia with an intact ventricular septum and 
evolving hypoplastic right heart syndrome, and HLHS 
with an intact or highly restrictive atrial septum are good 
candidates for fetal cardiac interventions. Candidates 
for minimally invasive techniques (percutaneous access, 
only one cardiac puncture and placental avoidance) who 
are free of complications (fetal bradycardia, effusions 
and thrombus) are also ideal targets for fetal interven-
tional techniques [20].

Intrauterine balloon aortic valvuloplasty
Fetal left ventricular outflow obstruction with signifi-

cant reduced flow through the left heart system can prog-
ress into HLHS [21]. This phenomenon has been verified 
by experimental studies on left ventricular inflow or out-
flow obstruction in midgestational fetal lambs [22]. Clin-
ical observations showed that all 17 of 43 fetuses that 
progressed into HLHS had a retrograde flow in the trans-
verse aortic arch. In addition, 88% had a left-to-right flow 
across the foramen ovale, 91% had a monophasic mitral 
inflow, and 94% had significant left ventricular dysfunc-
tion. However, all six fetuses with postnatal biventricular 
circulation had an antegrade flow in the transverse aortic 
arch, a biphasic mitral inflow and normal left ventricular 
function [23].

The entry criteria for prenatal critical AS intervention 
are severe AS or atresia with severe left ventricular dys-
function along with a  left ventricular length of ≥ 2 SDs 
below the mean for gestational age at diagnosis. The tim-
ing of the intervention is critical because of the rapid pro-
gression within weeks to left ventricular growth failure 
due to either the development of the phenotype of HLHS 
or substantial damage of the left ventricle (LV) that is 
unsuitable to support the systemic circulation [24]. Fetal 
AS associated with a dilated LV, and a mitral valve with 
a Z score of ≥ –2.4 is considered to be suitable for fetal 

intervention [25]. Mitral valve disease with mitral steno-
sis and regurgitation often coexists with AS. If the aortic 
valve has a sufficient orifice at an early stage before the 
left ventricle is severely damaged, it is possible to im-
prove the mitral valve and LV growth speeds so that the 
child may have postnatal biventricular circulation [26].

Fetal cardiac intervention for severe AS was first 
reported by Maxwell et al. [15] in 1991 when they per-
formed percutaneous balloon aortic valvuloplasty on two 
fetuses. The procedural frustration in a 28-week-old fe-
tus was attributed to the failure of the guidewire to pass 
through the aortic valve, but aortic valve intervention 
was successful in a 33-week-old fetus. In the developed 
countries, fetal CHDs can be diagnosed by echocardiogra-
phy at midgestation (16–24 gestational weeks), and the 
fetal cardiac intervention can be advanced to 20–26 ges-
tational weeks, which is known as the “window stage” 
of fetal cardiac intervention. Prior to 2000, fetal cardi-
ac intervention was usually carried out at 27–33 ges-
tational weeks [27], whereas the intervention has been 
performed at 21–29 gestational weeks since 2004 [24]. 
Arzt et al. [28] performed 24 aortic valvuloplasties on  
23 fetuses with a  critical AS at gestational week 26 
(range: 21–32), and they achieved a  technical success 
rate of 66.7% and a  biventricular repair rate of 66.7%. 
Recently, Goldstein et al. [29] introduced the standard 
Primewire PRESTIGE coronary guidewire (Volcano Corp., 
San Diego, CA, USA) into fetal aortic valvuloplasty. This 
can be smoothly inserted into the LV across the severely 
stenotic aortic valve, leading to an immediate aortic pres-
sure drop after the intervention in their cases. Selamet  
et al. [30] also determined that there was an improve-
ment in the left heart physiology in most cases after 
performing the intervention using this guidewire. They 
noted an increased biphasic mitral inflow and a  great-
er bidirectional flow across the patent foramen ovale as 
well as a higher antegrade flow in the transverse arch. 
Furthermore, mitral regurgitation was alleviated when 
this device was used in the valvuloplasty procedure. The 
procedure of fetal aortic balloon valvuloplasty is illustrat-
ed in Figure 1.

