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During fetal life some cardiac defects may lead to diminished left heart growth and
to the evolution of a form of hypoplastic left heart syndrome (HLHS). In fetuses with
an established HLHS, severe restriction or premature closure of the atrial septum
leads to left atrial hypertension and remodeling of the pulmonary vasculature, severely
worsening an already poor prognosis. Fetal therapy, including invasive fetal cardiac
interventions and non-invasive maternal hyperoxygenation, have been introduced to
prevent a possible progression of left heart hypoplasia, improve postnatal outcome, or
secure fetal survival. The aim of this review is to cover patient selection and possible
hemodynamic effects of fetal cardiac procedures and maternal hyperoxygenation in
fetuses with an evolving or established hypoplastic left heart syndrome.

Keywords: critical aortic stenosis, hypoplastic left heart, fetal cardiac interventions (FCI), fetal aortic
valvuloplasty, maternal hyperoxygenation, restrictive interatrial septum

INTRODUCTION

Hypoplasia of the left heart represents a wide spectrum of underdeveloped left ventricular
structures, ranging from a borderline left ventricle to a severely hypoplastic left ventricle in the
setting of mitral- and aortic atresia. Whereas, with the latter morphology, a postnatal univentricular
palliation is inevitable with its known relatively high morbidity and mortality (1–3), a postnatal
biventricular approach may be possible in a patient with a borderline left heart or Shone’s complex
(4, 5). During gestation, fetal echocardiography may reveal evolution of hypoplastic left heart
syndrome (HLHS), making these fetuses potential candidates for fetal therapy, including invasive
fetal cardiac interventions and non-invasive maternal hyperoxygenation. These therapies were
introduced to promote left heart growth during gestation and to avoid univentricular palliation
postnatally. In fetuses with an already established HLHS, patency of the foramen ovale is crucial to
enable left atrial drainage. Fetuses with highly restrictive or intact atrial septum are at high risk for
mortality postnatally. Fetal diagnostics aim to diagnose fetuses with the need for urgent postnatal
care, making those patients suitable candidates for invasive fetal cardiac interventions.
In this review patient selection, hemodynamic effects, and possible benefits of invasive fetal
cardiac interventions in patients with an evolving or established HLHS shall be discussed. We
will further discuss early results of the prospects of diagnostic and therapeutic use of maternal
hyperoxygenation in this group of patients.

CARDIAC ANOMALIES ASSOCIATED WITH FETAL LEFT HEART
HYPOPLASIA

In fetal echocardiography, hypoplasia of left ventricular structures with mitral patency may present
in two different shapes: (1) a poorly contractile, dilated left ventricle associated with critical aortic
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stenosis, apex or non-apex forming with the presence of
endocardial fibroelastosis (4, 6, 7) or (2) a long, skinny apex
forming left ventricle with laminar flow across the mitral and
aortic valve (Figure 1) (8). The latter morphology may present
with or without the presence of an aneurysm of the atrial septum
(9) or a persistent left superior vena cava (LSVC) (10). Both
phenotypes may present with flow reversal in the aortic arch and
bidirectional or left to right shunting at the atrial level, known
signs of a possible evolving HLHS, specifically in aortic valve
stenosis (Figure 2) (7). Whereas in fetuses with critical aortic
stenosis, the left ventricle is impaired in its function and not able
to support systemic perfusion due to severe outflow obstruction,
it is suspected that reverse flow in the aortic arch in fetuses with a
skinny shaped LV, however, may be the consequence of impaired
left ventricular loading. Routinely, both phenotypes may be
counseled with regard to a possible univentricular palliation
postnatally (6, 11–13). However, whereas the natural history
in fetal critical aortic stenosis may lead to higher numbers of
patients with univentricular outcomes postnatally (14), this may
not be the case for patients with other cardiac phenotypes (15).

There have been several investigations with regard to left
ventricular growth during fetal life (6, 16, 17). In a recent study
by Venardos et al. significant differences in left heart growth
according to the underlying phenotype could be found (15).
Fetuses with severe left heart hypoplasia, but apex forming left
ventricles in the absence of outflow obstruction showed growth
at a faster rate compared to aortic stenosis patients, however,
Z-scores still decreased during pregnancy (15). Interestingly,
there was no difference in left heart growth in the presence
of LSVC and also the number of univentricular palliations in
fetuses with LSVC was similar (9–10%) (15). Overall, the risk of
univentricular palliation in the group of left heart hypoplasia in
the absence of aortic stenosis was low, with no patient undergoing

univentricular palliation procedures if right to left atrial shunting
was present (15).

