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The Fetal Heart Program: A Multidisciplinary Model
and Approach to Contemporary Comprehensive
Care for Cardiovascular Conditions Before Birth

C. B. Falkensammer, J. Rychik

Kurzfassung: In der vorliegenden Ubersichtsar-
beit wird das multidisziplindre Modell zur Erken-
nung und Behandlung von fetalen kardiovasku-
laren Erkrankungen des ,Fetal Heart Program of
the The Cardiac Center at The Children’s Hos-
pital of Philadelphia, CHOP, Philadelphia, USA"
vorgestellt und berichtet einige anschauliche
Fallbeispiele.

kardiographie

B Introduction

Heart conditions in the young are often related to primary car-
diac malformations or secondary cardiovascular manifesta-
tions due to other developmental abnormalities. In the past,
congenital heart disease would typically come to identifica-
tion with the presentation of symptoms in infancy or child-
hood. Circulatory collapse in the newborn, or a murmur, re-
spiratory symptoms or poor growth in a child would signal
the possibility of a cardiac condition. In the current era, most
forms of cardiac malformation are identified through ultra-
sound detection while still in the womb. With fetal circula-
tion providing bypass and while receiving maternal support,
human beings with even the most severe forms of cardiac dis-
ease may thrive and do well, without manifestation of signif-
icant symptoms, up until separation from mother at the time
of birth. The ability to detect cardiac malformations with ex-
quisite detail through ultrasound techniques while in utero
has truly revolutionized our approach to managing congeni-
tal heart disease. In fact, “birth defects” of the heart is an ob-
solete term, as these anomalies are no longer detected at birth,
but rather at an extended period prior to birth. As such, care
and management of these conditions must also start way be-
fore birth, at the time of first detection in utero.

Advances in fetal echocardiography achieved over the past 30
years provide for an incredibly clear window into the anatomy
and physiological consequences of fetal cardiovascular dis-
ease [1]. We can now assess with great detail very tiny struc-
tures as early as 13—14 weeks gestation. We can characterize
blood flow patterns and observe for changes in states of health
and disease as the fetus progresses forward through pregnan-
cy. These tools allow us the opportunity to offer optimal care
and management services beyond just anatomical diagnosis.
One can comprehend complex physiologies and stratify com-
plex conditions, thereby offering counseling, guidance and ed-
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ucation to expectant parents. One can utilize this rich collec-
tion of pre-birth data to best plan for individual postnatal care.
One can make recommendations for site of delivery and im-
mediately offer treatment at birth, thereby creating a smooth
and seamless transition from the safety of the womb to the
outside environment. Such steps can decrease the degree of in-
stability at birth present for complex conditions thereby mak-
ing these infants better candidates for the coming interven-
tional treatment, be it surgery or catheter-based. Optimizing
the state of the first few moments of life can reduce the risks
of early end-organ insult. In particular it can contribute to a
reduction in brain injury, thereby optimizing the potential for
best neurocognitive outcomes, with the brain now recognized
to be so vulnerable and at risk in our children with congenital
heart disease [2, 3].

Currently, we have a unique opportunity to develop a special-
ized program of care for the fetus with cardiovascular disease.
Not only can we detect and diagnose, but we can create in-
novative ways to test fetal physiology to provide new infor-
mation, potentially offer treatment before birth, and provide
counseling and support for the family as they deal with the
challenges of carrying a fetus with heart disease. In this re-
view, we will discuss some of these new aspects of care and
provide some case examples of how a multidisciplinary Fetal
Heart Program can offer these unique services.

® Understanding Complex Physiology:

The Valuable Tools of Fetal Echocardio-

graphy
Congenital heart disease manifests in a very wide manner.
There are dozens of different conditions ranging from simple
septal defects, to obstruction of the outflow tracts, to transpo-
sition of great vessels, and to univentricular conditions just
to name a few. Often these conditions occur in combination.
Each has its own unique physiology and in the fetus, each may
have unique manifestations and findings based on the gesta-
tional age of assessment. For example, aortic stenosis present-
ing at 18 weeks gestation may continue to remain as simple
aortic valve disease at birth, or based on specific findings, it
may progress in severity to critical narrowing requiring ear-
ly intervention at birth. Some fetuses with aortic stenosis and

For personal use only. Not to be reproduced without permission of Krause & Pachernegg GmbH.



The Fetal Heart Program

poor left ventricular function manifest arrest of left ventricu-
lar development and progress towards inadequacy of the left
side and hypoplastic left heart syndrome (HLHS) [4]. Genetic
signaling as of yet still undetermined, may play a role in pro-
gramming which path such a fetus may take. Flow character-
istics may contribute as well, which is the primary argument
for altering blood flow patterns in utero through interventions
with the hope of stimulating growth of structures.

Doppler echocardiography in the fetus provides for a tremen-
dous amount of information concerning fetal circulatory phys-
iology. Assessment can be made across intracardiac structures
such as atrioventricular or semilunar valves. Flow across the
ductus arteriosus can help predict whether a fetus with pulmo-
nary obstruction will require support with prostaglandin infu-
sion after birth. For example, in tetralogy of Fallot measure-
ment of a pulmonary annulus that is less than 50% that of the
aorta and reversal of flow in the ductus arteriosus are features
which predict the need for early neonatal surgery and can help
guide delivery plans and counseling [5].

