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ABSTRACT

Keywords:

Fo}e,tal cardiac therapy The aim of foetal cardiac therapy is to treat an abnormality at the
Congenital heart disease developmental stage so that the process of cardiac growth, which
Foetal valvuloplasty is complex and relies on the volume and direction of circulating
Foetal pacing blood as well as genetic determinants, can continue. In reality,

Restrictive atrial foramen stenting

; most cardiac interventions are palliative; hence, major abnormal-
Maternal hyperoxygenation

ities are still present at birth. Nevertheless, tangible benefits
following successful foetal intervention include improved hae-
modynamics and reduction in secondary damage leading to better
postnatal outcomes.
In cases of semilunar valve stenosis, or atresia, foetal valvuloplasty
aims to achieve a biventricular, rather than univentricular, circu-
lation. Opening and stenting a restrictive atrial foramen may
preserve the pulmonary function in cases of hypoplastic left heart
syndrome, thereby increasing the chances of successful postnatal
surgery.
More recent endeavours include percutaneous implantation of a
miniaturised pacemaker to treat complete heart block and the
promotion of left-sided heart growth by chronic maternal
hyperoxygenation.
The true clinical benefit of these interventions over natural history
remains uncertain because of the paucity of appropriate rando-
mised controlled trials (RCTs). Foetal cardiac therapy must now
move from a pioneering approach to one that is supported by
evidence, as has been done successfully for other foetal therapies.
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Introduction

In the 1990s, interventional and surgical outcomes for babies born with critical aortic stenosis (AoS)
were poor, and before widespread expertise in the Norwood procedure, there was no successful
palliative surgery for hypoplastic left heart syndrome (HLHS). Similarly, poor long-term outcomes exist
for children with pulmonary atresia or critical pulmonary stenosis with intact ventricular septum
(PAIVS). The first foetal valvuloplasties were performed as an alternative to these very limited postnatal
therapeutic options but proved technically difficult and hence were abandoned [1].

Surgical and interventional catheter outcomes for these lesions have improved since this period,
and it is important to be able to demonstrate that there is substantial benefit from foetal therapy before
establishing valvuloplasty as a standard of care. The exception is for babies with HLHS, born with a
restrictive atrial septum, where there is still at least 30% mortality, and prenatal perforation and
stenting of the foetal atrial septum, although challenging, is considered worthwhile [2].

Currently, foetal valvuloplasty is offered for critical AoS, pulmonary stenosis (PS) (Fig. 1) and
PAIVS(Fig. 2). Balloon atrial septostomy and stenting may be offered in AoS or HLHS with a restrictive or
intact atrial septum(Fig. 3).

The overall goal is to optimise a baby's maturity at delivery, improve perinatal health and, thereby,
increase the postnatal treatment options. For example, in addition to optimising the chances of a
biventricular circulation, these therapies have been performed to prolong pregnancies complicated by
hydrops as a result of high systemic venous pressures [3,4] and reduce secondary pulmonary damage
in HLHS with restrictive or intact atrial septum to optimise the chances of good univentricular surgical
outcomes [2,5].

The therapeutic approach to obstructed semilunar valve disease (aortic or pulmonary stenosis/
atresia) or restrictive inter-atrial septum in the foetus has developed from postnatal treatment stra-
tegies. However, prenatal cases are often different, lying towards the severe end of the spectrum;
hence, foetal ‘valve’ disease is rarely isolated, and there is often already hypoplasia or damage to the
supporting ventricle at the time of diagnosis, requiring more extensive postnatal surgery than those
detected after delivery. This explains why foetal valvuloplasty is only rarely successful as the sole
therapy and two or three episodes of postnatal surgery are usually required for most infants. While a
good biventricular circulation has a better short- or medium-term outcome than a good, univentricular
palliation, a borderline-successful biventricular circulation is associated with very high morbidity and
mortality, particularly where there is a systemic morphological right ventricle [6—8]. Therefore, foetal

Fig. 1. Left ventricular outflow tract in foetal aortic stenosis. The left ventricle (LV) is damaged with endocardial fibroelastosis (EFE)
along the mitral valve chordae resulting in mitral regurgitation (MR) in blue. There is reversed flow (red) along the ascending aorta
(AoA) towards the closed aortic valve (AoV).
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Fig. 2. Four-chamber view of pulmonary atresia with intact ventricular septum. There is pericardial effusion (PE). The right ventricle
(RV) is rounded and shortened when compared with the left ventricle (LV). The tricuspid valve (TV) has a normal diameter but is
displaced apically. The foramen ovale is stretched, and the flap is aneurysmal (FO).