Fetuses with critical semilunar valvular obstruction 
may benefit from timely cardiac interventions aiming at 
promoting ventricular growth and function, preventing 
intrauterine death and increasing survival [27]. In the 
early years, fetal cardiac interventions showed poor out-
comes, probably related to poor ultrasonographic imag-
ing, limitations of equipment availability and poor fetal 
conditions [31]. Kohl et al. [27] stated that poor outcomes 
were attributed to the selection of severe cases and 
technical problems during the procedure. Currently, the 
technical success of fetal cardiac interventions has been 
associated with significantly increased postnatal biven-
tricular outcomes, evading subsequent postnatal pallia-
tion or cardiac transplant procedures [32]. Therefore, im-
proved patient selection and technical innovations when 
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interventional methods are applied are emphasized. The 
success rate of intrauterine aortic valvuloplasty for AS 
depends on the patient’s cardiac structural pathology as 
well as the sophistication of the devices and equipment 
used in the procedure and the experience of the operat-
ing team. In their study, Tworetzky et al. [24] had a suc-
cess rate of 81% of fetuses at 21–26 gestational weeks, 
and Gül et al. [33] determined that the mortality and 
morbidity of fetal AS primarily depend on technical er-
rors. However, they also noted that the hemodynamic ef-
fects of AS along with the adaptation, development and 
function of the LV during fetal life play a  role. Multiple 
single ventricle and biventricular management strategies 
can be available for patients with critical left ventricular 
outflow tract obstruction, but all carry a significant risk 
of death and require further interventions in the future 
[34]. In patients with development of borderline left ven-
tricular structures, it is difficult to make a  decision on 
which of the single and biventricular repair options is 
optimal, but potential for growth of the aorta and left 
ventricle should be carefully evaluated before a  biven-
tricular repair procedure is applied [35]. The long-term 
benefits and quality of life of patients relating to these 
choices of treatments remain unknown [34]. In cases 
with better growth of the aortic valve without the possi-
bility of performing biventricular correction, the patient 
may develop heart functional impairment easily and may 
lose the chance of further intervention. McElhinney et al. 
[36] presented the largest study population and provided 
a  very useful guideline for the management of a  fetus 
with HLHS. Comparisons of postnatal biventricular with 
univentricular outcome after intrauterine aortic valvu-
loplasty revealed that Z scores of the aortic annulus, as-
cending aorta and left ventricle long-axis dimensions, left 
ventricle sphericity and high left ventricle pressure were 
significant predictors of the postnatal outcome. Fetuses 
with a biventricular outcome had a significantly higher 
left ventricle length Z-score and a  significantly higher 
left ventricle/right ventricle ratio. The biventricular group 
newborns had only aortic valve balloon dilation in the 
first postnatal week, without requiring further surgery. 
Their adequate left ventricular function after interven-
tion rendered them free of prostaglandin treatment [28]. 
Patients who were initially managed with a univentric-
ular palliative strategy and converted to a biventricular 
circulation after initial univentricular palliation carried 
a much higher incidence of morbidity, worse survival and 
more cardiac deaths than the patients with initial biven-
tricular repair [25].

Intrauterine pulmonary valvuloplasty
Pulmonary atresia (PA) with intact ventricular sep-

tum (IVS) is a  rare CHD characterized by fibromuscular 
atresia of the right ventricular outflow tract, severe right 
ventricular and TV hypoplasia and coronary anomaly that 

can be diagnosed prenatally via fetal echocardiography 
and can be managed during midgestation [37]. Fetuses 
with critical pulmonary stenosis or membranous PA have 
also been considered for prenatal intervention. Hypopla-
sia of the tricuspid valve (TV) annulus may be cured by 
pulmonary valve intervention due to subsequent suffi-
cient right heart growth [10]. Fetuses with minute TV, 
diminutive right ventricles and large coronary fistulae are 
not suitable candidates for fetal intervention because it 
can cause non-biventricular circulation [26]. In addition, 
fetuses with significant myocardiopathy due to chronic 
right ventricular hypertrophy may not be good candi-
dates for valvulotomies since they have no ventricular 
reserve to respond positively to the valvuloplasty. Howev-
er, the transplacental administration of terbutaline may 
help improve heart function in these cases [12]. Fetal car-
diac interventions for PA/IVS were often associated with 
premature delivery, fetal demise, or neonatal death [38]. 
Daubeney et al. [39] noted that with advancing gesta-
tion, a  steady increase of the right ventricle-to-pulmo-
nary artery gradient was seen in their patients and that 
there was a  high rate of pregnancy termination (61%) 
and intrauterine death (5%) if this was left untreated. 
Intrauterine pulmonary valvuloplasty for PA/IVS facilitat-
ed RV antegrade blood flow, allowing right heart growth 
and improvement of postnatal survival with a  biven-
tricular circulation [37]. Fetal pulmonary balloon valvu-
loplasty is technically feasible in midgestation. However, 
since intrauterine pulmonary valvuloplasty for PA/IVS is 
so challenging, there are few reports that have described 
this procedure. If the optimal fetal position could not be 
achieved or imaging was inadequate, a limited maternal 

Figure 1. Schematic diagram of fetal aortic bal-
loon valvuloplasty
LV – left ventricle.