Venous flow patterns assessed by Doppler echocardiography
in particular can be quite informative. A hypertrophic, poor-
ly compliant right ventricle can be carefully characterized by
looking at the inflow pattern across the tricuspid valve (nor-
mal double-peak, or abnormal single-peak) as well as by look-
ing at flow across the ductus venosus and umbilical vein,
structures proximal to and upstream of the heart which carry
placental venous return to the fetal circulation. Ductus veno-
sus flow should normally be phasic and all antegrade, while
umbilical venous flow is always normally continuous, non-
phasic and antegrade. Significant reversal of flow with atrial
contraction in the ductus venosus or pulsations in the umbili-
cal vein indicate abnormal downstream right ventricular com-
pliance. Such findings are characteristics of cardiomyopathy
such as seen in the heart of a recipient partner in the twin-twin
transfusion syndrome [6].

Assessment of pulmonary arterial and venous flow has been
informative in the fetus. Pulmonary vascular resistance is
normally high in fetal life, which drops dramatically with pla-
cental separation and the first breaths taken. Therefore, very
specific patterns of flow have been identified [7]. For the pul-
monary veins, flow is phasic with timing of the cardiac cycle,
but normally always antegrade. In the hypoplastic left heart
syndrome, there is an inadequate left ventricle and often mi-
tral stenosis or atresia. Thus, pulmonary venous return must
make its way into the left atrium and across the foramen ova-
le left to right to the right atrium. Restriction at the level of
the foramen ovale, which is severe in approximately 5% of
fetuses with HLHS, will impede pulmonary venous egress,
raising left atrial pressure. This can result in severe chang-
es in the pulmonary vasculature, leading to injury and a pul-
monary vasculopathy that can manifest as respiratory insuf-
ficiency at birth. Such neonates then have not only the con-
genital heart disease of HLHS, but also have damaged lungs,
leading to very poor outcome [8]. Evaluation of this phenom-
enon can be undertaken by Doppler interrogation of the pul-
monary veins. Marked reversal of flow with atrial contraction
indicates the presence of impediment to left atrial egress and
left atrial hypertension [9].

As a means of provoking an informative response, we investi-
gated the technique of offering maternal hyperoxygenation in
order to test the reactivity of the pulmonary vasculature in our
fetuses with HLHS [10]. Maternal hyperoxygenation leads to
an increase in fetal oxygenation, and in healthy lungs at the
proper gestational age, will lead to pulmonary vasodilation,
which can be characterized using fetal echocardiography. Ap-
proximately 20 minutes of maternal hyperoxygenation when a
fetus is beyond 34 weeks gestation will lead to pulmonary ar-
terial changes with a decrease in resistance from baseline as
measured through the Doppler-derived pulsatility index. Ab-
sence of this response in fetuses with suspected abnormal pul-
monary vasculature such as those with HLHS and highly re-
strictive atrial septum, in combination with information gath-
ered concerning pulmonary vein flow may lead to consider-
ation of fetal intervention to open the atrial septum through
catheter techniques or prompt a plan for immediate interven-
tion at birth to open the atrial septum.

Investigational interests of late have focused on using Dop-
pler echocardiography to measure vascular resistance with-
in the placental circulation and compare to the cerebral cir-
culation in normal and congenital heart disease. Vascular re-
sistance can be measured utilizing Doppler waveform signals
and is calculated as the peak systolic velocity minus the end-
diastolic velocity divided by the mean velocity for one cardiac
cycle. In the normal healthy state, placental resistance as mea-
sured by Doppler interrogation of the umbilical artery, should
always be low and cerebral resistance as measured by Dop-
pler interrogation of the fetal middle cerebral artery should
always be high. These are the natural autoregulatory control
mechanisms for directing flow distribution selectively towards
the placenta. However in conditions of fetal circulatory dis-
tress (eg, growth restriction, placental insufficiency, fetal car-
diomyopathy or myocarditis etc.) autoregulatory mechanisms
lead to a natural attempt to preserve cerebral blood flow, re-
sulting in a drop in middle cerebral artery resistance, often to
a level that is even lower than the umbilical artery. When that
occurs, in essence the brain is stealing flow from the placen-
ta and is referred to as “cephalization,” indicating a maldistri-
bution of blood flow. Such alterations in the expected ratio of
middle cerebral to umbilical artery resistance ratios have now
been well described in various forms of congenital heart dis-
ease [11]. For example, fetuses with HLHS and small aorta
have decreased middle cerebral artery resistance compared to
normal. This may be due to the cerebral microcirculatory va-
sodilation in response to an anatomical impediment to aor-
tic flow. Conversely, fetuses with pulmonary stenosis or atre-
sia have increased aortic flow and often exhibit elevated mid-
dle cerebral artery resistance, perhaps reflecting compensato-
ry vasoconstriction in the face of abundant flow [12]. Such
changes in distribution of flow may influence brain develop-
ment and may be associated with neurocognitive deficits seen
in some survivors of congenital heart surgery later in life [13].