However, if retrograde aortic arch perfusion or abnormal
FO flow is present, difficulties in prenatal counseling of the
parents remain, independent of the underlying left ventricular
phenotype.

INVASIVE FETAL CARDIAC
INTERVENTIONS IN CRITICAL AORTIC
STENOSIS AND EVOLVING HLHS

Fetuses with critical aortic stenosis are at risk of intrauterine
growth arrest of the left ventricle, ultimately leading to HLHS
postnatally needing univentricular palliation (Figure 3) (1, 2, 6,
7, 14, 18). Critical aortic stenosis may lead to severe systolic
and diastolic dysfunction of the left ventricle with severely
increased left ventricular pressures. Endocardial fibroelastosis
(EFE) is present in almost all cases of critical aortic stenosis,
also negatively affecting left ventricular growth and diastolic
function (19), and in severe cases also affecting right ventricular
function (20). In the 1990s the first reports were published
about patients who underwent fetal aortic valvuloplasty in order
to prevent progression of this severe lesion in utero, however
with results being disappointing initially (21–23). Since the
year 2000 several institutions started fetal cardiac intervention
programs and reported improving experiences (7, 24–35). Fetal
cardiac interventions can be performed with or without general
anesthesia of the mother, or with or without separate fetal
analgesia or intramuscular relaxation (7, 25, 28, 36). The
technique of fetal aortic valvuloplasty is shown in Figure 4. Fetal
aortic valvuloplasty may be considered in fetuses showing the
following signs: (1) poorly contracting, dilated left ventricle, (2)

FIGURE 1 | Different phenotypes of left ventricular hypoplasia in the fetus. (A) A four-chamber view of a fetus with 24 weeks and critical aortic stenosis is shown with
a severely dilated left ventricle. Panel (B) shows a four-chamber view of a fetus at 27 weeks with a long and skinny, but apex forming left ventricle. LA, left atrium; LV,
left ventricle; RA, right atrium; RV, right ventricle.
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left to right or bidirectional shunting across the foramen ovale,
and (3) retrograde aortic arch flow. However, using only these
criteria may also include patients, who would not need prenatal
treatment to achieve sufficient left ventricular growth and a
biventricular circulation postnatally. In the past two decades the
group from Boston, United States and our institution in Linz,
Austria tried to optimize inclusion criteria to perform fetal aortic
valvuloplasty (26, 27, 31). Ideally, only those fetuses should have
prenatal dilation of the aortic valve who would develop HLHS
without prenatal treatment. A study by Gardiner et al., however,
studied the accuracy of inclusion criteria for fetal intervention
published by the group in Boston, showing that up to 30%
of fetuses being ideal candidates for fetal aortic valvuloplasty
may have achieved a biventricular circulation without prenatal
intervention (14). However, this analysis was based on the 2009
criteria (26) and there hasn’t been any evaluation of more
recently published criteria for fetal aortic valvuloplasty (27,
31). In 2018, the group in Boston published a decision tree
analysis to predict a neonatal biventricular outcome based on
LV pressure, LV diastolic diameter, mitral valve size and inflow
pattern, and ascending aortic diameter (27). Our group from
Linz suggested to use a combination of right to left ventricular
length ratio and left ventricular pressure estimates, predicting
the circulation type at one year of age with high sensitivity and
specificity (31).

So far, the level of evidence to support in utero dilation of
the aortic valve is still poor as almost all studies only had a
retrospective study design, were not randomized, and did not
have sufficient control groups. In a recent systematic review by
Vorisek et al. (37) no improvement of postnatal biventricular
outcome could be found. The same findings were reported
by Kovacevic et al. in a retrospective multicenter study with
matched cohorts (38). Similar proportions of fetuses showed a
biventricular circulation with or without successful fetal aortic
valvuloplasty (36 vs. 38%, respectively). However, patients after
successful fetal aortic valvuloplasty showed improved survival
regardless of final circulation type (38). With regard to postnatal
circulation type, institutional bias may affect the results of these
multicentric reports (39).