Fig. 3. Four-chamber view in aortic stenosis with a dilated left ventricle (LV). The interatrial septum is thickened with a potentially
restrictive foramen ovale (FO). Atrial flow is bidirectional showing left to right flow in blue.
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valvuloplasty aims not only to increase the proportion of individuals with a biventricular circulation
but also to improve the developing myocardium and pulmonary bed to optimise the quality of future
surgery, whether it is for a univentricular or a biventricular strategy. Foetal therapy then becomes
a logical extension of past trends to intervene at an early stage rather than a delay until later in
childhood [9].

Chronic maternal hyperoxygenation (CMH), a recent novel intervention, has been proposed to
stimulate the growth of left-sided foetal heart structures by increasing pulmonary venous return to the
left atrium, thereby increasing preload to the left heart. This involves chronic administration of oxygen
to a mother for several hours a day during the third trimester. This intervention requires the evaluation
of both maternal and foetal safety, and a robust investigation of preliminary claims that it may prevent
the need for postnatal surgery in lesions such as coarctation of the aorta and the borderline-sized left
heart [10—12].

Foetal cardiac pacing is not yet a technically successful therapy; pacing may increase survival to
birth of the hydropic foetus with isolated complete atrioventricular block (CAVB) but requires further
development [13—15].

At the present time, no foetal cardiac interventions have been tested by RCTs with appropriate
controls, in contrast to other foetal therapies such as for twin-to-twin transfusion syndrome [16] and
spina bifida [17]. For foetal cardiac therapies to have a stronger foundation in the future, there must be
more evidence of the effectiveness of an intervention to alter the natural history of the disease.

Benchmarking foetal cardiac procedures

Currently, there are no externally verified databases for foetal cardiac interventions. There are
published individual-centre series and research reports from the Foetal Working Group of the Asso-
ciation for European Paediatric and Congenital Cardiology and voluntary International Foetal Cardiac
Interventions Registry (IFCIR) [18—23]. Single-centre case series of foetal intervention are inevitably
biased [24], and medium-term survival is infrequently reported, while the IFCIR foetal registry only
reports survival and circulation type at the time of the first hospital discharge [23]. This reduces the
ability to extrapolate their results to other healthcare systems and foetal populations.

In contrast, postnatal outcomes are reported in several externally verified, national or international,
interventional surgical and interventional cardiology databases including the Society of Thoracic
Surgeons—Congenital Heart Surgery database (STS-CHS, https://www.sts.org/), European Congenital
Heart Surgeons Association (ECHSA-Congenital, http://www.echsacongenitaldb.org/) and National
Institute for Cardiovascular Outcomes Research — Congenital Heart Disease portal (NICOR-
Congenital) [25], in North America, Europe and UK, respectively. The International Nomenclature
and Database Committee has established an international nomenclature for Congenital Heart
Surgery, which allows data aggregation and comparisons between populations. These provide data
on anticipated prenatal prevalence of each lesion with outcomes. Foetal pulmonary and AoS account
for 5.5% and 4.1%, respectively, of foetal series, which is similar to large postnatal population-based
studies. One extrapolation from the NICOR-Congenital database is that approximately 60 cases of
semilunar valvular stenosis (AoS and PS) occur in 700,000 annual live births in the UK, which might
be considered suitable for foetal intervention [25]. In practice, this estimate would be reduced by
intrauterine demise (approximately 6% of cardiac diagnoses) and by families declining foetal
intervention following prenatal counselling. These calculations could guide the growth of foetal
centres performing foetal cardiac procedures.

Procedure-based surgical databases have several design limitations: (1) they are procedure based
and a child may be represented more than once; (2) follow-up is usually mortality at one month and
one year, but many outcomes are recorded as unknown and (3) they reflect postnatal procedures, and
hence, terminations of pregnancy and affected babies dying before or not offered surgery will not be
recorded. Therefore, to assess the number of foetal cardiac interventional programmes required for a
given population and benchmark the circulatory outcomes one expects to achieve, healthcare pro-
viders will need to estimate true prenatal workload. In addition to the procedure-based limitations
listed above, there are prenatal ascertainment issues: for example, true foetal population prevalence
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includes cases of AoS that progress to HLHS [26], but this proportion is unknown because the prenatal
detection of AoS is low. In a single-centre series, only 10% of babies born with AoS had prenatal
detection, which limits the assessment of the role of foetal therapy [27]. Additionally, because the risk-
to-benefit ratio for therapeutic efficacy remains uncertain, fewer cases may be referred for consider-
ation of foetal valvuloplasty than are diagnosed prenatally, reducing the power to test the benefit
of foetal therapy [28]. There are UK national guidelines (https://www.nice.org.uk/search?
q=fetal+valvuloplasty, accessed January 4, 2019) and scientific statements from the American Heart
Association guiding clinical practice for foetal aortic and pulmonary valvuloplasty [29].