® Heart Care Before Birth: Treating the Fe-
tus with Cardiovascular Disease

Not only can we characterize complex flow patterns within the
fetal circulation, but in addition we can now commence treat-
ment strategies in utero. The most common and well-accept-
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ed form of fetal treatment is anti-arrhythmic medication given
to mothers for fetal arrhythmia [1]. Strategies and protocols to
treat supraventricular tachycardia and atrial flutter are avail-
able by administering agents that readily cross the placenta
into the fetal circulation such as digoxin, sotalol or flecainide.
Fetal bradycardia due to acquired heart block secondary to
maternal autoimmune disease can be managed with steroid
treatment to prevent decline in heart rate and heart function,
and with beta agonists to stimulate heart rate. Pacing of the fe-
tal heart is theoretically conceivable [14], however logistical
limitations such lead and generator size and placement have
been challenges which limit this potential strategy to date.

Fetal intervention through catheter-based techniques is in-
creasing in frequency and is still evolving in application. Ac-
cess to the fetal heart through percutaneous needle puncture
of the maternal abdomen, uterus, and fetal chest is possible
using ultrasound guidance and is very much dependent upon
operator skill [15]. Fetal aortic valvuloplasty for aortic ste-
nosis is possible with data suggesting that in some fetuses,
left ventricular recruitment and growth can take place prevent-
ing the development of HLHS [16]. Opening of the atrial sep-
tum in utero in HLHS with intact or restrictive atrial septum
is possible; however technique, efficacy and proper timing of
such an intervention remain of question [17]. Fetal surgery
for congenital heart disease is still not available as utilization
of cardiopulmonary bypass techniques, mandatory for most
forms of intra-cardiac surgery, leads to placental injury and
dysfunction. However, the principles of fetal surgery for a va-
riety of non-cardiac conditions have been well established and
are currently applied to anomalies such as spina bifida and
chest masses with good success [18]. Safe access to the fe-
tal chest allows for fetal surgery for cardiovascular conditions
that may not require cardiopulmonary bypass such as pericar-
dial teratoma.

Much thought is currently being given to the use of pharma-
cological strategies to improve the fetal circulatory state and
perhaps influence organ development. While we have demon-
strated the utility of maternal hyperoxygenation as a short-term
diagnostic tool in HLHS, we have also demonstrated that this
maneuvre can induce pulmonary vasodilation, increase pulmo-
nary venous return, and improve filling of the left atrium and
left ventricle in the fetus at the tail end of the 3™ trimester of
pregnancy. Fetuses with the unusual finding of an aneurysm of
the atrial septum bowing right to left can have severe limitation
to filling of the left ventricle with evidence for retrograde flow
in the transverse aorta. By offering a short period of maternal
hyperoxygenation, we have demonstrated improved filling of
the left ventricle with conversion of retrograde into antegrade
flow across the arch [19]. An important question to answer is
whether or not sustained maternal hyperoxygenation with in-
creased left sided return can lead to growth of borderline small
left sided structures, if administered in a therapeutic manner
for days or weeks at a time [20]. Clinical trials of such a strat-
egy are being currently considered.

Furthermore, thought has been given to the notion of possibly
promoting neurodevelopment in our fetuses with congenital
heart disease in whom neurocognitive impairment is common.
Fetal MRI studies of the brain in congenital heart disease dem-
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onstrate delayed maturation in brain development [21], altered
cerebral metabolism [22] and reduced levels of cerebral oxy-
genation [23]. Fetal life however is a known period of plastic-
ity, with the potential for modification of neuronal state. Per-
haps increasing oxygen delivery to the brain through mater-
nal hyperoxygenation may mitigate some of the deficits seen.
Agents such as progesterone or caffeine are known promotors
of neural growth and development and may find a place in our
armamentarium of fetal treatment in the near future.

® The Multidisciplinary Model: Caring for
Fetus and Mother Before Birth

Optimal care for the fetus with a cardiovascular condition in-
volves a team of specialists with a variety of skills. Fetal imag-
ing through echocardiography is essential, but not sufficient.
In addition to fetal diagnosis, care for the mother/family both
physical and emotional are emerging as important aspects of
comprehensive care. The conventional departmental barriers
of “obstetrics” versus “pediatrics” are not ideal when dealing
with a fetal cardiovascular condition. The best care is offered
when there are teams of specialists interested in a mutual posi-
tive outcome for both fetus and mother. Such teams should in-
clude: fetal (pediatric) cardiologists, maternal fetal medicine
specialists, obstetricians, nurse coordinators, genetic counsel-
ors, psychologist/social workers as well as specialists on the
receiving end after birth specifically neonatologists, cardiac
intensivists and cardiac surgeons. Multidisciplinary review of
cases allows for the voicing of opinions and perspectives that
can be shared amongst healthcare providers, creating an indi-
vidualized plan of care for each unique patient set.