Our institution and the group of the Boston Children’s
Hospital frequently observe beneficial hemodynamic effects after
aortic valvuloplasty in utero. This includes improved antegrade
aortic valve flow with antegrade aortic arch perfusion in some
cases by the time of discharge, improvement of left ventricular
filling with change of the mitral valve Doppler from a short
monophasic to a biphasic inflow pattern, and in some cases
flow reversal at the atrial level to a bidirectional or right to
left shunt (40). These hemodynamic changes, if seen later in
gestation, have been shown to be predictive of a biventricular
outcome (41). Some patients may have severe aortic regurgitation
after fetal aortic valvuloplasty. This, however, is well tolerated
by almost all fetuses and usually improves over the remaining
pregnancy (42). In fact, a lack of aortic regurgitation after fetal
intervention could be a negative predictor of treatment success
in our opinion. Valvular remodeling of the aortic valve leads to
less severe aortic regurgitation during pregnancy and in some
fetuses relevant re-stenosis may occur. This could then negatively

FIGURE 2 | Echocardiographic signs of an evolving hypoplastic left heart
syndrome. Panel (A) shows a 3-vessel view of a fetus with critical aortic
stenosis with antegrade flow in the ductus arteriosus Botalli (red flow) and
retrograde flow in the aortic arch (blue flow). In panel (B) left to right shunting
at the atrial level of the same fetus is shown (arrow).

influence the overall impact of fetal aortic valvuloplasty if re-
stenosis occurs too soon.

Fetal aortic valvuloplasty does not only have the potential
to positively affect hemodynamics during pregnancy, but also
survival of fetuses. A subset of patients with critical aortic
stenosis will develop non-immune hydrops due to impaired right
ventricular filling and increased venous pressure. These patients
are likely to die during pregnancy or right after birth (43, 44).
However, we were able to show that a timely performed FAV in
these fetuses led to the resolution of hydrops in two thirds of
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FIGURE 3 | Natural history of a fetus with critical aortic stenosis. The evolution of a hypoplastic left heart syndrome in a fetus with critical aortic stenosis is shown.
The fetus was diagnosed at 24 + 1 weeks of gestation with a severely dilated and poorly contracting, but apex forming left ventricle (A). Five weeks later the fetus
showed marked signs of left ventricular hypoplasia and severe EFE, the apex being formed by the right ventricle (B). In panel (C), the four-chamber view of the same
fetus shows severe left ventricular hypoplasia in terms of a hypoplastic left heart syndrome making a univentricular palliation inevitable. EFE, endocardial
fibroelastosis; LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle.

FIGURE 4 | Technique of fetal aortic valvuloplasty performed under ultrasound guidance. Fetal aortic valvuloplasty of a fetus at 25 weeks of gestation with critical
aortic stenosis and eHLHS is shown. In panel (A) the ultrasound guided puncture of the fetal thoracic wall is shown, the arrow marks the needle just before entering
the fetus. The needle has been introduced into the left ventricle (B), asterisk marks the needle tip inside the left ventricle. The guidewire and the balloon catheter
have crossed the aortic valve in panel (C) and the needle is slightly retracted to allow good positioning of the balloon just before dilation of the aortic valve (∗∗). Panel
(D) shows full insufflation of the balloon catheter (∗∗). eHLHS, evolving hypoplastic left heart syndrome; LA, left atrium; LV, left ventricle; RA, right atrium; RV, right
ventricle.
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patients and 50% of the successfully treated patients achieved a
postnatal biventricular circulation, all alive at last follow up (30).

The promise of affecting hemodynamics positively in fetuses
with critical aortic stenosis led to the initiation of several
fetal cardiac intervention programs worldwide. However, as
numbers of fetal aortic valvuloplasties performed worldwide are
still increasing, center volumes often remain small compared
to a few high-volume centers. It has been shown that fetal
aortic valvuloplasty may lead to a survival benefit in patients
with critical aortic stenosis and evolving hypoplastic left heart
syndrome, if procedure related mortality does not exceed 12%
(45). It has also been shown for high volume centers, that
procedural success rates and procedure related mortality can be
improved after a learning curve (26–28, 31), however, smaller
centers may not overcome their learning curve due to the low rate
of performed procedures with a persisting mortality above 10–
12%, compared to 4–5% at our institution or at Boston Children’s
Hospital (27, 31).