LV
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laparotomy without uterine exteriorization or incision is 
performed [37, 40]. Prenatal intervention for fetal PA/IVS 
was performed by Tworetzky et al. [37] for membranous 
PA, an intact or highly restrictive ventricular septal de-
fect and right heart hypoplasia with a TV annulus Z score 
of < –2. Compared with the fetuses with PA/IVS with 
postnatal univentricular circulation as a result of lack of 
prenatal intervention, the TV annulus, right ventricular 
length and pulmonary valve annulus grew significantly 
more from the midgestational to the late gestational pe-
riods in the six fetuses who underwent successful inter-
ventions. This procedure is performed under either local 
or general anesthesia. Under ultrasound guidance, the 
needle is introduced into the amniotic sac and a 0.014-
inch, floppy-tipped guidewire is advanced through the 
needle to cross the pulmonary valve. A  balloon cath-
eter is then inserted and inflated to dilate the stenotic 
valve. After access to the right ventricular outflow tract 
is achieved through direct puncture via a 19-gauge can-
nula by way of a  subcostal or an intercostal approach, 
the cannula tip is directed into the right ventricular out-
flow tract and the atretic pulmonary valve is intervened 
by coronary angioplasty balloon inflations [40]. Gómez 
Montes et al. [41] performed pulmonary valvuloplasty 
on four fetuses with PA/IVS at a mean gestational age 
of 25 weeks; they achieved 100% technical success and 
observed postinterventional developmental and he-
modynamic improvements. Successful fetal pulmonary 
valvuloplasties with critical pulmonary valve stenosis 
at midgestation have been sporadically reported, thus 
illustrating the immediate hemodynamic improvement 
and postinterventional event-free survival [42–44]. In 
one of these studies, Polat et al. [43] applied a coronary 
balloon catheter in the procedure. It was first direct-
ed into the left pulmonary artery and then withdrawn 
through the perforated valve with successive inflations. 
Roman et al. [45] determined that midgestational fetal 
TV Z scores of > –3 and good TV growth were important 
factors leading to postnatal biventricular repair. Of the  
27 live-born babies who underwent intrauterine pulmo-
nary valvuloplasty for PA/IVS, eight had non-biventricu-
lar outcomes and 19 had biventricular circulation with 
a biventricular repair rate of 70.4%. They also confirmed 
the sensitivity of the four-criteria scoring system (a TV/
mitral valve ratio of < 0.7, a right ventricle/LV length ratio 
of < 0.6, a TV inflow duration of < 31.5% of the cardiac cy-
cle length, and the presence of right ventricular sinusoids) 
when predicting postnatal non-biventricular outcomes.

Prenatal intervention on the atrial septum
Fetuses with a  restrictive interatrial septum should 

be scheduled for early intervention. A  fetal restrictive 
atrial septum has been defined as a small or absent in-
teratrial shunt on two-dimensional echocardiographic 
imaging and has a mean pulmonary vein forward/reverse 

time-velocity integral ratio of ≤ 5 [46]. In a  fetus with 
critical left heart obstruction, a threshold ratio of ≤ 3 op-
timizes the specificity for predicting an emergency atrial 
septostomy [46].

The HLHS is detectable by echocardiography via 
a four-chamber view in the fetuses at 18–22 gestational 
weeks. With left heart obstruction, the presence of in-
teratrial communication is very important so that oxy-
genated blood can be distributed throughout the body 
and pulmonary congestion can be prevented [47]. By 
accessing the fetal heart, the communication is created 
by directing the needle across the atrial septum. Next, 
a guidewire and a small balloon are moved into the left 
atrium, and the limited atrial communication is enlarged 
by inflating the balloon [48]. In 2004, Marshall et al. 
[49] presented their initial experiences with intrauter-
ine atrial septoplasty in which they achieved technical 
success in six of seven fetuses with HLHS and an intact 
atrial septum (IAS). However, one fetus with a large right 
hemothorax and small hemopericardium died during 
the early postinterventional period. Later, Marshall et al. 
[50] updated their findings in a larger series of 21 fetus-
es with HLHS at 24–34 gestational weeks. There were  
19 technical successes and two fetal deaths. In spite of 
the atrial communications of at least 3 mm in diameter 
to allow for heart growth, the postnatal mortality rate 
was as high as 58%.