In order to optimize communication amongst a variety of clin-
ical services, stratification of types of congenital heart disease
and determination of resource utilization for different levels
of disease is important. We designed and developed a fetal
congenital heart disease classification system that is extremely
valuable in characterizing the delivery needs of the fetus with
heart disease (Tab. 1). This classification scheme relates to de-
livery needs and resource utilization and does not necessari-
ly indicate the overall severity of the condition or the progno-
sis. Simple forms of heart disease not requiring any special-
ized delivery care are labeled class I. Conditions which re-
quire initiation of prostaglandin infusion such as pulmonary
atresia or critical coarctation of the aorta but who are predict-
ed to be stable at birth are class II. Fetuses with transposition
of the great arteries, or total anomalous pulmonary venous re-
turn may be unstable at birth and may require urgent cardiac
care and are thus labeled as class III. Finally, there are some
conditions that are known to potentially manifest severe insta-
bility at birth such as HLHS with intact atrial septum or con-
genital complete heart block with fetal heart rate less than 50
bpm. For these fetuses, performance of an IMPACT procedure
(immediate postpartum access to cardiac therapy) is indicated.
In this category, the fetus is delivered via a Caesarian section
in our cardiac operating room and the newborn is immediately
taken to an adjacent operating room or catheterization labora-
tory. A rapid evaluation is undertaken and immediate interven-
tion can then be offered, minimizing the amount of time be-
tween the safety of in-utero placental support and ex-utero life
without intervention. Such fetuses are labeled class IV and re-
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Table 1. The Children’s Hospital of Philadelphia’s Fetal Heart Program. Delivery Classification Scale for Fetal Cardiovascular
Disease. © Fetal Heart Program, Children’s Hospital of Philadelphia. Reprint with kind permission.

Definition Examples Action Personnel
Class | No hemodynamic VSD, “pink” TOF, AV canal, - Evaluation and monitoring  Neonatology
instability anticipated truncus arteriosus, left — Either no vascular access,
ventricle-right ventricle size or at discretion of neo-
disproportion with suspicion  natologist a peripheral IV
of possible coarctation may be placed
— No PGE infusion
Class Il Ductal dependent lesions,  Pulmonary atresia, critical ~ — Vascular access via umbili-  Neonatology
stable hemodynamics coarctation, critical aortic cal vein
anticipated stenosis, HLHS — PGE infusion
— Most commonly no UA line;
however, UA may be placed
at discretion of neonatologist
or by request of CICU
attending
Class Il Possibility or likelihood of TGA, TAPVR — Vascular access via umbili-  Neonatology and cardiology
hemodynamic instability cal vein
— PGE infusion
— Umbilical arterial line
IMPACT Procedure Hemodynamic instability is  HLHS + IAS, Ebstein’s — C-section in cardiac facility — Cardiac intensive care, cath-

(Immediate post-
partum access to
cardiac therapy)

anticipated at separation

from placental circulation fetus

anomaly, CHB, hydropic

lab, cardiac anesthesia, car-
diac surgery, echo imaging,
as necessary

(operating room, cath lab,
hybrid room) with neonatal
resuscitation in adjacent
cardiac facility

AV = atrioventricular canal defect; cath = catheterization; CHB = complete heart block; HLHS = hypoplastic left heart syndrome; IAS = intact
atrial septum; PGE = prostaglandin E1 infusion; TAPVR = total anomalous pulmonary venous return; TGA = transposition of the great arteries;
TOF = tetralogy of Fallot; UA = umbilical artery; VSD = ventricular septal defect

quire the harnessing of substantial medical personnel and re-
sources for an orchestrated, planned delivery.

An additional important aspect of a comprehensive Fetal Heart
Program is the identification of the essential nature of coun-
seling and family support. The importance of this aspect of
care cannot be overstated. How information is conveyed and
the educational process that families undergo is critical to the
well being of the emerging family unit. Fetal counseling must
achieve the goals of explaining the findings, often complex in
nature, as well as explaining the potential plan going forward,
treatment strategies, as well as outcomes both short and long
term. Families often need to make critical decisions related to
termination of the pregnancy or perhaps palliative care and
non-intervention at birth. It remains a challenging endeavor
for healthcare providers to excel at this task, however an orga-
nized approach with repeated patient encounters can help. At
our Fetal Heart Program, counseling is offered through direct
engagement with physicians as well as highly trained dedicat-
ed nurse coordinators, skilled in understanding all aspects of
fetal care. A social worker and psychologist are available to
assist families in need of these services.

Congenital heart disease manifests in a wide variety of con-
ditions. In order to create a more common language amongst
a variety of healthcare provides, we thought it would be help-
ful to generate a commonly accepted scale of disease severity
and thus designed a unique grade of fetal cardiovascular dis-
ease severity [24]. The severity of the heart disease is judged
based on factors such as complexity of care, prognosis fol-
lowing surgery, as well as short and long-term outcomes. In
order to validate the scale we tested it both internally at The
Children’s Hospital of Philadelphia as well as with a number

of other major national centers in the United States. Our “Fe-
tal Cardiovascular Disease Severity Scale” can function as a
common means to communicate disease severity to patients
and can be helpful in designing clinical research studies to
look at variables such as maternal stress and overall quality
outcomes, based on disease specifics (Tab. 2).