There have been concerns that fetal aortic valvuloplasty could
be a risk factor for preterm deliveries (38). It is important
to state that in our experience no association between fetal
cardiac interventions and preterm deliveries could be found (31).
Increased rates of preterm deliveries of a previous study (38)
could be explained by local treatment strategies by the means
of preterm cesarean sections. However, in our practice term
deliveries (39–40 weeks gestation) are warranted to avoid the
known complications of prematurity.

In summary, there is increasing evidence that in selected cases,
fetal aortic valvuloplasty has benefits compared to expectant
management. Significant hemodynamic improvements can be
achieved in some fetuses up to a point where no postnatal therapy
is needed (31). However, some will not show persistent benefits
following this procedure, and hence will have a low probability
of a postnatal biventricular outcome. Fetal aortic valvuloplasty
may positively influence overall survival if procedure related
mortality does not exceed 12% (45). Ideally, procedure related
mortality should be zero or at least less than 5%. In our opinion
this can only be achieved with an adequate rate of performed
procedures, which is a strong argument for centralization (46).
In some fetuses with hydrops, fetal aortic valvuloplasty may
even be lifesaving. There are still no ideal criteria when to
perform invasive prenatal treatment in these patients. Hence,
there is still work to do to further improve selection criteria,
improve technical equipment and imaging as well as postnatal
treatment strategies for these challenging patients. Prospective
data is urgently needed to provide solid evidence about the
beneficial effects.

FETAL CARDIAC INTERVENTIONS IN
FETUSES WITH HLHS AND HIGHLY
RESTRICTIVE OR INTACT INTERATRIAL
SEPTUM

Severe restriction or an intact atrial septum significantly
aggravates the overall prognosis in fetuses with an established

HLHS (47–49). In this group of patients, especially in mitral or
aortic atresia, the foramen ovale is the only exit of pulmonary
venous blood flow in the absence of decompressing veins. If
there is severe restriction or even closure of the interatrial
communication, left atrial and consequently pulmonary venous
hypertension results in markedly pathological remodeling of
pulmonary vasculature during gestation, including pulmonary
arterial hypertrophy, arterialization of pulmonary veins and
intrapulmonary dilatation of lymphatic vessels (49, 50). Figure 5
shows different pulmonary vein Doppler tracings with increasing
restriction at the atrial level. Figure 6 shows a fetus at
28 weeks gestation with an intact atrial septum undergoing
FCI. Moreover, patients born with this physiology need urgent
emergency postnatal care, or even EXIT (ex utero intrapartum
treatment) procedures to stabilize hemodynamics directly after
birth. However, despite improved postnatal care for this critically
ill subset of patients, the overall outcome is still poor with
mortality rates of up to 100% (51, 52). Invasive fetal cardiac
interventions on the atrial septum have been introduced to enable
unrestrictive interatrial blood flow to prevent or even reverse
pathological remodeling of the pulmonary vasculature and to
enable stable hemodynamics directly after birth (53, 54). In 2004
and 2008 the first results of fetal atrial septoplasty were published
by Marshall et al., showing only poor hemodynamic effects with
persistent pulmonary venous flow reversal and a remaining high
mortality (53, 54). Improvements in hemodynamics could only
be achieved if ASDs bigger than 3mm were created, however,
this was achieved only in 30% of patients (53). Furthermore, a
relevant proportion of patients still needed emergent postnatal
interventions due to severe hypoxemia. Therefore, in order to
achieve sustained interatrial shunting and to avoid recoiling of
the interatrial septum, modifications to fetal balloon septoplasty,
laser guided atrial septostomy and stenting of the interatrial
septum were proposed (55–58). So far, there are only a few
case reports on laser guided atrial septostomy, whereas the
experience with intrauterine stenting of the atrial septum is
increasing. First experiences of atrial septum stenting were
published by the group in Toronto, Canada, showing that
intrauterine stenting is technically feasible (57), allows vaginal
delivery of this critically ill subset of patients and improved
outcomes (56). To create adequate interatrial communications,
stents with 2.75-3.00 mm diameter are used and dilated up to
3.6 mm (56). After fetal stenting, endocardial cell proliferation
could be a concerning factor and may lead to re-obstruction
of the interatrial communication (57). Moreover, alveolar lung
pathology may not be fully reversed (56) and there are still
technical challenges making this procedure very difficult to
perform (59). Therefore, careful evaluation is needed with regard
to which patients should undergo in utero therapy. At our
institution fetuses with HLHS and restrictive atrial septum with a
pulmonary vein Doppler forward/reverse VTI ratio of less than 3
and all fetuses with an intact atrial septum are considered suitable
candidates for atrial septum stenting. One of the challenges
during this procedure is sometimes poor visualization of the
septum and stent due to secondary distortion of the interatrial
septum as the cannula is passed through (59). In the biggest
series on invasive fetal cardiac interventions on the atrial septum
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in this group of patients, there were no differences found in
discharge survival between all FCI and non-FCI patients (34 vs.
36%) (60). In the same study a higher 1 year survival was found
in FCI survivors with an unrestrictive FO at birth compared to
patients not undergoing invasive fetal cardiac therapy (59 vs.
19%, p = 0.03) (60). However, the results of this study may be
biased by the fact that data was generated by multiple institutions,
there was no standardized postnatal approach in all institutions,
and in 25% of post-discharge patients outcome data was missing.
Also the authors concluded that FCI should be continued, but
concentrated to selected institutions to concentrate experience
and standardize fetal and postnatal care (60).