Risks of foetal therapy compared with postnatal therapy

Early foetal valvuloplasties had limited success, mostly because the catheter equipment available
was not suitable for the small foetal heart. Technical improvements have led to renewed interest in
foetal therapy, and most programmes report above 80% technical success using high-pressure small
coronary artery catheters with low profiles, suitable for small hearts [3,4,18—23,30—32]. Success is
usually defined as the passage of a balloon across a valve followed by sonographic evidence of
improved forward flow and/or new regurgitation [19,30]. A larger balloon-to-valve ratio is used in the
foetus than postnatally to achieve technical success. New regurgitation is usually well tolerated by the
foetus compared to that occurring following childhood valvuloplasty [3,18,19,31].

The major theoretical risks are maternal (haemorrhage, respiratory, and thrombotic), foetal
(demise, haemorrhage, cardiac tamponade and cerebral ischaemia or haemorrhage) and miscarriage
[20,28]. There have been no reports of important maternal morbidity, although volume loading and
wound haematomas were reported in the early experience following laparotomy and usually associ-
ated with maternal general anaesthesia and longer procedure times [32]. There are acknowledged
dangers of general anaesthesia in pregnancy, and this is avoided in most centres. However, a general
anaesthetic is helpful in foetal cardiac procedures where a good foetal lie is pivotal to the success of the
procedure, as it relaxes the uterus and allows for a degree of manipulation. However, manipulation
poses the risk of placental abruption, and the duration of the procedure may be longer in the anes-
thetised woman. If the approach is percutaneous, through a 16- to 18-gauge needle, the risks to the
mother and of miscarriage are probably less then when using a fetoscopic approach, although the latter
may have the benefits of improved imaging and access to the foetal heart.

In experienced centres, foetal demise occurs in 5%—10%; however, less experienced teams have
reported mortality of up to 32% [22,23]. Mortality may be attributed to team inexperience and technical
difficulties, which result in cardiac tamponade or cerebral haemorrhage, or because the foetus is
hydropic. The underlying pathology, for example, a heavily mineralised myocardium that fails to seal
around the puncture site, is a risk factor for tamponade, which is unlikely to diminish with experience,
and this complication may only be resolved by case selection [28]. Even minimal haemorrhage at the
time of intervention may be poorly tolerated by the foetus because the delicate watershed area in the
foetal brain is easily damaged, resulting in cerebral haemorrhage and risk of substantial handicap.

The postnatal databases report procedural mortality between 1% and 3% for neonatal balloon aortic
valvuloplasty. This is now as low as for most catheter-based procedures at any age [25] and raises the
bar for performing prenatal aortic valvuloplasty. However, as some cases of foetal AoS will progress to
HLHS, the mortality for Norwood stage 1 as well as long-term morbidity and mortality for a uni-
ventricular circulation should be factored into the risk—benefit equation. Thirty-day mortality for
Norwood stage 1 is reported as approximately 7%, but for the more high-risk cases offered by the
Hybrid procedure — those of low birth weight or with restrictive interatrial septum — the mortality
remains high at approximately 30% [25]. Five-year survival for Norwood-type procedures is 75%—80%,
and for Fontan-type, it is approximately 85%. Thirty-day mortality for systemic to pulmonary arterial
shunting in PAIVS is approximately 12%, higher than procedure-related mortality for foetal valvulo-
plasty in some, but not other series [4,31,33]. While foetal pulmonary valvuloplasty may be performed
with acceptable mortality, it will not necessarily reduce the proportion of neonates requiring a shunt to
improve pulmonary blood flow [31].
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Semilunar valve stenosis
Natural history outcomes