Our Fetal Heart Program at The Children’s Hospital of Phil-
adelphia has developed an interest in maternal psychological
stress following fetal diagnosis of congenital heart disease.
We found that a significant percentage of mothers exhibit sub-
stantial clinically important psychological distress [25]. Near-
ly 40% exhibited traumatic stress, 31% significant anxiety,
and over 20% clinical depression in a series of 59 mothers. No
doubt this influences maternal health, which in turn may nega-
tively influence the developing fetus. In order to further study
this phenomenon, we recently analyzed maternal salivary cor-
tisol levels in pregnant women carrying a fetus with heart dis-
ease. Not surprisingly, cortisol levels were markedly elevated
in comparison to controls. The exact influence of elevated ma-
ternal cortisol on fetal well-being and the neonatal post-natal
state are worthy of further exploration. Importantly as well,
is answering the question of whether specific stress-reduction
techniques may reduce maternal cortisol and thereby offer a
physiological benefit to the fetus.

B Summary

Ideal care for the fetus with cardiovascular disease today is
best offered within the context of a team approach such as in
a Fetal Heart Program. Not only are diagnostics important,
but the capacity to acquire detailed understanding of complex
physiologies, offer innovative fetal care, and provide multidis-
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Table 2. Fetal Cardiovascular Disease Severity Scale. © Fetal Heart Program, Children’s Hospital of Philadelphia. Reprint

with kind permission.

Status  Definition Treatment Prognosis/ Anticipated Brief Summary
Outcome Description

Level 1 Cardiovascular finding with  None. Excellent/Normal Quality  No significant disease.
minimal, if any, negative of Life
impact on well-being.

Level 2 Cardiovascular abnormality Medical management may Excellent/Normal Quality — Mild disease, need for inter-
where treatment may be be required in utero or after of Life vention (surg/cath) possible.
necessary. Postnatal birth. Surgery or catheter
follow-up is necessary. therapy is possible but will

need to await postnatal
assessment to be certain.

Level 3  Cardiovascular abnormality/ Surgery or catheter therapy Excellent/Normal Quality ~ One intervention (surg/cath)
simple form of congenital  will, with certainty, be of Life necessary with excellent out-
heart disease (two-ventricle). required. come.

Level 4  Cardiovascular abnormality/ Surgery will, with certainty, Good/Close to Normal One intervention necessary,
complex form of congenital be required. Further addi- Quality of Life multiple interventions (surg/
heart disease (two-ventricle). tional interventions or cath) are possible over life-

surgery may be necessary time; good outcome.
at some point in life.

Level 5  Cardiovascular abnormality/ Fontan surgical palliation  Prognosis is fair-to-good;  Single ventricle strategy, low
complex form of congenital strategy required for single infant is likely to survive risk; two-ventricle strategy,
heart disease, single ventricle ventricle patients; or, sur-  surgery. Quality of life may  with definite need for additio-
or two-ventricle type. gery for two-ventricle repair be impaired or duration of nal procedures over lifetime;

will, with certainty, be life may be limited. fair-to-good overall outcome.
required and further inter-

vention or surgery will, with

certainty, be necessary in

the future.

Level 6 Cardiovascular abnormality/ Fontan surgical palliation  Prognosis is poor-to-fair. Single ventricle strategy, high
complex form of congenital strategy required, but is at Risk of death is possible;  risk; two-ventricle strategy
heart disease, single ventricle high risk; or, two-ventricle long-term complications  with variable outcome and
or two-ventricle type. repair but at high risk. are highly likely. Survival  limited life expectancy.

beyond childhood is poor.

Level 7  Cardiovascular abnormality/ Intervention may be offered, Fetal or perinatal demise  Poor outcome. Survival

complex form of congenital
heart disease with very poor
prognosis.

but expected outcome is
poor.

likely, despite intervention.

beyond early period of life

not expected.

* 2V: two ventricle; 1V: single ventricle.

ciplinary services to fetus and family are essential. The fol-
lowing are some unique examples of challenging cases we
have experienced which highlight the benefits of such a mul-
tidisciplinary approach.

B Case Examples

Aortico-Left Ventricular Tunnel

A fetal echocardiogram was performed at 21 weeks of gestation
for concerns of fetal hypoplastic left heart syndrome on level
2 ultrasound. The study demonstrated thickened aortic leaflets
with aortic stenosis and apparent backward flow across the aor-
tic valve, raising suspicion for aortic valve dysplasia. The ‘aor-
tic insufficiency’ was severe, based on the holo-diastolic ret-
rograde flow across the arch. There was severe left ventricular
dilation and systolic dysfunction. In addition, there was a large
aneurysm of the left ventricle, arising below the mitral valve
and extending posteriorly. The mitral annulus measured low
normal. Shunting across the foramen ovale was bi-direction-
al. The right ventricular systolic function was diminished and
there was mild-moderate tricuspid regurgitation. There were
absent end-diastolic flow in the umbilical artery, umbilical ve-

122 JKARDIOL 2016; 23 (5-6)

nous pulsations and low diastolic flow in the middle cerebral
artery. No hydrops and no extracardiac anomalies were identi-
fied. Cardiac findings and risk for fetal demise was discussed
with the parents. The parents opted to proceed with the preg-
nancy and the pregnancy was followed closely. On serial fol-
low up, there was resolution of the tricuspid valve regurgita-
tion, and normalization of the umbilical arterial and umbilical
venous flow pattern. Serial assessment demonstrated dimin-
ished interval growth of the mitral valve with subsequent de-
velopment of mitral hypoplasia. A follow-up echocardiogram
at 29 weeks gestation suggested presence of an aortico-LV tun-
nel (Fig. 1a—d). It became apparent, that the regurgitant jet was
not generated through the aortic valve but rather through a tun-
nel surrounding the aortic annulus. There was no development
of congestive heart failure or fetal growth restriction.