If early third trimester interventions are not attempted,
stenting of the interatrial septum just before birth may still be a
helpful alternative to avoid postnatal EXIT procedures, as shown
by our institution (61). This method may be more effective than
early third trimester stenting, as there is less time for endocardial
cell proliferation, possibly leading to important re-obstruction
at term. However, the main objective to perform stenting is to
reverse or prevent irreversible damage to improve the pulmonary
vasculature and to prevent alveolar damage to the lungs. At this
point it is unclear whether this intervention can achieve both,
especially if late stenting is performed just before birth.

In summary, stenting of the interatrial septum seems to be
promising and may positively affect outcome in these critically
ill patients compared to the natural course. As this technique is
still challenging, centralization should be attempted to gain more
experience in this field and to standardize treatment protocols.

MATERNAL HYPEROXYGENATION IN
FETUSES WITH LEFT HEART
HYPOPLASIA

In the absence of critical aortic stenosis, there are also
other congenital cardiac anomalies leading to significant
hypoplasia of left sided structures, being summarized under
the diagnosis of Shone’s complex (4, 5). In some cases, there
is significant underdevelopment of the mitral valve, with a
left ventricle still apex forming, but ultimately not suitable for
a biventricular approach postnatally. During the past decade,
maternal hyperoxygenation (MH) was introduced and studied
with regard to (1) promoting left heart growth during gestation
to avoid a postnatal univentricular palliation, (2) the impact
of MH on fetuses with left heart hypoplasia and atrial septal
aneurysm, and (3) to diagnose those with an already established
HLHS with regard to relevant restriction across the interatrial
communication with the potential need of urgent emergency
postnatal care (16, 62–66).

MATERNAL HYPEROXYGENATION
THERAPY TO STIMULATE LEFT HEART
GROWTH

The principle of MH is based upon oxygen induced reduction
of fetal pulmonary vascular resistance (PVR). Response of fetal

FIGURE 5 | Pulmonary vein Doppler patterns in the hypoplastic left heart with
incremental restriction of the interatrial communication. Panel (A) shows a
fetus with CAS and an unrestrictive interatrial communication; note that there
is reduced flow during atrial systole (A-wave). Panel (B) shows a fetus with
HLHS and restrictive, but patent atrial septum. Prominent A-wave flow
reversal during atrial systole may be indicative of relevant restriction. Panel (C)
shows the pulmonary venous flow pattern in a fetus with HLHS and intact
atrial septum. Diastolic pulmonary vein flow is almost missing.