Fetal atrial septal stent placement is an alternative 
option for keeping the septectomy open [51, 52]. In spite 
of fetal complications in those studies, for example stent 
placement failure, stent stenosis and even fetal demise, 
stent deployment may decompress the fetal left atrium. 
Quintero et al. [53] performed atrial septotomy using 
Neodymium-YAG laser photofulguration for a fetus with 
HLHS/IAS at 30-week gestation. The interatrial commu-
nication created by photofulguration was identified by 
Doppler echocardiography.

Pulmonary stenosis may be spontaneously relieved 
with the progression of intrauterine right heart growth, 
and the effect of fetal pulmonary valvuloplasty on the 
pulmonary circulation is not as conspicuous as that of 
fetal aortic valvuloplasty on the systemic circulation [18]. 
As a  result, fewer prenatal pulmonary valvuloplasties 
have been reported compared to prenatal aortic valvu-
loplasties [3]. The initial technical success and biventric-
ular repair rates were low, as shown by the high mortality 
of the primary interventions for valvuloplasty and atrial 
septostomy. Technical success, biventricular outcome 
and fetal survival are steadily improved in the context 
of a  well-trained multidisciplinary team, sophisticated 
equipment and techniques, and better postnatal care 
[28]. Despite the progress made in this field, fetal cardiac 
interventions still remain controversial in terms of entry 
criteria for candidate selections and postinterventional 
outcomes (Table I). Lee and Comstock [54] accentuat-
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ed the importance of a standardized diagnostic training 
team for prenatal diagnosis of CHDs. Tworetzky et al. [55] 
stated that a multidisciplinary team with well-established 
practice guidelines may overcome these limitations and 
guarantee technical success. In brief, technical error and 
poor candidate selection are regarded as the two major 
risk factors that constrain the development of fetal cardi-
ac interventions in clinical practice.

Boston Children’s Hospital has done good work in fe-
tal cardiac interventions in terms of patient population, 
mature devices, advanced multidisciplinary teams and 
superior fetal outcomes (Table II).

Experimental research
In order to improve the technical success and sur-

vival rates, modifications of the catheter-based tech-
niques have been increasingly attempted in experimen-

tal animals. Emery et al. [56] tested a computer-assisted 
navigation (CANav) system in a  fetal sheep model in 
which the duration of fetal cardiac intervention could 
be shortened by tracking the position and orientation 
of the fetus via ultrasound guidance. Schmidt et al. [57] 
deployed coronary stents via a  percutaneous, ultra-
sound guided transpulmonary or transhepatic approach 
in the atrial septum primum in 10 normal fetal sheep 
and achieved a technical success rate of 80%. They also 
found that transpulmonary implantation without a lap-
arotomy or uterine exteriorization was only possible 
when the fetuses were in a prone position and not a su-
pine position. Furthermore, their study revealed that af-
ter the intervention, five fetuses suffered complications, 
with three cases of pleural effusion, one of stent dis-
lodgement and another with partial stent occlusion by 
endocardial cells.

Table I. A comparison between three indications for fetal cardiac intervention

Indication AS PS PA/IAS

Study population 23–70 [28, 34] 4 [39] 7–21 [47, 48]

Entry criteria Critical AS
Evolving HLHS
LV long-axis Z score ≥ –2

Membranous pulmonary atresia
An intact or highly restrictive 
ventricular septum
Right heart hypoplasia, with a TV 
annulus Z score < –2

Critical pulmonary stenosis or 
membranous pulmonary atresia
Hypoplasia of the tricuspid valve 
annulus
TV Z score < –2

Fetal age (gestational week) 21–29 [24] 21–32 [38] 24–34 [48]

Technique Maternal anesthesia and fetal 
analgesia
A 15- or 20-cm, 18-gauge needle
Ultrasound guidance
Fetal subcostal approach  
accessing LV near the apex
3–5 dilations (6–15 bar) with 
a standard coronary monorail 
balloon catheter

Maternal anesthesia and fetal 
analgesia
A 19-gauge ultra-thin-walled 
cannula
Fetal subcostal approach 
accessing RVOT
A 0.014-inch, floppy-tipped 
guidewire
Inflations with a coronary 
angioplasty balloon

1) �Fetal septotomy with coronary 
angioplasty balloon [47]:

– �Maternal and fetal anesthesia; 
an 18- or 19-gauge introducer 
cannula

– �Fetal subcostal approach to the 
right atrial epicardial surface

– �Diamond-shaped obturators; 
a 22-gauge Chiba needle for 
atrial septum puncture