A female infant was delivered at 39 weeks gestation via repeat
Cesarian section, via a class III delivery. The birth weight was
3890 g. APGAR scores were 6 at one minute and 8 at five min-
utes. The infant cried and was vigorous at delivery but did have
increased respiratory effort and grunting and therefore CPAP
was started. Umbilical lines were placed and PGE-1 was ini-
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Res Box

Res Box

Figure 1. (a). Apical 4 chamber view with a dilated left ventricle and a left ventricular aneurysm arising below the mitral valve and extending posteriorly aneurysm (an); (b).
distorted left ventricular outflow tract with thickened aortic valve (*) and aortico-LV tunnel (*); (¢). color imaging demonstrating retrograde flow across the aortico-LV tunnel;
(d). Doppler imaging at the level of the aortico-LV tunnel with to and fro flow across. © Fetal Heart Program, Children’s Hospital of Philadelphia. Reprint with kind permission.

tiated. The newborn was promptly admitted to CICU for fur-
ther assessment and treatment. A postnatal echocardiogram
confirmed the prenatal diagnosis. The infant was intubated for
progressive respiratory acidosis. The infant developed system-
ic hypotension requiring fluid boluses and dopamine. She de-
veloped coronary ischemic episodes with ST segment depres-
sion. An abdominal ultrasound was suspicious for pneumato-
sis. As surgical palliation was felt to carry exceptionally high
risk the family was consulted regarding the distinct possibility
of post-cardiotomy ECMO support. Evaluation for heart trans-
plantation was performed prior to surgery on account of the
poor prognosis. On DOL 3 she underwent over-sewing of the
aortico-LV tunnel, oversewing of the mitral valve, atrial septec-
tomy, ligation of the patent ductus arteriosus, 4 mm Blalock-
Taussig shunt and Damus-Kaye-Stansel anastomosis. Due to
inability to wean off bypass the infant was initiated on ECMO
and listed for heart transplant. On DOL 7 an organ heart be-
came available and she underwent cardiac transplantation. Re-
covery from heart transplantation was complicated by ectopic
atrial tachycardia. She was discharged home at 7 weeks of life
and has continued to do well over a year post transplant.

Discussion

Aortic insufficiency is an exceptionally rare finding in fetus-
es and infants. When noted, presence of an aortico-LV tunnel
should also be considered. The severe runoff from the ‘aortic

insufficiency’ via the aortico-LV tunnel makes these patients
vulnerable to ischemic injury in the mesenteric and coronary
circulations. Our patient had also developed a large aneurysm
of the left ventricle due to the eccentric jet of this chronic and
severe ‘aortic insufficiency’ being directed towards the left
ventricular free wall. In addition, mitral hypoplasia had de-
veloped, presumably from distortion due to the aneurysm and
altered loading conditions. Surgical palliation to a Norwood
procedure with ligation of the aortic LV tunnel and closure of
the mitral valve in an attempt to decompress the LV as a bridge
to transplant was deemed to likely be the only feasible strategy
for salvaging this infant.

Pericardial Teratoma

A fetal echocardiogram was performed at 23 weeks of gesta-
tion for concerns of a fetal chest mass on level 2 ultrasound. It
demonstrated a structurally normal heart with a large, hetero-
geneous tumor arising from the right atrial aortic pericardial
fold (Fig. 2a). The tumor measured about 2 x 3 cm in size and
was about 1.5 times the size of the heart. The tumor itself com-
pressed the right atrium and impaired filling into the right ven-
tricle. There was no tricuspid and no mitral valve regurgitation.
The bi-ventricular systolic function appeared normal. There
was a small pericardial effusion. The combined cardiac output
was 347 ml/kg/min. The left cardiac output was higher than the
right cardiac output with the left measuring 180 ml/kg/min and
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Figure 2. (a). Large, heterogeneous intrapericardial mass arising from the right atrial aortic pericardial fold, compressing the right atrium. T: pericardial teratoma; (b). signifi-
cant interval growth of the intrapericardial mass and pericardial effusion. PE: pericardial effusion. © Fetal Heart Program, Children’s Hospital of Philadelphia. Reprint with kind

permission.

the right measuring 167 ml/kg/min, consistent with moderate
impediment to flow into the right side of the heart with over-
all moderately diminished cardiac output (lower limit of nor-
mal is 400 cc/kg/min). Doppler flow patterns in the ductus ve-
nosus, umbilical artery, umbilical vein, and middle cerebral ar-
tery were all within normal limits for gestational age. No hy-
drops and no extracardiac anomaly were identified.