pulmonary vasculature to supplemental oxygen has been shown
to occur by the end of 26 weeks of gestation (67). Reduced fetal
PVR should lead to increased pulmonary arterial blood flow,
and thus increased pulmonary venous return. This increased
left atrial volume should therefore stimulate mitral valve, left
ventricular, and aortic valve growth. In 2010, Kohl was the first
to describe positive effects of chronic intermittent MH on left
heart growth (65). There were significant increases in pulmonary
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FIGURE 6 | A fetus at 28 weeks gestation with HLHS and intact atrial septum undergoing FCI. Stenting of the interatrial septum in a fetus with intact atrial septum
and HLHS is shown. In panel (A) severely dilated pulmonary veins (arrows) indicate severe left atrial hypertension. The asterisk marks a thickened and into the right
atrium bowing atrial septum. In panel (B) severe left atrial hypertension is indicated by severely abnormal pulmonary vein Doppler with almost missing diastolic flow
and severe A-wave reversal during atrial systole. The arrow in panel (C) marks the placed atrial septum stent with good flow through the stent indicated by the red
color Doppler signal. Note that the pulmonary vein Doppler in panel (D) is almost normalized in the same patient directly after stent placement with good diastolic
flow and no presence of A-Wave reversal.

venous mean flow velocities as well as increases in mitral valve
late diastolic flow velocities (65). One specific finding was that
fetuses with lower left heart dimensions had more favorable
growth of left sided structures compared to fetuses closer to
the normal range. Another finding of the Kohl study was that
there was no or little effect on left cardiac structures seen in
fetuses with malformations like LSVC, otherwise obstructed or
stenotic AV-valves, or obstructions of left ventricular outflow
including aortic valve stenosis (65). However, there were no
control cases, neither historic nor prospective, to compare the
changes of left heart dimensions. A possible implication of
this study was that these potential beneficial effects could also
be used in addition to fetuses undergoing invasive fetal aortic
valvuloplasty, to improve recovery of left ventricular function
and growth by improved left heart loading (65). In 2016,
the group from Houston, Texas, performed a pilot study on
left heart dimensional growth after chronic MH using historic
controls (63). The initial findings of this study were not as
significant as described in the Kohl study. There was increased
aortic flow compared to baseline during acute MH testing,
but there was no significant difference with regard to aortic
valve growth compared to the historic control cases, arguably
being attributable to the small cohort size (63). Nevertheless,
an important question could have been answered by this study:

what is the optimal duration to perform MH per day to improve
left heart growth? In patients with a mean duration of more
than 9 hours per day, better aortic annular growth was observed
compared to the historical control group. Nevertheless, the same
mean duration did not lead to significantly improved mitral valve
growth (63). Both studies mentioned above did not report any
severe complications, neither for the fetus or neonate, nor for
the mother (63, 65). However, there have also been concerns
with regard to fetal complications in patients undergoing chronic
intermittent hyperoxygenation. One study reported that chronic
MH may be associated with growth restriction (63), whereas
another group had concerns regarding fetal brain and placental
development (16). In animal models using fetal sheep it could
also be shown that hyperoxygenation led to reduced cerebral
perfusion resulting in significantly decreased cerebral glucose
delivery and consumption (68). Other fetal complications like
constriction of the arterial duct or retinopathy may also be
considered but were not reported in human studies on chronic
MH. Due to the lack of data in the field of chronic MH and
possibly associated fetal complications, the recommendation of
a recent review was that studies on MH should be curtailed (69).

Altogether, as summarized previously, chronic MH may
have beneficial effects on left heart growth (70). In presence
of left to right shunting at the atrial level these effects may
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be limited only to those patients with a somewhat restrictive
interatrial communication, but there is no data yet to support
this hypothesis.

Chronic MH should be initiated at about 50% FiO2 for at least
9 h per day with only few interruptions to avoid repeated changes
in fetal hemodynamics (16, 70).

Prospectively controlled studies should be performed to
support the previously reported effects on left heart growth and
to further study possible fetal complications.