The natural postnatal history of ductal-dependent critical AoS, critical PS or PAIVS is neonatal death,
unless immediate postnatal treatment is available to maintain systemic or pulmonary blood flow,
respectively, until valve obstruction is relieved. Progression of AoS to HLHS is reported to occur be-
tween 12 and 16 weeks of gestation [26], while progressive involution of the right ventricle occurs in
PAIVS [3,31,33]. The right ventricle is composed of three morphological segments: the inlet — the
tricuspid valve, the trabecular portion — the ventricular cavity, and the outlet portion — the infun-
dibulum and pulmonary valve. Hearts with only one developed part of the three segments (unipartite)
and most with two developed segments (bipartite) will go along a postnatal single ventricle surgical
pathway. Foetal Z-scores and composite scores for the right heart have been used to predict eventual
circulation [34,35].

Valve stenosis or atresia is managed by balloon valvuloplasty in the newborn period [36,37] if a
biventricular circulation is thought possible, otherwise by univentricular palliation using the Fontan or
Norwood surgical pathway for right and left heart obstructions, respectively. Cardiac outcomes diag-
nosed prenatally tend to be worse than those with a postnatal diagnosis, particularly in univentricular
circulation; the overall survival for HLHS following prenatal diagnosis followed through to 5 years was
46.9% (23/49) compared with overall 70% survival in the current era [38,39]. In a more recent multi-
national study reporting the natural history of 80 foetuses diagnosed with AoS and treated in the
neonatal period, 52% had a biventricular outcome with a significantly better median 6-year survival
advantage (75% vs 54%) than those following a univentricular surgical pathway [40]. A retrospective
multinational PAIVS study reported that approximately one-third of children have an eventual two-
ventricle repair, with a 5-year survival rate of 68% [41].

Critical AoS: evidence of benefit following foetal valvuloplasty

Foetal valvuloplasty for critical AoS has been practised anew for almost two decades [18—23,30,42],
but evidence of its efficacy over natural history outcomes has only recently been reported using
suitable controls [30,40]. In a multicentre study, two foetal cohorts, one undergoing foetal valvulo-
plasty, were matched using propensity scoring, and approximately one-third of each cohort had a
biventricular outcome out to 8 years. Considering survivors of the foetal intervention only, a biven-
tricular circulation conferred survival advantage.

The potential of foetal valvuloplasty to improve cardiac growth was overestimated initially, and
foetuses with damaged ventricles were included in early treatment groups and developed HLHS
despite successful foetal valvuloplasty or had unsuccessful postnatal attempts to achieve a biven-
tricular outcome [8,42]. This has led to a change in selection criteria for valvuloplasty, and most select
only foetuses where Doppler ultrasound suggests the foetal heart is likely to progress to HLHS, yet the
anatomy and physiology are favourable for a biventricular circulation following successful foetal val-
vuloplasty [18,19]. Echocardiographic prediction of myocardial mineralisation or endocardial fibroe-
lastosis (EFE) was thought unreliable in the past, but its sonographic features may be better identified
in the modern era. Mineralisation increases the risk for tamponade following cardiac puncture, as the
myocardium cannot close around the puncture site; therefore, should such cases be avoided? Suc-
cessful valvuloplasty may allow improved diastolic function and better ventricular filling and promote
normal division of myocardial cells during the remainder of pregnancy, thus increasing the proportion
of healthy myocardial cells in the myocardium. This may improve outcomes for both biventricular and
univentricular surgical pathways after birth. Currently, the earliest gestation foetus reported to un-
dergo foetal cardiac intervention has been at 20 weeks, and some attribute poor foetal survival to
procedures performed at earlier gestational ages [20].

In the absence of a randomised trial, the quality of information remains insufficient to create robust
prospective criteria. Two recent reports compared the predictive ability of the 2009 criteria [19] for
eventual circulation in a hypothetical situation where no foetal intervention was performed. One
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retrospective single-centre historical series of 10 foetuses with a reported circulatory outcome found
them predictive [43], while the larger cohort of 80 foetuses did not [30].

Haemodynamic improvement following foetal aortic valvuloplasty

Foetal aortic valvuloplasty improves left ventricular haemodynamics [30]. Tissue Doppler studies
conducted before and immediately after foetal valvuloplasty correlated with circulatory outcomes in a
cohort of 23 liveborn foetuses [44]. Improved left ventricular filling pressure was a good predictor of a
future biventricular circulation, as was a reduction in the Tei index in this cohort. These results were
not confirmed by others in a smaller series, but they reported that a more spherical LV was associated
with worse diastolic function and was more likely to have EFE and less likely to achieve biventricular
outcome [45]. Longer term evidence is still lacking whether foetal improvements will predict normal
diastolic function in childhood. Persistent pulmonary hypertension, in part secondary to left ventric-
ular damage such as EFE, leads to significant long-term morbidity and childhood mortality and may not
be improved by foetal valvuloplasty [7].