– �Dilation with a 3-mm coronary 
angioplasty balloon or

2) �Fetal atrial septal stent 
deployment [49, 50] or

3) �Atrial septotomy using 
neodymium-YAG laser 
photofulguration [51]

Technical success (%) 66.7 [28] 100 [39] 85.7–90.5 [47, 48]

Biventricular repair (%) 26.1–66.7 [23, 28] 70.4 [43] –

Postinterventional benefit An immediate aortic pressure drop
Left heart physiological 
improvement
Biphasic mitral flow increment
Attenuated mitral regurgitation

Developmental and hemodynamic 
improvements

Higher oxygen saturation
Growth of TV annulus, RV length 
and PV annulus

Pertinent predictors of fetus Z scores of the aortic annulus, 
ascending aorta and LV long-axis
– dimensions
– LV sphericity
– high LV pressure

TV/mitral valve ratio of < 0.7
RV/LV length ratio < 0.6
TV inflow duration < 31.5% of the 
cardiac cycle length
Presence of RV sinusoids

Antegrade flow through RV

AS – aortic stenosis, IAS – intact atrial septum, LV – left ventricle, PA – pulmonary atresia, PS – pulmonary stenosis, PV – pulmonary valve, RV – right ventricle,  
RVOT – right ventricular outflow tract, TV – tricuspid valve.
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Experimental studies on open fetal cardiac surgery 
began in the 1980s with an aim of studying the physio-
logical and pathological mechanisms of fetal cardiac by-
pass [58]. In cases in which cardiothoracic lesions, such 
as pulmonary stenosis, AS and diaphragmatic hernias, 
were indicated, Eghtesady et al. [59] determined that 
the fetuses could benefit from fetal open heart surgery 
because it provided improved postoperative outcomes. 
In their study, pregnant ewes at 100–109-day pregnancy 
were bypassed for a total of 60 min. Decreases in uterine 
blood flow were observed, but these did not influence the 
maternal hemodynamics or arterial blood gases. Howev-
er, worsening fetal arterial blood gases were noted. Ikai 
et al. [60] noted that in fetal lamb models with AS or pul-
monary stenosis, a significant decrease in uteroplacental 
flows was associated with fetal cardiac surgery, including 
a fetal sternotomy, cannulation and cardiopulmonary by-
pass. Eghtesady et al. [59] tested the efficacy of differ-
ent anesthetic approaches in nine baboon fetuses with 
an average gestation of 146 days. Cardiac bypass was 
successful in all of the fetuses in the isoflurane group 
but failed in two animals in the fentanyl and midazolam 
groups due to sustained elevations of the maternal uter-
ine tone. As a result, all the maternal baboons survived. 
Five of six fetuses in the isoflurane group survived for  
1 h; however, they developed postbypass functional de-
teriorations of the placentas.

It has been proposed that fetal cardiac bypass caus-
es placental dysfunction associated with deranged 
endothelial regulation of the placental vascular tone. 
Non-physiological flow pattern and increased shear 
stress are important regulators of the placental vascular 
tone and thus contribute to placental dysfunction. Endo-
thelin receptor blockade may reduce postbypass placen-
tal dysfunction [61]. To date, no successful fetal cardiac 
bypass has been reported in humans. In short, fetal car-
diac bypass is difficult to perform and it may bring about 
placental dysfunction [62]. Attempts to make substantial 
improvements of fetal cardiac bypass outcomes are un-
derway with regard to technical modifications and can-
didate selection. In spite of the reproducibility of exper-
imental fetal cardiac bypass, fetal hypoxia and demise 
subsequent to cytokine-mediated injury and placental 
dysfunction following bypass significantly impede the 
technical application in human fetuses.

Conclusions
Clinical fetal cardiac interventions for CHDs are fea-

sible during midgestation for improving fetal cardiac 
function, minimizing fetal loss and enhancing postnatal 
biventricular repair and neonatal survival. A well-trained 
multidisciplinary team with sophisticated equipment is 
required for improving the technical success rate and 
post-interventional outcomes. Clinical and experimental 
research on the understanding of the natural history and 

sufficient evaluation of fetal heart disease are adjunctive 
ways for candidate selection and the improvement of fe-
tal cardiac intervention outcomes. Experimental research 
of fetal cardiac interventions is laying the foundations and 
opening new fields for minimally invasive clinical tech-
niques. Future directions of fetal cardiac interventions are 
a combination of nonsurgical cardiac therapy with mini-
mally invasive surgical techniques, such as robot-guided 
fetal cardiac intervention, fetoscopic fetal cardiac surgery 
and open cardiac surgery. More and more advantageous 
techniques and better outcomes are anticipated. 
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