ACUTE HYPEROXYGENATION TESTING
IN FETUSES WITH LEFT HEART
HYPOPLASIA

The hemodynamic effects of MH have been shown to be useful
in prenatal diagnosis and counseling. Acute MH in fetuses
with left heart hypoplasia was specifically studied in patients
with HLHS and restrictive or intact atrial septum (62, 66, 71,
72). Severe restriction or an intact atrial septum significantly
aggravates the overall prognosis in fetuses with hypoplastic left
heart syndrome as described above. It has been demonstrated that
acute MH for 10 min with 60% FiO2 reliably identified fetuses
with pulmonary vascular damage compared to fetuses with HLHS
and unrestrictive interatrial flow (62, 66). The group from the
Children’s Hospital of Philadelphia demonstrated, that acute MH
in fetuses with unrestrictive interatrial communications led to a
significant reduction in pulmonary artery PI (62). In contrast,
fetuses with HLHS and restrictive atrial septum (RAS) did not
show a significant change in the pulmonary artery PI (<10%
decrease) in response to acute MH, thus being a possible reliable
predictor for urgent postnatal intervention (62). Similar findings
were reported in a study by Enzensberger et al., also showing that
there was no response to acute MH in fetuses with HLHS and
RAS (66). Mardy et al. (72), however, investigated the effect of
acute MH on pulmonary venous return analyzing the pulmonary
vein prograde/retrograde VTI ratio (48, 73–75) with regard to
emergent postnatal intervention. Different pulmonary vein flow
patterns with increasing restriction of the atrial septum are shown
in Figure 5. Emergent postnatal intervention could be predicted
with 100% sensitivity and 100% specificity by using the following
classification: Fetuses with a baseline Pvein VTI ratio <3 were
ascribed to the emergent intervention group as well as fetuses
with a Pvein VTI ratio between 3 and 7 with a decrease from
baseline to MH (72). The branch pulmonary artery PI showed
less sensitivity and specificity in the same study (72).

However, acute MH may also improve accurate diagnosis
of left heart hypoplasia in fetuses with atrial septal aneurysms
leading to impaired left ventricular filling (9). In a case series
of 12 fetuses with apparent left ventricular hypoplasia due
to impaired LV loading by aneurysm of the atrial septum,
acute MH demonstrated significant hemodynamic effects: after
10 minutes of acute MH, increased pulmonary venous return
led to a significant reduction in atrial septal excursion leading to
improved LV loading, and consequently changed the flow pattern
in the aortic arch in all participating fetuses from retrograde to
antegrade or bidirectional (9). Importantly, all studies on acute

MH testing did not report any adverse reactions, neither fetal nor
maternal.

In summary, maternal hyperoxygenation offers possible
adjuncts to current diagnostic and treatment strategies. Especially
in fetuses with HLHS and restrictive interatrial septum, acute
MH has the potential to identify those with the need of high
urgent postnatal care and may help in the decision making,
if invasive fetal therapy should be performed. Currently, acute
MH is not performed on a routine basis across many centers.
However, this diagnostic element can be implemented easily.
Moreover, chronic MH may improve left heart development.
Using chronic MH could show further benefits in fetuses after
fetal aortic valvuloplasty. However, there is yet no data to
support this and prospective controlled research trials should
be performed to increase the currently low level of evidence
in this field and the safety of this treatment, which is still
under investigation.

CONCLUSION AND OUTLOOK

There has been tremendous progress in invasive fetal treatment in
the past two decades and there is increasing evidence that invasive
fetal treatment has survival benefits compared to expectant
management. Invasive fetal therapy is only the first step in the
treatment of this critically ill subset of patients and adequate
postnatal therapy is needed to sustain and secure the impact
of the performed prenatal procedure. Until now, fetal cardiac
interventions haven’t been the focus of the industry and hence
there has been only little to no evolution in instruments used
during these procedures. Technical advances are warranted to
improve outcomes and procedural security. Invasive fetal cardiac
interventions are no routine procedures at this moment and still
carry a significant risk of fetal demise if not performed in a
high-volume center. Therefore, invasive fetal treatment should
be centralized to a few institutions, which have overcome their
learning curve and are able to perform these procedures on
a regular basis.

Chronic maternal hyperoxygenation may be a non-invasive
treatment-alternative to promote left heart growth in fetuses with
left heart hypoplasia, but the evidence on this topic is limited and
safety regarding neurodevelopmental outcome is yet unknown.

Nonetheless, acute maternal hyperoxygenation has
been shown to be of value with regard to prenatal
diagnosis and counseling.

Prospectively controlled studies are warranted for both,
invasive and non-invasive fetal therapy, to improve the level of
evidence in this small field of perinatal and pediatric cardiology.
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