Ventricular and valvular growth

Successful valvuloplasty for foetal AoS fails to promote significant growth of the mitral valve or left
ventricle [18,19]. This is not surprising, as the disease process may involve all left-sided cardiac
structures including EFE and pulmonary hypertension. This extensive pathology reduces the likelihood
of a biventricular outcome in spite of a technically successful foetal procedure and extensive postnatal
surgery [8,30,42].

Critical pulmonary stenosis and pulmonary atresia with intact ventricular septum: evidence of benefit
following foetal valvuloplasty

The response of two foetal hearts with a bipartite right ventricular anatomy to foetal valvuloplasty
in the mid-second trimester was described in 2002 [3]. Since then, only two small series and case
reports have been published [4,31,33]. Tulzer and colleagues reported good technical success and
improved foetal function post valvuloplasty correlating with an increased likelihood of a biventricular
circulation compared with historical natural history reports [31], but there is insufficient power to
assess its value, and others report verbally poor technical success and high mortality associated with
foetal valvuloplasty.

Haemodynamic improvement following foetal pulmonary valvuloplasty

Pulmonary valvuloplasty decompresses the right ventricle and leads to a change in Doppler
assessment of tricuspid regurgitation [3,31].The duration of regurgitation is reduced, thereby
increasing ventricular filling time, and reduced velocity indicates lowering of right ventricular pres-
sures, and although it is temporary in some foetuses, it may improve the circulation and hydrops, thus
allowing for increased maturity at delivery and improved perinatal survival.

Ventricular and valvular growth

In PAIVS or critical PS, growth of the tricuspid valve and right ventricle in foetuses may be better
when there is tricuspid regurgitation and a high right atrial pressure score [34]. Following successful
foetal valvuloplasty, relief of the pulmonary valve obstruction leads to a better appreciation of the
anatomy and size of the tricuspid valve and right ventricle because of reduced afterload and better
ventricular filling. The preprocedural measurements are likely to be underestimated, and therefore, a
good initial ‘response’ to foetal valvuloplasty is often identified. However, despite improved
flow through the valves, growth velocities in the right heart are low compared with those in normal
foetuses [31].

Right ventricular to coronary artery fistulae

Procedures are not usually offered in PAIVS with coronary fistulae. Right ventricular to coronary
artery fistulae are detected by colour Doppler in up to a third of foetuses with PAIVS and in



H.M. Gardiner / Best Practice & Research Clinical Obstetrics and Gynaecology 58 (2019) 42—54 49

approximately 46% investigated by catheter in postnatal series [41]. Coronary fistulae connect the
coronary arterial system to a hypoplastic high-pressure (usually right) ventricle in PAIVS. After birth, if
the semilunar (usually pulmonary) valve is opened, the right ventricular pressure falls, resulting in
coronary artery steal with myocardial ischaemia and infarction. Prenatally, high-pressure retrograde
flow in the coronary system may lead to stenosis and atresia of the coronary arteries, thereby resulting
in fatal neonatal myocardial infarction [28]. The majority of large fistulous communications occur in
unipartite right ventricles, unlikely to result in a biventricular circulation and hence would not be
considered for a foetal intervention. However, some fistulae are small, or more rarely, the right
ventricle is of a reasonable length, and hence, their impact on the postnatal choice of circulation is
uncertain until postnatal angiography can be performed. As these babies are at increased risk of
neonatal death, an argument could be made for foetal intervention, with the rationale being that early
decompression of the ventricle may allow regression of the fistulae and improve survival. Moreover, as
foetal ventricular pressures are almost equal, opening the right ventricular outflow tract will not result
in coronary steal and is a relatively safe procedure [28].