We discussed the cardiac findings and overall poor progno-
sis because of tendency for rapid tumor growth with the par-
ents. A follow up echocardiogram was performed 6 days lat-
er to assess the tumor growth rate (Fig. 2b). There was an ap-
proximately 25% increase of tumor size with moderate right
ventricular compression. The bi-ventricular systolic shorten-
ing remained normal. There was moderate pericardial effu-
sion. The combined cardiac output was significantly dimin-
ished at 283 cc/kg/min. Doppler flow patterns in the ductus
venosus, umbilical artery, umbilical vein, and middle cerebral
artery continued to be within normal limits for gestational age
and there was no fetal hydrops.

A multidisciplinary meeting was held, including cardiology,
maternal fetal medicine, cardiac surgery and fetal surgery.
Disease progression and potential options were discussed with
the family such as nonintervention, termination of pregnancy
and fetal surgical intervention with resection of the tumor. The
following day, at 24 weeks 0 days gestation, the patient under-
went in utero surgery for resection of the fetal intrapericardi-
al tumor. A laparotomy and hysterotomy was performed ex-
posing the fetus’s chest. A median sternotomy was performed.
The pericardium was opened and a very large cystic tumor
was seen, attached along the aorta and RV free wall near the
AV groove. Under ultrasound guidance, the tumor was mobi-
lized and resected. Hemostasis was assured. The wound was
irrigated and a drain was positioned in the mediastinum. The
chest was closed and the fetus returned to the uterus. Amnio-
tic fluid volume was restored and the uterus was closed. The
uterus was returned to the abdominal cavity and the midline
incision was closed. Continuous fetal echocardiographic mon-
itoring was performed throughout. There was an isolated epi-
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sode of fetal bradycardia to 70 bpm not requiring code med-
ications and fetal cardiac function remained vigorous for the
entire procedure. The patient was admitted to the special de-
livery unit for further monitoring. She was discharged home
on postop day 5 and remained on bedrest.

The pregnancy was followed closely. On follow-up ultrasound
examinations, there was no sign of recurrent tumor growth or
pericardial effusion. A male infant was delivered at 37 weeks
gestation via low transverse Cesarian section, via a class III
delivery. APGAR scores were 8 and 9. The birth weight was
3480 g. The infant was intubated for respiratory distress. A
small round skin defect and dehiscence of the lower part of
the sternotomy site was noted. The defect was covered and
the newborn was admitted to NICU for further management.
An echocardiogram demonstrated no residual or recurrent tu-
mor, normal cardiac anatomy and normal cardiac function. On
DOL 1 the infant was taken to the operating room for re-ap-
proximation of the sternum and closure of the skin defect. He
was extubated on DOL 2. Mediastinal fluid cultures were pos-
itive for Staphylococcus warneri and he completed a 7 day
course of antibiotics. He was discharged home on DOL 12
and has remained symptom- and recurrence-free as a toddler.

Discussion

Fetal pericardial teratomas are rare but potential fatal. Typical
diagnostic findings are its heterogeneous and multicystic na-
ture, location at the base of the heart and associated pericardi-
al effusion. Because of its location, compression of the cardi-
ac structures and great vessels can occur. Cardiac compromise
can occur from both, direct compression of cardiac structures
by the tumor and/or the associated pericardial effusion. With
development of cardiac compromise, there is high risk for fe-
tal death. Possible management strategies include early deliv-
ery to postnatal care, in utero pericardiocentesis or fetal tu-
mor resection.

HLHS with Highly Restrictive Atrial Septum
A fetal echocardiogram was performed at 25 weeks of gesta-
tion for concerns of congenital heart disease on level 2 ultra-
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Figure 3. (a). HLHS with highly restrictive intraatrial septum. The atrial septum (+) is bowing left to right, the pulmanary veins are dilated (arrows); (b). Doppler pattern in the left
pulmonary vein with forward (below baseline) : reverse (above baseline) VTl ratio of 1.5:1, indicating a significantly restrictive left atrial egress; (c). after fetal intervention the
stent (arrow) is noted across the intraatrial septum. Left to right flow across the stent by color imaging. The left atrium is decompressed and the pulmonary veins are less dilated;
(d). Doppler pattern in the left pulmonary vein after intervention with forward (below baseline): reverse (above baseling) VTl ratio of 4.5:1. © Fetal Heart Program, Children's

Hospital of Philadelphia. Reprint with kind permission.

sound, which demonstrated hypoplastic left heart syndrome
(HLHS) with severely restrictive atrial septum (Fig. 3a, b).
There was aortic and mitral stenosis and severe left ventricu-
lar hypoplasia. The aortic arch was severely hypoplastic and
with retrograde perfusion. The left atrial egress was severely
restrictive with left to right shunting across a tiny intra-atrial
communication. The pulmonary veins were prominently dilat-
ed with bi-directional flow within. The forward : reverse VTI
ratio was 1.5 : 1, suggestive of significant atrial septal restric-
tion. There was trivial tricuspid regurgitation. The right ven-
tricular systolic function was normal. The Doppler flow pat-
tern in the umbilical artery, umbilical vein, ductus arteriosus,
ductus venosus and middle cerebral artery were all within nor-
mal limits. No hydrops and no extracardiac anomalies were
identified.