Restriction of the interatrial septum

Patency of the foramen ovale is essential to allow unrestricted flow returning from the placenta to
fill the foetal left ventricle. Approximately 10%—12% of HLHS and AoS show thickening and/or closure of
the interatrial septum. Some affected foetuses develop hydrops with subsequent intrauterine death
[2,7]. Closure of the atrial septum is associated with pulmonary venous Doppler abnormalities, which
may indicate irreversible pulmonary damage such as lymphangiectasis and pulmonary venous hy-
pertension, leading to pulmonary haemorrhage and neonatal death. It is difficult for affected neonates
to resuscitate after delivery; they often do not reach a cardiac centre and, therefore, are not docu-
mented in surgical registries. Surgical outcomes are poor, as it may not be possible for babies to be
weaned from cardiopulmonary bypass [2].

Evidence of benefit of interatrial septostomy and stenting

Successful opening of a restrictive atrial septum normalises pulmonary venous waveforms and may
indicate better left atrial filling and a normalisation of wall stresses in the pulmonary veins. Theo-
retically, this may reduce the risk of developing pulmonary lymphangiectasia and optimise perinatal
lung function. However, the relationship between the duration of Doppler abnormality and irreversible
pulmonary damage remains poorly understood. The thickened atrial septum is difficult to perforate
using a high-pressure balloon alone. Several groups have stented the foramen ovale following its
dilation with varying degrees of short-term success [5,20]. The procedure is technically difficult with
the risk of tamponade following perforation of the small, relatively thin-walled atrium. Research in
animal models has not improved procedural success in the human foetus to date [20]. In the absence of
a safe and successful foetal intervention, clinical options include repeating the foetal intervention or
early delivery with immediate surgical atrial septectomy.

Isolated complete heart block

Isolated CAVB develops in approximately 2% of foetuses of anti-Ro-positive pregnancies, where only
a proportion of mothers have symptoms of connective tissue disease. It is rare, and as these foetuses
have normally connected hearts, we refer to this as isolated CAVB. Foetuses born at term generally do
well initially. In one large observational study, approximately 90% of foetuses with isolated complete
heart block survived, with most born at term, but at least 70% were paced by three months [46]. CAVB is
associated with significant myocardial disease and severe cardiac dysfunction with the development of
hydrops (usually in those with foetal heart rates below 55 beats per minute), leading to foetal demise in
approximately 9% [46]. Evidence is poor that foetuses presenting with CAVB will benefit from trans-
placental medical therapy [46,47], although administration of steroids has been proposed as beneficial
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in preventing later cardiomyopathy [48]. More recently, early administration of steroids has again been
proposed to prevent the development of established CAVB [49].

Evidence for benefit of foetal cardiac pacing

Cardiac pacing was attempted first in 1986 in a human foetus to prevent in utero demise but has not
been a successful therapy to date [13—15]. However, a miniaturised pacemaker that can be implanted
percutaneously was recently developed, and it has shown proof of principle in animals [50]. This may
be a suitable therapy for hydropic human foetuses with CAVB before 34 weeks, but after this gestation,
delivery and pacing may be easier.

Chronic maternal hyperoxygenation

Maternal hyperoxygenation (MH) is an established test of the responsiveness of the pulmonary bed
in foetuses with restrictive or closed inter-atrial septum, where a single-ventricle surgical pathway is
anticipated [51,52]. In this test, 100% oxygen is administered to the mother for 15 min and Doppler
changes in foetal pulmonary blood flow measured. More recently, CMH has been offered with the
objective of increasing pulmonary venous return to the left side of the heart in responders, thus
promoting its growth [10,11]. CMH involves chronic administration of 100% oxygen to mothers for
several hours a day over several weeks from approximately 30 gestational weeks. Oxygen therapy has
also been proposed to improve brain growth in foetuses with congenital heart defects and perhaps for
better neurological outcomes [53].

Evidence for benefit of CMH

CMH is reported to result in improved growth of left-sided cardiac structures. However, small series
reports have shown unconvincing incremental cardiac growth and no convincing improvements in
outcome when applied to small heterogeneous cohorts, without control data [10,54]. More recently,
cardiovascular growth and functional outcomes have been reported from a controlled study of foetuses
enrolled because of suspicion of coarctation and treated with either CMH or maternal air adminis-
tration (sham treatment) and compared with a second control cohort of normal foetuses [11,12]. These
studies report that improved growth of cardiac structures and improved myocardial deformation
indices occur in treated foetuses compared with those treated with air, and fewer foetuses required
postnatal surgery after CMH. These are promising preliminary results, but randomisation methods are
unclear, and within CMH, a sub-group did not respond. Diagnostic precision of foetal CoA is poor, and it
is possible that foetuses without CoA were included in this study and good outcomes from CMH
assumed. Thus, its incorporation into clinical practice should be cautious and its future role determined
by a large well-designed RCT. No adverse events were documented in this study, but oxygen is a
powerful therapy, and there are concerns about its safety, as reduced head growth has been reported at
six months in babies treated with CMH [55].