The diagnosis and poor prognosis of this critical heart defect
was discussed with the family. Options presented to the fam-
ily at that gestational age were cardiac non-intervention with
comfort care of the newborn, opening up of the atrial septum
immediately postnatally at which time severe pulmonary ef-
fects of left atrial hypertension may have already developed,
and fetal cardiac intervention with atrioplasty. Given the poor
postnatal prognosis with this cardiac defect, the family opted

to proceed with fetal cardiac intervention. A multiservice con-
sultation was held with the family, including fetal cardiology,
interventional cardiology and the Center for Fetal Diagnosis
and Treatment (CFTD) outlining risks and benefits of fetal
cardiac intervention procedure.

At 27 weeks 4 days gestation, the patient underwent fetal car-
diac intervention with percutaneous placement of a stent in the
fetal atrial septum under ultrasound guidance. After accept-
able fetal positioning was confirmed by ultrasound, maternal
general anesthesia was induced and fetal anesthesia and para-
lysis was provided. Under ultrasound guidance, an 18-gauze
Sharc cannula was advanced through the maternal abdomen
and uterus into the fetal chest cavity. The fetal right atrium
was entered. A 22-gauge Chiba needle was advanced through
the Sharc cannula, and across the atrial septum into the cavi-
ty of the left atrium. A 0.014 inch guidewire was inserted and
its tip entered the pulmonary vein. A 2.5 x § mm mini vision
coronary stent catheter was advanced over the guidewire and
the stent was deployed across the atrial septum. At conclusion
of the procedure, there was evidence of fetal hemopericardium
and fetal bradycardia. Fetal resuscitation was required includ-
ing drainage of the hemopericardium via a second needle and
fetal administration epinephrine which resulted in normaliza-
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tion of the fetal heart rate. The stent was noted in good posi-
tion within the septum but angled somewhat acutely within
the plane of the septum. There was good decompression of the
left atrium and improvement of the pulmonary venous flow
pattern with forward : reverse VTI ratios being greater than
3:1 (Fig. 3c, d). The patient remained hospitalized for 72
hours after the procedure.

The pregnancy was followed closely. On follow up ultrasound
examinations, there continued to be good left atrial decom-
pression, normal right ventricular and tricuspid valve func-
tion, trivial pericardial effusion, and there was no sign of con-
gestive heart failure or growth restriction. Maternal hyperoxy-
genation testing was performed at 36 weeks of gestation and
demonstrated only mildly increased diastolic forward flow af-
ter maternal administration of oxygen. A fetal MRI was per-
formed at 36 weeks gestation to assess the lung parenchyma
and demonstrated no evidence of pulmonary lymphangioecta-
sia or ‘nutmeg appearance’.

A male infant was delivered at 39 weeks gestation via cesar-
ian section and the utilization of an IMPACT procedure, an-
ticipating that additional opening of the atrial septum may be
necessary with increased pulmonary venous return after deliv-
ery. Birth weight was 3425 g and APGARs were 8 and 9 at one
and five minutes respectively. The infant was moved to the hy-
brid room. Umbilical lines were placed and PGE was initiated.
Despite reassuring APGARS and minimal respiratory distress
the infant had persistent respiratory acidosis and required in-
tubation. An echocardiogram was performed and demonstrat-
ed a modestly increased transatrial gradient across the stent,
thickened atrial septum and cardiac anatomy as described in
the fetus. Radiofrequency ablation of the atrial septum and
placement of an additional atrial stent to allow nonrestrictive
pulmonary venous return was attempted but complicated by
atrial perforation and hemopericardium. The infant underwent
pericardiocentesis, followed by urgent sternotomy for pericar-
dial evacuation, primary repair of the left atrial perforation,
atrial septectomy and fetal stent removal. The postoperative
period was complicated by atrial arrhythmias, systemic hypo-
tension, and lactic acidosis. A cardiac catheterization was per-
formed on DOL 3 and demonstrated pulmonary overcircula-
tion with Qp:Qs of 4:1, and a low PVR (1.3-1.6 WU). The in-
fant underwent temporizing bilateral branch pulmonary artery
band placement the same day. Following this procedure, his
hypotension and lactic acidosis markedly improved. Ultimate-
ly, the infant underwent Norwood procedure on DOL 14 with
placement of a 4 mm right modified Blalock Taussig shunt,
PDA ligation and removal of the bilateral branch PA bands.
He was discharged home at 7 weeks of life. Pre-Glenn cath-
eterization demonstrated an acceptable PVR of 2.5 WU with
a transpulmonary gradient of 10-12 mmHg. At four months
of age, the patient underwent BT shunt takedown and bidirec-
tional Glenn procedure. He continues to do well from a car-
diopulmonary standpoint in late infancy.

Discussion

Hypoplastic left heart syndrome with intact and highly restric-
tive intra-atrial communication is associated with high mor-
tality. Left-atrial hypertension results in elevated pulmonary
venous pressure, pulmonary venous arterialization, lymphan-
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giectasia and elevated pulmonary vascular resistance. In utero
decompression of the left atrium may decrease the injury to
the lungs and improve survival. With increased pulmonary ve-
nous return after delivery, additional postnatal enlargement of
the intra-atrial communication is often necessary. In our case,
atrial septectomy needed to be performed which subsequently
led to significant pulmonary overcirculation. After temporary
placement of bilateral pulmonary artery bands, stage 1 and 2

surgeries could be performed successfully.
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