Controversies
1 Regulation (Benchmarking)

When a new therapy is proposed, investigators benchmark it against a gold standard, or current,
practice in the form of an RCT. This approach has not been adopted for foetal cardiac procedures. One
reason offered has been the rarity of suitable cases of foetal semilunar valve stenosis or atresia,
interatrial restriction or isolated complete heart block. Therefore, procedures have been offered in an
unregulated manner by many low-volume centres worldwide with little or no progress in defining
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who might benefit from the procedure and higher mortality at foetal intervention in some centres than
following current postnatal surgery [21—23,25].

2 Technical Developments

The current method remains the original percutaneous Seldinger approach: directing a needle into
the foetal heart and passing an ‘over a wire’ coronary catheter through a flexible introducer under
ultrasound guidance and maternal general or local anaesthesia. Alternative approaches to the percu-
taneous route have been investigated in animal models, which are more invasive and lengthy and have
not been adopted in the treatment of human foetuses [20,56].

Ultrasound imaging may be limited once equipment has been introduced into the uterus, and
transesophageal imaging produces spectacular ultrasound images in animals and in one reported
human foetus undergoing intervention for a restrictive or intact atrial septum [57]. However, as it is
more invasive and requires a fetoscopic approach, it may increase the risk of miscarriage and there is
potential for rupture of the foetal oesophagus.

3 Assessment of Benefit

Although more is known about the natural history of foetal AoS in the current era, uncertainties
remain with regard to case selection, timing and benefit of foetal valvuloplasty [30,42]. Unlike neonatal
surgery, where evidence supports that earlier repair improves the chances of ventricular and vascular
remodelling [9], most foetal procedures are palliative and neonatal surgery will be required. Therefore,
the contribution of the foetal procedure to eventual postnatal outcome in individual cases remains
unknown. Moreover, there is concern that foetal interventions are currently offered to those who will
not benefit from them, whether it is because foetal disease appears mild or the ventricle is already too
damaged. Efficacy cannot be assessed until childhood, as an initial biventricular outcome may become
univentricular, and vice versa, particularly in PAIVS. Paradoxically, foetal therapy may result in poorer
overall outcomes in surgical series that follow more aggressive approaches for borderline hearts
because institutional expectations are for a biventricular circulation [8,42]. Conversely, others adopt a
conservative approach performing Norwood in newborns with AoS and a well-developed left heart
[24]. Survival and circulatory outcomes are relatively easy to document, but a formal assessment of
quality of survival and neurodevelopmental outcomes is rarely reported. This information is essential
to increase knowledge of the tolerance limits of the human foetal brain and guide future therapeutic
endeavours.

Summary

Foetal therapy is offered for a variety of disorders diagnosed before birth; guided by the hypothesis,
it will improve outcomes compared with natural history and postnatal therapy alone. Although a few
have been introduced following RCTs, others including foetal cardiac therapy have entered the clinical
arena in a more piecemeal fashion. Although cardiac malformations are common with major lesions
affecting approximately 3.5 per thousand pregnancies, only approximately 5% of foetuses with major
CHD are likely to benefit from an intrauterine intervention, resulting in too many practitioners with too
little experience chasing rare cases for intervention. As a result, the overall role of foetal cardiac
intervention remains uncertain almost two decades after its re-introduction in 2000. To assess the
benefits or adverse effects of foetal cardiac interventions, it is necessary to have linked prenatal and
postnatal data with long-term outcomes, including neurodevelopmental assessment and later changes
in circulatory type out to school years. This re-emerging field deserves a more rigorous scientific
approach by the leaders in foetal cardiac therapy to ensure it has a place in future clinical practice.
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Practice points

e Foetal AoS often includes secondary damage of the ventricle, its inlet valve, myocardium,
and aortic arch.

e Low prenatal detection of AoS limits our ability to assess the potential for foetal valvuloplasty
to alter outcomes.

e Case selection, timing of foetal cardiac therapy and a streamlined postnatal program are
pivotal to outcomes.

Research agenda

e Improved power is required to assess treatment benefits.
e The role of CMH requires more study to ensure maternal and foetal safety and determine its
efficacy.
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